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Abstract

High power impulse magnetron sputtering (HiPIMS) is an advanced ionized physical vapor
deposition (IPVD) technique that uses almost the same hardware as dc magnetron sputtering
(dcMS), but is more flexible in tuning film characteristics. Compared to conventional dc
magnetron sputtered films, thin films produced by HiPIMS typically have enhanced properties,
such as better crystallinity, higher mass density, and improved phase composition, primarily
due to low-energy ion bombardment during the film growth process. However, the broader
use of HiPIMS in industrial applications is constrained by the main disadvantage: often a
significantly lower deposition rate. This drawback is mainly attributed to the back-attraction
of the film-forming species after they have been ionized in the dense plasma near the cathode
target.

The thesis focuses on addressing this primary limitation of HiIPIMS deposition by investigating
the physics governing the discharge, and the relationship between sputter yield and deposition
rate. The central goal was to analyze and further develop the ionization region model (IRM) of
HiPIMS discharges to optimize the deposition process. The research involved computational
modeling, including studies on working gas rarefaction across multiple target materials, the
detailed modeling of discharges with chromium, aluminum, and graphite targets in various
gas mixtures (e.g., Ne/Ar), and the analysis of the results obtained from the simulations.

The main conclusion, supported by the data analysis of the IRM simulation results for various
target materials under diverse discharge conditions, is that the sputter yield dictates the back-
attraction probability of the sputtered species. The sputter yield is shown to be a key factor
that significantly changes the discharge composition, electron temperature, degree of gas
rarefaction, and, consequently, the possible limit on deposition rate and overall discharge
characteristics. Furthermore, the sputter yield determines which process is mainly responsible
for working gas rarefaction.

In conclusion, this work establishes that the target sputter yield is important for controlling
and optimizing the HiPIMS discharge. The thesis serves as an introduction to the physical
processes investigated, while the detailed results of the work are presented in the attached
articles. The work also includes a supplementary experimental part focused on measurements
of the ionized flux fraction (IFF) in the deposition flux. This experimental data served for
constraining one of the parameters within the IRM, thereby improving the model’s predictive
power.
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Agrip

Haaflspulsud segulspata (HiPIMS) er rektunartekni sem byggir 4 hau hlutfalli jonadra agna {
agnafledinu sem myndar hudina, en notar ndnast sama taekjabtinad og jafnstraumssegulspatun,
en hefur meiri sveigjanleika hvad vardar pad ad styra megi gedum raktadrar hudar. |
samanburdi vid hudir rektadar med hefdbundinni dc segulspatu syna hidir sem raektadar eru
med HiPIMS yfirleitt batta edliseiginleika, svo sem betri kristallsbyggingu, harri edlismassa
og batta fasasamsetningu, adallega vegna ldgorku jonahridar a vaxtarstiginu. Hins vegar er
utbreiddari idnadarnotkun HiPIMS verulega takmorkud vegna helsta 6kosts pessarar taekni:
verulega minni r&ktunarhrada. Pessi 14gi rektunarhradi er rakinn til pess ad eftir jonun spattu

atdmanna { péttu rafgasinu nerri bakskautsskotmarkinu, er stor hluti peirra dreginn aftur ad
bakskautinu.

Megin markmid ritgerdarinnar er ad leita leida til ad bregdast vid pessari helstu takmorkun
HiPIMS takninnar med pvi ad rannsaka edlisfredina sem lysir afthledslunni og tengslin
milli afraksturs spatunar (e. sputter yield) og r&ktunarhrada. Meginmarkmidid var ad greina
og proa dfram jonunarsvaedislikanid (IRM) fyrir haflspalsadar segulspatur til pess ad besta
rektunarferlid. Petta f6l 1 sér likanagerd, par 4 medal rannsoknir 4 gaspynningu vinnugassins
fyrir moérg mismunandi skotmork, likanagerd 4 athledslum med skotmork ur krém, 4li og
grafiti { ymsum gasblondum (t.d. Ne/Ar), og greiningu 4 nidurstodum dr pessum hermununum.

Meginnidurstadan, sem studd er af gagnagreiningu 4 nidurstodum ur IRM-hermunum fyrir
ymis skotmork, vid fjolbreytt afhledsluskilyrdi, er su ad afrakstur spatunar reedur likunum
4 pvi ad spettu agnirnar dragist aftur ad skotmarkinu. Synt er fram & ad afrakstur spatunar
sé lykilpatturinn 1 ad breyta samsetningu agna i afhledslunni, rafeindahitastigi, hve mikid
vinnugasid pynnist og par med mogulegum takmorkunum a reektunarhrada svo og heildar
eiginleikum afhledslunnar. Enn fremur dkvardar afrakstur sp@tunar pvi hvada ferli ber
megindbyrgd 4 pynningu vinnugassins.

begar upp er stadid stadfestir petta verk ad afrakstur sp@tunar skotmarksins sé mikilveg
styristeerd pegar besta 4 hdaflspilsada segulspatu. Ritgerdin pjonar sem inngangur ad peim
edlisfredilegu ferlum sem rannsakadir voru, en megin nidurstddur verksins eru kynntar {
medfylgjandi greinum. I verkinu er einnig fjallad um tilraunir par sem dhersla er 16gd 4 ad
mela hlutfall jénadra agna i fledinu (IFF) sem myndar hidina. Pessi tilraunagégn voru notud
til ad afmarka eina af breytum IRM-likansins, sem beatir forspargildi likansins.
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CHAPTER 1

INTRODUCTION

Magnetron sputtering (MS) is a thin film deposition technique that has a number of advantages,
compared to other physical vapor deposition (PVD) methods, as it allows the control of the
microstructure and characteristics of the deposited film or coating. Sputtering is based on
momentum exchange between energetic species and the atoms constituting the cathode target.
In magnetron sputtering the ions are accelerated toward a solid target, which is the source
of the film-forming material. The ions are typically ions of a heavy inert gas, and as they
bombard the cathode target, its atoms are released. These sputtered atoms propagate through
the discharge chamber, some of which deposit on a substrate, and a thin film or coating is
formed. Magnets behind the target trap electrons in the target vicinity and prevent escape of
electrons to the chamber walls. This allows for the discharges to be operated at lower pressure
and lower discharge voltage. The widespread use of magnetron sputtering is seen from the
diversity of its applications, from microelectronic circuit manufacturing, forming protective
layers on cutting tools, to deposition of optical films on architectural glass, among others. In
PVD virtually any material can be deposited and material combinations and components can
be synthesized using either multiple targets or by addition of a reactive gas. Chapter 2 of the
thesis gives a general introduction to PVD methods with a focus on magnetron sputtering.

Chapter 3 gives an introduction to high power impulse magnetron sputtering (HiPIMS),
which is a magnetron sputtering technique that provides ionized flux of the film forming
species. Magnetron sputtering discharges are typically operated by applying dc voltage to a
cathode target. The application of high power pulses instead gives increased electron density
and ionization of the sputtered species. This allows for better control over the deposited film
characteristics. Compared with dc magnetron sputtered films, the HIPIMS-deposited films
exhibit better crystallinity, higher mass density, and overall improved film properties, which
is achieved through low-energy ion bombardment throughout the deposition process. This
allows for the adjustment of reactivity, kinetics, microstructure, phase composition, grain
size, orientation, density, and internal stress within the deposited materials. However, often
the deposition rate is significantly lower in HIPIMS deposition due to high back-attraction
probability of the sputtered species after they have been ionized. This is the main factor as to
why HiPIMS has not gained wide range industrial use.



The project’s goal was to analyze and further develop the ionization region model (IRM) of
HiPIMS discharges to better understand and optimize the process. IRM is a semi-empirical
time-dependent, volume averaged plasma chemistry model of a HIPIMS discharge focused on
the ionization region (IR). Chapter 4 gives a description of the model and HiPIMS modeling
in general.

This thesis addresses the main disadvantage of HiPIMS by focusing on the relation between
the sputter yield and the deposition rate. The work included studying working gas rarefaction
in front of the target for multiple target materials, modeling a discharge with a chromium
target, updating the model for a discharge with an aluminum target, modeling a discharge
with graphite target operated in Ne/Ar gas mixture, and experimentally measuring the ionized
flux fraction (IFF) in discharges with aluminum target. In addition, all discharge systems
previously studied were recalculated for this work, as this was required because the IRM has
been updated over the years. Furthermore, after bringing previous studies together, it became
possible to examine the dependence of the back-attraction probability on the sputter yield of
the target material. This allows us to get a better understanding of how the deposition rate
can be improved without losing the high ionized flux fraction of the deposition flux. The
main finding confirms that the sputter yield of the target material is a significant factor in
determining the discharge physics, based on the data analysis of IRM simulations across
seven different target materials under various discharge conditions.

The central part of the thesis is a compilation of published papers that detail the results found
during the course of work. The summary of the articles is presented in Chapter 5. The
primary conclusion of the thesis is presented in Chapter 6. In summary, the sputter yield of
the target, considering both the sputter yield by the ions of the working gas and the self-sputter
yield, plays an important role in dictating the HiPIMS discharge properties. The sputter
yield significantly influences the discharge composition, electron temperature, gas rarefaction,
deposition rate, and overall discharge characteristics. The published papers are presented in
Chapter 7.



CHAPTER 2

FUNDAMENTALS OF
SPUTTER DEPOSITION

2.1 Plasma material processing

Plasma processing technology is irreplaceable for most major modern manufacturing indus-
tries as plasma discharges play an important role in the treatment of surfaces in ways that are
not possible by the other methods. This can be attributed to the nature of a plasma discharge.
The term plasma was introduced by Irving Langmuir in 1928, by which he meant to describe
a quasi-neutral collection of ions and electrons that may or may not contain a background
neutral gas and that are capable of responding to electric and magnetic fields (Tonks, 1967).
This composition allows plasma to interact with materials in unique and controlled ways
(Roth, 1995, p. 33). The flexibility of plasma processing can be seen from a wide range
of its methods and applications. Some examples include: anisotropic etching in fabrication
of microelectronic chips; plasma deposition of silicon nitride for surface passivation and
insulation; surface oxidation used in fabrication of silicon-based microelectronic circuits;
surface treatment for improved film adhesion to polymer surfaces; nitriding, which is used to
harden the surface of steel; plasma-enhanced chemical vapor deposition and thermal plasma
chemical vapor deposition of diamond thin films; spray deposition of ceramic or metal alloy
coatings used for protection against wear or corrosion in aircraft and automotive engines;
spray deposition of clearance control coatings; melting and refining of alloys; manufacture of
optical fibers used in communications; synthesis of ultrapure powders used as ceramic pre-
cursors; spray deposition and thermal plasma chemical vapor deposition of high-temperature
superconductors and refractory materials; welding and cutting; and plasma sputter deposition
of magnetic films for memory devices (National Research Council, 1991).

There are several plasma-based material processing methods, such as:
* etching — reactive ion etching, plasma enhanced etching (Donnelly and Kornblit, 2013);

* deposition — physical vapor deposition (PVD) (Gudmundsson et al., 2022)/sputter
deposition, plasma-enhanced chemical vapor deposition (CVD), thermal plasma CVD



(Snyders et al., 2023);
* cleaning (Thanu et al., 2019);
* sterilization (Moisan et al., 2002);
 conversion (Rudolph et al., 2023);
* activation (Suni et al., 2002) and (Pocius, 2012, Chapter 7);
* polymerization (Chen et al., 2011);

* ashing (Takagi et al., 2001);

implantation (Thomae, 1998).

Plasma material processing is irreplaceable in the production of very large scale integrated
circuits (ICs) in microelectronics. It is estimated that 40 — 45 % of all process steps in
microelectronic fabrication use plasmas (Graves et al., 2024). The other industries that are
highly dependent on plasma technology are aerospace, automotive, steel, biomedical, and
waste management sectors. Furthermore, plasma processing technology has been implemented
in new industry areas, particularly for the growth of diamond and superconducting films
(Lieberman and Lichtenberg, 2005, p. 630).

An advantage of plasma processing, particularly for electrically driven low-pressure dis-
charges, is its non-equilibrium nature. The electrons are generally not in thermal equilibrium
with the ions nor the neutrals. In modern integrated circuit manufacturing, film and mask
deposition, mask patterning, implantation or other modifications, etching, and mask removal
are repeated multiple times during the production. Due to the temperature sensitivity of
the process, in many cases the use of high-temperature deposition processes is ruled out.
Fortunately, plasma processing can provide film deposition at low substrate temperatures
(see Section 2.3). Furthermore, thin films can be deposited with improved properties, non-
equilibrium chemical compositions, and crystal morphologies that cannot be achieved under
equilibrium deposition conditions at any temperature (Lieberman and Lichtenberg, 2005,
p. 619). Anisotropy is important in integrated circuit production and other manufacturing
industries and is easily achieved with plasma processing, for example, to deposit material
in narrow vials with good sidewall and bottom coverage. Material selectivity is another
important parameter, and it is not as easily achieved with plasma processing as with CVD.

In essence, plasma material processing provides a powerful tool for engineering materials,
advancing the development of technologies, and improving the performance of existing
processes.



2.2 Physical vapor deposition

The term physical vapor deposition (PVD) covers a variety of techniques that are used to
form a thin film or coating on a substrate by depositing target material released into the
gas phase. This involves physical release/ejection of atoms or molecules, and then their
nucleation/deposition on a substrate. Released species can remain neutral, be ionized in the
chamber volume, or react chemically with the feedstock gas. The species can be removed
from the solid target surface by physical means such as laser or electron beam, sputtering
due to ion bombardment, thermal evaporation or sublimation. This "vapor" then reaches the
substrate and forms a layer of the target material. It should be emphasized that in most cases
there is no thermal equilibrium between the target and the surrounding space, so the use of
the word "vapor" is purely historical, since now PVD covers much wider range of methods
than in the past, when the main process was thermal evaporation (Gudmundsson et al., 2022).
Note that PVD methods such as sputtering in particular give particle fluxes that have energetic
particles that travel in a preferred direction.

Today, PVD processes include but are not limited to a number of evaporation and sputter
deposition techniques:

¢ thermal evaporation (Glang, 1970);

¢ electron beam evaporation (Graper, 1970);

* sputter deposition (Wright, 1877a; Maissel, 1970; Rossnagel, 1990);
* magnetron sputter deposition (Gudmundsson, 2020; Waits, 1978a);
* ion beam sputtering (Harper, 1978; Rossnagel and Cuomo, 1988);

* cathodic/anodic arc deposition (Anders, 2008a; Meassick et al., 1992);
* ion plating (Mattox, 1998);

* pulsed laser deposition (Ogugua et al., 2020);

* molecular beam epitaxy (Bean, 1993);

¢ thermal laser epitaxy (Braun and Mannhart, 2019);

* close space sublimation (Birkett et al., 2018)

There are as well hybrid processes that combine PVD and chemical vapor deposition (CVD)
methods, which are not mentioned. The classification of PVD can be complicated since various
techniques can have many names and there is an uncertainty of classification. However, they
can be described by parameters such as the thermal equilibrity of the process, the energy of
the ejected species, and the state of the ejected species (atomic, molecular, and ionized).

When choosing a PVD method (or a combination of methods) for a specific application, there
is a lot to consider for the optimal result: growth rate, energy distribution, and ionized flux
fraction of the film-forming species, since these parameters control the microstructure of the



deposited film (see Section 2.3 and Section 2.4). The thesis focuses on magnetron sputtering
deposition technique called high power impulse magnetron sputtering (HiPIMS) (the details
will be discussed in Chapter 3), and not on the properties of the deposited film; however, it
is crucial to discuss the impact of the parameters of film-forming species on film growth to
clarify the benefits of HiPIMS as a technique.

2.3 Energy of the film-forming species

One way to classify PVD is by thermal balance, into equilibrium and non-equilibrium
deposition processes (Anders, 2026). In equilibrium processes, the target and the surrounding
space are in thermal equilibrium. Methods of deposition which fall into this category are
thermal evaporation and electron beam evaporation. The crucial factor is that the energy of the
film-forming species they provide is typically significantly below 1 eV, while non-equilibrium
sputter techniques provide energetic neutrals with kinetic energies of a few eV, and pulsed
laser deposition or arc deposition can produce species with energies above 100 eV. Thus, the
different PVD techniques provide film-forming species that cover a wide kinetic energy range
(Gudmundsson et al., 2022).
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The microstructure of the deposited polycrystalline films is affected by both the substrate (or
film) temperature and the kinetic energy of the film-forming species. This relationship forms a
structure zone diagram (SZD) (see Figure 2.3.1), that accounts for the generalized temperature
T*, the normalized energy flux E* of the film-forming species, and the net thickness #*
(Anders, 2010b). SZD serves as a practical method for demonstrating the morphology of
relatively thick epitaxially grown films (>100 nm) as a function of deposition parameters and
illustrating how they influence the structure of the film. Generally, higher energy results in
films characterized by larger grains and fewer defects, which also impact the alignment or
orientation of the growing crystallites. The diagram shows that the substrate temperature
can be partially compensated for by the energy of the incoming ions, since comparable
film structures, defined by the various color deposition zones in Figure 2.3.1, are achieved
at a lower generalized temperature 7* when the normalized energy flux E* is higher. On
the microscopic scale, this can be attributed to the increased mobility of adatoms, as more
energetic species take part in the film growth process at higher £, and the mobility of adatoms
is determined not only by the thermal energy but also by bombardment with energetic particles.
From a technological perspective, this provides a benefit as the substrate can be kept at a
much lower temperature while the PVD process is in progress (Gudmundsson et al., 2022).

The reason for the observed SZD is that the high kinetic energy leads to the displacement of
film atoms and creation of defects, followed by re-nucleation, while the release of potential
energy and the subsequent thermal spike result in atomic-scale heating and defect annihilation
due to increase in adatom mobility. So, the ratio of potential energy to kinetic energy of
an incoming particle, along with the magnitude of the kinetic energy, will influence the
development of preferred orientation and intrinsic stress in the film (Anders, 2010b).

There is a maximum intrinsic stress for kinetic energies ranging from a few tens to a few
hundreds of eV; the actual value depends on the material and other factors (Bilek and
McKenzie, 2006). At higher substrate temperatures, the grains become larger as the increase
of adatom mobility outweighs the rise in defects caused by ion bombardment and the rates
of re-nucleation. When the kinetic energy of the ions increases even more, for instance, by
applying a bias to the substrate, the sputtering yield increases as well, resulting in a decrease
in the deposition rate due to the simultaneous etching (or sputtering) and deposition processes
taking place. Film growth stops when the average yield reaches unity, typically occurring for
most elements between 400 and 1400 eV. As the energy increases even further, the etching
process takes over (Anders, 2010b).

2.4 Ionized physical vapor deposition

The other characteristic of the film-forming species is the charge. In thermal evaporation
the film is formed by the predominantly neutral species. In contrast, techniques such as arc
deposition, magnetron sputtering, and pulsed laser deposition are able to generate a significant



ionized fraction in the flux of the film-forming species (this is referred to as the ionized flux
fraction, IFF) (Helmersson et al., 2006).

Even partially ionized flux of sputtered material allows for direct control over the particle
momentum, direction, and flux using electromagnets (Cuomo et al., 1989), creating possi-
bilities for improved film properties and substrate-coating interface engineering (Anders,
2010b,a; Ehiasarian et al., 2007, 2008). In numerous applications, achieving a high level
of ionization in the flux of sputtered species is beneficial because the ion flux reaching the
substrate significantly affects the quality of the resulting film (Rossnagel and Cuomo, 1988).

The point of operation in an extended SZD that represents the film parameters such as growth
rate (negative in a case of etching), temperature and kinetic energy flux, mentioned in Section
2.3, depends on the degree of ionization of the film-forming species, since the average kinetic
energy of these species is often defined by the ionized fraction in the deposition flux due to
the acceleration in the sheath (see Section 2.8) above the substrate. lonized sputtered flux may
be used to bring regulated ion bombardment of the growing film, introducing an additional
control parameter over the deposition process. IFF of a species is defined as:

I
Fi + 1—‘n

Fux = (2.1)
where I is the ion deposition flux, and I, is the neutral deposition flux. IFF should be
distinguished from the ionization probability of the sputtered atom (o), introduced in the
HiPIMS pathway model by Christie (2005) (see Section 4.2) and the ionized density fraction

(or dergee of ionization):
n;
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xX= (2.2)

where n; is the ion density and 7, is the neutral gas density. This is discussed further by Butler
et al. (2018).

Additionally, the energy of ions that form a film on the substrate can be influenced by applying
a bias voltage to the substrate to accelerate these ions. In case of highly ionized flux, there
is also the possibility to separate in both time and energy the ions of the working gas and
the ions of the film-forming species by applying a synchronized substrate bias in pulsed
operation (on pulsed deposition see Section 3.1). There are a number of proposals on how
to utilize this technique in HiPIMS (Vavassori et al., 2023; Hubicka et al., 2020; Greczynski
et al., 2017). The advantage of using synchronized bias is that it reduces the incorporation
of the working gas species into the growing film, which might be unwanted since it leads to
increased intrinsic stress (Farahani et al., 2025). The challenge is that the bias voltage can
drop during the HiPIMS pulse due to the gradual discharge of the internal capacitance of the
bias power supply and also due to the voltage drop over the output impedance of the power
supply, which is a feature that has to be accounted for (Hubicka et al., 2020).

Another important application of the highly ionized fluxes is the possibility of coating high
aspect ratio structures, required in IC manufacturing. The motion of neutral atoms is difficult
to direct, but ions can be controlled by an electric field, and the ions that traverse the sheath
are accelerated towards the substrate and are naturally collimated. Because of this, ions can



penetrate to the base of deep, narrow trenches or vias, whereas neutral flux is more likely to
accumulate on the upper sections of sidewalls, resulting in lower film coverage at the trench
bottom and potentially lead to void formation. This leads to the observed enhanced coverage
by ion flux, including bottom and lower sidewall (Hopwood, 2000b).

Due to the advantages that ionization gives, the term ionized physical vapor deposition (IPVD)
is used to refer to the deposition techniques which provide a high degree of ionization in
the deposition flux, meaning that the flux to a substrate consists of more ions than neutrals
I; > I, (Hopwood, 2000b). In such methods usually a very high plasma density is required.
Initially, IPVD techniques were primarily developed to deposit metal layers and diffusion
barriers into high aspect ratio trenches or vias for ICs (Hopwood, 1998). However, in recent
years, these techniques have been applied to numerous new areas of applications.

In IPVD processes that use magnetron sputtering (see Section 2.7), a secondary discharge
located between the cathode target and the substrate can be utilized to generate even denser
plasma, leading to high degree of ionization. Secondary discharge can be in the form of induc-
tively coupled plasma assisted magnetron sputtering (ICP-MS) (Yamashita, 1989; Rossnagel
and Hopwood, 1993) or microwave amplified magnetron sputtering source (Yoshida, 1992).
The ICP-MS discharge is currently widely used in the semiconductor industry (Rossnagel,
2008).

Another way to achieve high ionization fraction in the deposition flux in magnetron sputtering
is by delivering a high power unipolar pulse with a low frequency and a low duty cycle to the
cathode, where low duty cycle is required to not overheat the target (see Section 3.1).

2.4.1 Quartz crystal microbalance

Since it was evident that the high degree of ionization of film-forming species in magnetron
sputtering has a positive impact on the film quality (increased hardness, durability, better
control over film growth, etc.), the problem of finding a technique to measure it became
important. The first report of an attempt to measure the ionized flux fraction of sputtered
species was by Yamashita (1989). They used a retarding potential method to measure the
fraction of ionization in sputtered atoms. Knowing that the high energy limit of kinetic energy
of positive ions was 25 eV, by using the positive potential of 30 V applied to the control mesh
grid and the substrate, most of the ions can be repelled. The author compared the thickness
of the deposited film with and without repelling ions using optical absorbance, which gave
insight into the fraction of ions in the film-forming material.

IFF in the deposition flux can be measured using the quartz crystal microbalance (QCM), also
called an ion meter, which provides the data on the amount of deposited mass by changing
its resonance frequency. The first to use this method was demonstrated by Sauerbrey (1959).
They showed that the change in the resonance frequency (Af) is linearly related to the change
in mass (Am):

2/
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This equation is called Sauerbrey equation, where fj is the resonant frequency of the funda-
mental mode (Hz), Af is the normalized frequency change (Hz), Am is the mass change (g),
A is the piezoelectrically active crystal area (area between electrodes, cm? ), Pq is the density
of the quartz crystal ( pq =2.648 g/ cm?’ ), and Uq 1s the shear modulus of quartz for AT-cut
crystal (,uq =2947 x 10! g cmfls’z). The equation is valid when the mass deposited is
much smaller than the mass of the crystal itself, the deposited layer is evenly distributed
and rigidly attached. The technique was investigated further by Rossnagel and Hopwood
(1993). Their configuration enabled rapid and spatially resolved measurement of the IFF on
the substrate.

The ion meter can be operated in two different modes:

* measuring only the neutral particle flux. A positive bias (~ +40 V) has to be applied
to QCM to prevent any ions from being deposited on the sensor. This gives the mass
deposition rate (proportional to the flux) of neutral particles only, Mpeyral-

* measuring both ion and neutral flux. QCM is connected to ground, and it doesn’t
discriminate between the types of particles arriving at the sensor, and the total mass
deposition rate, Mg, 1S measured.

For each series of varying pulse length/peak current density/voltage/frequency, the total mass
deposition rate, M., including both deposited neutrals and ions, and the mass deposition
rate by neutrals alone, Myl can be obtained with the QCM. The ionized fraction of the
metal flux is obtained using the formula (Hajihoseini et al., 2019)

Foo Miotal — Mheutral 1 dep. rate bias 2.4
flux Mheutral dep. rate ground '

assuming that the adhesion of ions and neutrals is the same, this equation is identical to Eq.
(2.1). The uncertainty of the method is approximated to be 15% according to the estimation
of Kubart et al. (2014).

There are other methods of determining the ionized fraction of the sputtered material, for
example optical emission spectroscopy, which gives the fraction of ionization rather than the
IFF. The gridded QCM (g-QCM, QCM head measuring the mass deposition rate and a grid
retarding field system) measures IFF but gives somewhat different values then gridless QCM
(instead of the electron repelling grid a magnetic field is employed to prevent electrons from
reaching the crystal top electrode) (Kubart et al., 2014). The difference in the two methods is
explored further by Butler et al. (2018).

In the ionization region model (IRM, see Chapter 4), to account for the difference between IFF
at the substrate position and within the IR the relative ion to neutral transport parameter &; /&,
has to be used. The transport parameter relates the deposition flux fractions of the target ions
(subscript ti) and neutrals (subscript tn) on a substrate. A value of &; /&, < 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 fields
(the details can be found in Rudolph et al. (2021)). Experimentally, these parameters have
been determined for HiPIMS of a titanium target in argon to be roughly &; /&y, ~ 0.8 for a
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substrate located 3 cm from the target surface and &; /&, ~ 0.5 for a substrate located 7 cm
from the target surface (Hajihoseini et al., 2022).

2.5 Sputter deposition

At its core, sputter deposition is a PVD method utilized to create a thin film or coating
(thickness 1 nm — 10 um) on a substrate for various applications, based on sputtering of a
solid target, which is the source of the film-forming material. In sputter deposition a plasma
discharge is generated by applying a high negative voltage to a cathode target inside a vacuum
chamber filled with working gas at pressures of ~ 1 Pa (Lieberman and Lichtenberg, 2005,
p- 539), causing its ionization. The working gas ions are accelerated toward the negatively
charged cathode target, resulting in the ejection of target atoms by the bombarding ions. The
ejected atoms then propagate through the chamber and deposit onto a substrate, forming a
thin film. Examples of sputter deposition are diode sputtering (Vossen and Cuomo, 1978) (see
Section 2.6) and later magnetron sputtering (Chapin, 1974; Waits, 1978a) (see Section 2.7). A
primitive schematic of the sputtering process is illustrated in Figure 2.5.1.

[ Substrate ]

Working Vacuum
pump

—1

Figure 2.5.1. A simple schematic of a sputter deposition process. Working gas enters the
chamber. When a discharge voltage is applied, part of the working gas becomes ionized, and
the resulting ions are attracted toward the cathode target, sputtering the target, that emits
target atoms. These atoms then travel across the chamber and deposit onto the substrate,
forming a thin film.

In sputter deposition, a glow discharge in the working gas frequently serves as the primary
source of ions, as it provides a cost-effective source for the first sputtering ions (Gudmundsson
et al., 2022). The preferred working gas is a heavy inert gas to enhance the sputtering process
with heavy ions. Argon is used the most often because it is relatively inexpensive.

A sputtering discharge is typically utilized in configurations where it occurs between two
electrodes, with the cathode and anode placed several centimeters apart. A dc, rf, or some
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other periodic voltage waveform is applied between the electrodes. The discharge process
sustains itself when the discharge voltage Vp remains above a specific minimum threshold
(see Section 2.11).

Arthur W. Wright is widely acknowledged as the founder of vacuum coating technology due
to his research on sputtering (Wright, 1877b; Mattox, 2001). Although prior to Wright, several
scientists had identified and documented the sputtering phenomenon (Grove, 1852; Pliicker,
1858), it seems that no one had explored its potential for thin film deposition applications
(Mattox, 2001). Wright stood out as the first researcher to construct equipment for film
deposition and to conduct a systematic analysis of various metal films deposited in a vacuum,
studying their optical characteristics.

So, sputter deposition has been utilized for the creation of thin films for almost 150 years. Dur-
ing the first five decades cathode sputtering was primarily used to produce reflective coatings
on mirrors (Fruth, 1932). With improvements in vacuum technology sputter deposition gave
way to thermal evaporation deposition, which became the dominant film deposition method
for several decades. However, in the early 1960s, interest in sputter deposition renewed as
a method for thin film production. Industry recognized that this technique can be used to
deposit a broader range of materials, including alloys, dielectrics, ceramics, compared to
evaporation techniques (Baptista et al., 2018).

In summary, in plasma-based sputtering deposition, a plasma discharge is often used as the
source of ions for the sputtering process; alternatively, the sputter process is driven by ions
originating from an ion source. In both cases, the ions are accelerated in the direction of a
solid target, which serves as the source of the material to be deposited on a substrate.

2.6 Diode sputtering

A typical method for producing a plasma involves placing two metal electrodes: a cathode
and an anode inside a sealed chamber filled with working gas. To generate a plasma discharge,
an energy source is required, for example, a dc power supply. The general schematic of the
sputtering chamber is shown in Figure 2.5.1. If the potential applied between the electrodes,
where the grounded walls serve as the anode and the negatively biased target is the cathode
in this setup, is above the breakdown voltage of the medium (see the Thornton equation, Eq.
(2.15)), the discharge is self-sustained ((Chapman, 1980, Chapter 4) and (Gudmundsson,
2020)).

Let us first explore the dc glow discharge. It is formed between the cathode and the anode
when a dc voltage is applied as shown schematically in Figure 2.6.1. The largest continuous
region between the electrodes is occupied by a bright emission, called a negative glow, which
arises from the optical de-excitation produced after the excitation process. Next to the cathode
lies a relatively dark region, referred to as Aston dark space. It comes from the sheath that
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forms in front of the cathode because the electron density is low. A comparable sheath also
forms near the anode, but it is significantly thinner. The positive column is the region in
the discharge situated between the negative glow and the anode glow, closer to the anode.
Alternating dark and bright regions may form in the positive column as a result of electrons
gaining sufficient energy to ionize and excite the gas molecules, which creates a luminous
region and depletes the energy of the electrons. They then accelerate while passing through a
dark region until they gain enough energy to once more excite and ionize the gas, forming the
next striation, and this process repeats. When the electric field is uniform in this region, the
striations are clearly visible and are evenly spaced. It is observed that, as the two electrodes are
moved closer to each other, the cathode dark space and the negative glow remain unchanged,
while the positive column size decreases. This continues until first the positive column and
then the Faraday dark space are effectively gone, so that only the negative glow and the dark
regions next to each electrode remain (Chapman, 1980, Chapter 4).

Cathode Negative Positive Anode
layers glow column glow
1 T t 1
: - ‘ ‘ I | +
/ v v
Aston Cathode Faraday Anode
dark space  dark space dark space dark space

Figure 2.6.1. Schematic illustration of a dc glow discharge showing its various structural
regions with the each of them labeled.

In a dc glow discharge, nearly the full applied voltage is droped across the cathode sheath,
so the energy of the ions that bombard the cathode is roughly equal to the applied voltage
(Chapman, 1980, Chapter 4). The ions generated in the discharge are accelerated through the
cathode dark space, the cathode layers, and the Aston dark space toward the cathode, as these
regions form the cathode sheath (Gudmundsson and Lundin, 2020). When ions bombard the
electrode, they generate secondary electrons (see Section 4.10), which are then accelerated
away from the negatively biased cathode and acquire enough energy to excite and ionize the
atoms of the working gas. The dc discharge is sustained by this secondary electron emission.
The dc glow discharge is the simplest source of ions for a sputtering process. In most cases,
when the dc discharge is applied as a sputtering source, the cathode is held at a negative bias
of 2 — 5 kV, and is electrically insulated from ground, while the grounded chamber serves as
the anode.

When a cathode target is bombarded by high-energy ions, atoms of the target material are
sputtered. In dc sputtering, the plasma is typically only weakly ionized, with an ionization
fraction on the order of 1074, so the discharge behavior is mainly governed by collisions with
neutral atoms. Some of the high-energy secondary electrons can traverse the plasma and are
lost either to the substrate or the chamber walls, which reduces the rate of ionization needed
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to sustain the discharge. The bombardment by the secondary electrons leads to heating of the
substrate. Therefore, the pressure of the working gas must be sufficiently high to ensure that
the secondary electrons are not lost to the anode or grounded surfaces before ionizing atoms
of the working gas (Buyle et al., 2003). The pressure also needs to allow for the transport of
sputtered atoms to the substrate, so dc glow discharge sputtering is only practical within a
relatively narrow pressure window of about 2 — 4 Pa (Gudmundsson, 2020).

The dc diode sputtering system can be used only for depositing electrically conductive
materials and is therefore primarily suited for sputtering metals. Although it is a relatively
simple technique, the dc diode sputter discharge is no longer used in industry, since film
deposition rates are too low and the power needed is too high (Gudmundsson, 2020).

2.7 Magnetron sputtering

One of the ways to enhance the sputtering process is to use magnetron assemblies to trap
electrons in a static magnetic field near the target surface (on electron motion see Section 2.9).
This method was first introduced by Frans M. Penning in 1930s, who invented the Penning
trap and the basic magnetron principle (Penning, 1936). Magnetron sputtering was firstly
described by Penning and Moubis (1940), further developed in the 1960s (Kay, 1963; Gill
and Kay, 1965), and took off with the invention of the planar magnetron assembly in the
1970s (Chapin, 1974; Waits, 1978a). The addition of a magnetic trap leads to the formation
of an ionization region (IR) in the close vicinity of the cathode target — extended pre-sheath
where the rate of ionization is the highest, since electron impact ionization is the leading
source of ions in such a setup (Gudmundsson, 2020) (see Section 4.6). This results in a higher
sputter rate of the negatively biased target by ions. The presence of a magnetic field also has
an influence on the electron power absorption in these discharges, which are referred to as
ohmic or partially ohmic discharges (Anders, 2024) (see Section 2.11). Some of the atoms
and ions of the target material escape from the IR into the diffusion region, where they can be
deposited onto the substrate, forming a thin film or coating. Films formed in such a manner
have excellent uniformity and smoothness over large areas, which is irreplaceable in industrial
production.

Figure 2.7.1 shows a schematic representation of a circular planar magnetron setup, illustrating
both the cathode target and the magnets mounted below the surface of the target. The magnetic
field lines curve above the target surface from a central magnet to an external magnet ring,
trapping the electrons.

The magnetron sputtering deposition technique is widely used for the deposition of metallic
and compound layers. Over the years, the mainly utilized setups have been driven by either
a direct current (dc) or a radio frequency (rf) current or voltage source. Typical operating
parameters include the cathode potentials between -300 and -1000 V (Gudmundsson and
Lundin, 2020), resulting in electron densities near the substrate of 105 t0 1017 m—3 (Manova
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et al., 2010; Helmersson et al., 2006). The plasma density is limited by the thermal load on
the target, due to bombardment by ions. By adding magnetic confinement, the working gas
pressure could be reduced from ~4 Pa to ~1 Pa (with typical working gas pressures 0.1 — 2
Pa), and the discharge voltage lowered significantly (~ 300 — 700 V) compared to what a
diode sputter tool requires (~4 kV) (Gudmundsson et al., 2022).

The magnetron sputtering discharge can be utilized in numerous applications due to the variety
of configurations and setups, such as different cathode target dimensions and cathode voltage
or discharge current waveforms (Gudmundsson, 2020). The dimensions of the anode in a
magnetron sputtering discharge can be large because the chamber walls sometimes act as the
anode. Nonetheless, due to deposition on these walls, they typically aren’t a good path for
current return. In most cases, the anode role is given to a grounded shield surrounding the
magnetron target (Gudmundsson, 2020).

Today, magnetron sputtering is widely used in the industrial sector. The main areas for its
implementation include:

* hard coatings — often nitrides such as TiN, ZrN, TiCN, TiAIN, CrN, etc: deposition of
wear-resistant films as protective coatings on mechanical components and cutting tools
(Garcia Gonzalez et al., 2013; Constantin et al., 2011);

* microelectronics — Al and Cu, and their alloys, Ta, Ti, TiN, TaN, WTi, SiN, SiO,, etc:
deposition of conducting, semiconducting, and dielectric films: deposition of metal

or metal compounds as layers for diffusion barriers, adhesion or seed layers, primary
conductors, etc. (Rossnagel, 1999; Cai et al., 2015; Song et al., 2025; Kim et al., 2022);

* anti-reflective and reflective coatings — Cu, Al, Cu+Zn, SiO,, TiO,, SiN, TiN, etc: to
minimize reflection and improve optical transparency, as well as coatings with high
reflectivity for mirrors (Changyom et al., 2023; Valluzzi et al., 2018);

* data storage devices — Al,O3, Pt-NCs, IGZO, SiO;, HfO,, TiN, etc: fabrication of
magnetic thin films for hard drive disks (Naqi et al., 2021);

* decorative coatings — ITO, TiO,, Si0,, TayOs, etc: new aesthetic features, color range,
and textures (de Arruda et al., 2024);

* solar cells — Si and C composition, SiO», Si,N3, etc: production of thin-film photo-
voltaic layers for solar cells (Joung et al., 2012);

* fuel cells — NiCo,0y, etc: application of protective coatings and catalyst layers (Ham-
madi and Naji, 2018; Sun et al., 2025).

Over the years, research and improvements in magnetron sputtering technology have pro-
gressed, and in modern systems advanced plasma control can be achieved, improving film
uniformity and the ability to customize the material properties. Real-time monitoring tools,
such as quartz crystal microbalance (QCM) (see Section 2.4.1) and optical emission spec-
troscopy, enhance process control and help to maintain uniform film quality. By integrating
magnetron sputtering with other deposition methods, it is possible to create complex multilay-
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Magnets

Figure 2.7.1. A schematic view of the cathode target and the magnetron assembly. The target
and the magnets are marked with arrows, the glow above the target represents the ionization
region. The azimuthal current density Jg and the axial current density to the target Jp are
shown. The arches above the target surface show the magnetic field lines.

ered structures with a wider range of properties. The process is environmentally friendly, and
efforts are made to further reduce the environmental footprint of sputtering techniques, such
as using more sustainable sputtering gasses and creating more energy-efficient power supplies
(Merlo and Léonard, 2021).

With magnetron sputtering, the film properties such as the crystalline phase, microstructure,
stress, morphology, electrical resistivity, mechanical, and optical properties can be tuned
by adjusting the applied power and working gas pressure, while, for example, in thermal
evaporation deposition there is no control over the energy distribution of the evaporated
species, the resulting film properties, and depositing alloys is challenging (Sarakinos et al.,
2010; Samuelsson et al., 2012).

2.7.1 Magnetron configurations

Thornton and Penfold (1978) along with other early researchers of the magnetron sputtering
technique utilized cylindrical magnetron configurations with an axial magnetic field. These
were either two concentric cylindrical tubes, with the inner cylinder being the cathode target,
or an inverted magnetron, with the outer cylinder being the cathode target. Today, it is planar
magnetron sputtering systems that are commonly used for the deposition of thin films in both
laboratory (circular targets) and industrial (rectangular targets) applications. Although for
depositing coatings on large areas of architectural glass and display panels, large cylindrical
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targets are often used (Gudmundsson and Lundin, 2020). During sputtering, the target rotates
and the magnet system is stationary, leading to more uniform erosion on the target surface
(see Section 2.9). This is an important technique for coating large glass surfaces used in the
architecture and automotive industries, as well as for manufacturing flat panel displays and
photovoltaic solar cells (Blondeel et al., 2009).

The electrons are confined close to the cathode target surface by a relatively weak magnetic
field B (magnetized, see Section 2.9), while the trajectories of the ions are not directly affected
(not magnetized, see Section 2.10). Different magnetron sputtering configurations typically
use permanent magnets with magnetic induction in the range ~10 — 100 mTesla at the target
surface (Hajihoseini, 2020; Kriiger et al., 2018).

If the inner and outer magnets have the same magnetic field strength, magnetic field lines
are confined around the cathode, making it a balanced magnetron, while in an unbalanced
magnetron assembly one magnet is stronger than the other leading to partially open magnetic
field lines towards the chamber walls (unbalanced type 1) or substrate holder (unbalanced type
2). Window and Savvides (1986) were first to formally recognize and classify unbalanced
magnetron assemblies. The closer the null point is to the target surface, the more easily the
electrons can escape, and the more unbalanced the magnetron assembly is. Unbalanced design
of type 2 can produce high ion bombardment of the substrate, which is sometimes beneficial.
The experimentally measured data used in this thesis is also mostly obtained from type 2
unbalanced magnetron assembly.

2.7.2 Direct current magnetron sputtering

Direct current magnetron sputtering (dcMS) is the most popular and the most simple method
of operating the magnetron, where the cathode target is kept at a constant negative voltage.
The dc power supply can be operated as a power, current, or voltage source, depending on the
regulation method desired (Gudmundsson, 2020).

The typical voltage required for the dcMS process is usually in the range of several hundred
volts (~ -300 — -700 V), based on the target material and the experimental setup. The
power density at the target surface is typically ~10 W/cm? and the resulting discharge current
densities are in the range 4 — 60 mA/cm? (Waits, 1978b). Planar dcMS sources are commonly
operated using argon as a working gas in the pressure range 0.2 — 4 Pa. The process generates
mostly neutral sputtered atoms whose trajectory and energy cannot be easily controlled, and
rather low pressures are used to minimize scattering of the sputtered target atoms (Hajihoseini,
2020). Deposition rates in dcMS operation can be up to 10 nm s~! (Gudmundsson et al.,
2022). As much as 80% of the power supplied gets converted to heat, requiring efficient
cooling systems to prevent the target from melting (Vossen and Cuomo, 1978). In a dcMS
system, the primary ionized species are typically those of the working gas, though due to
Penning ionization the ions of the target material are detected as well (~ 2 — 3 %) (Christou
and Barber, 2000). Most of the particles that are sputtered have energies around several eV,
but the energy distribution function extends up to a few tens of eV (Kadlec et al., 1997).
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Although dcMS is an effective coating method for depositing thin metallic films from electri-
cally conducting targets, it faces issues such as low target utilization, and target poisoning
during reactive sputtering, which leads to process instabilities, charging of dielectric targets,
and lower deposition rates. To address some of these issues, alternative methods like rf
magnetron sputtering (Nowicki, 1977), additional ionization with rf coils or microwaves, or
enhanced magnetic confinement using a multi-polar magnetic configuration are used. An
alternative technique for enhancing the ionization fraction in the deposition flux is the ap-
plication of high power pulses to the target (Schiller et al., 1993; Helmersson et al., 2006;
Alami et al., 2009) (see Section 3.1). The choice of applied target voltage waveform will
vary depending on the application. The waveform selection aims to prevent instabilities like
arcing, enhance the ionization flux fraction of the sputtered species, enable sputtering from
dual targets or sputtering from insulating targets.

2.8 Plasma sheaths

Plasmas are quasi-neutral on scales larger than the Debye length (Lieberman and Lichtenberg,

2005, p. 38):
1/2
Ape = (EOTG) (2.5)

eng

where €& is the vacuum permittivity, 7 is the electron temperature, and ng = ne = n; is the
plasma density, and e is the elementary charge.
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Figure 2.8.1. Qualitative behavior of sheath and pre-sheath in contact with a wall. (a) shows
the ion ni and electron ne densities, and (b) shows the plasma potential. Reprinted from
Fischer (2025), Copyright (2025).
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Quasi-neutrality can only break within the sheath region that forms between the plasma and
an adjacent boundary, for example, the chamber walls. This occurs because electrons are
much more mobile than ions, so they escape from the plasma more quickly, leaving it with
a net positive charge. In practice, the sheath thickness is typically observed to be around
5Ape (Chen and Chang, 2003, p. 5). Within the sheath, the ion density exceeds the electron
density, i.e., n; > n.. The wall maintains a potential that is negative with respect to the plasma,
creating a Coulomb barrier that repels electrons. This condition is required because electrons,
without being repelled by this "sheath drop", would leave the plasma, causing it to become
even more positively charged. In addition, a transition region, or pre-sheath (also see Section
4.6), must form between the quasi-neutral plasma and the non-neutral sheath to preserve
continuity of the ion flux, resulting in an ion speed at the plasma—sheath boundary referred to
as the Bohm velocity ug (Lieberman and Lichtenberg, 2005, p. 169):

T, \ /2
ug = <€M ) (2.6)

An illustration of the ion and electron densities as well as the electric potential is shown in
Figure 2.8.1.

2.9 Electron motion

The basic equation of motion for an electron is the Lorenz equation:

dve e
—=—(E B 2.7
dt Me (E+ve xB) 27

where e is the elementary charge, m, is the mass of electron.

An electron in the discharge has a complex trajectory as a result of the magnetic field. Initially,
electrons travel in gyromotion paths around a magnetic field line, simultaneously oscillating
back and forth along the line (occurring on a time scale of ~MHz).

Over extended time intervals (~kHz), electrons experience several other drifts, including the
drift E x B from the applied target voltage. As a result, electrons move with a E x B drift Jg
along a torus (for planar magnetron) in the azimuthal direction, which is known as a Hall drift
(Bradley et al., 2001; Machura et al., 2014):

ExB
B2
as illustrated in Figure 2.7.1. The drift in the HIPIMS discharges E x B is slightly faster than

in the dcMS (Vasina et al., 2008).

VExB = (2.8)

The B field is not uniform, so there is also a VB drift and the drift due to the curvature of
the magnetic field lines. These drift movements are oriented in the same azimuthal direction,
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leading to an eventual electron motion around the target’s center with speeds ranging from
10* to 10° m/s (Bradley et al., 2001; Rauch and Anders, 2013; Dubois et al., 2022). The net
result of this motion in the planar magnetron is a complicated path of the electron involving
the gyration with changing radius around the magnetic field lines while bouncing off the
target and moving along the torus of the glowing IR, schematically illustrated in Figure 2.9.1.
Among the drifts, E x B is the dominant one.

Figure 2.9.1. A schematic illustration of motion of the electron in magnetic trap above the
cathode target surface. The path of electron (in yellow) is a net result of gyromotion along the
magnetic field lines (in black) with changing radius, bouncing motion due to gradient of
magnetic field B and sheath presence, and E x B drift along the racetrack. The inner magnet
has S, and outer magnet has N polarities.

Apart from azimuthal drift, plasma diffuses outwards from the target toward the substrate. In
a homogeneous plasma, the magnetic field lines are equipotentials, but during the dynamic
and non-uniform HiPIMS pulses, this is not necessarily the case, especially with high-energy
secondary electrons that have been accelerated across the sheath. Due to the increase in the
plasma density, such as in the HIPIMS operation regime, the plasma electrons increase their
capacity to escape from the magnetic trap, a phenomenon called de-confinement. Another
mechanism that seems to play an important role is likely the Coulomb interaction between
electrons and ions, proposed by Vasina et al. (2008). The observed cross-B diffusion in
plasmas exceeds the rate predicted by classical transport (Rossnagel and Kaufman, 1987),
and it is commonly characterized using the semi-empirical Bohm diffusion formula (Bohm

et al., 1949):
1 kT

16 eB
However, the electron cross-B transport in a HiIPIMS discharge is significantly faster than
what is classically predicted, and it even exceeds the rate of Bohm diffusion (Lundin et al.,
2011; Brenning et al., 2009). Brenning et al. (2009) found that the diffusion coefficient is
approximately five times larger than the value predicted by Eq. (2.9). The anomalous transport
can be attributed to plasma instabilities (Lundin et al., 2008) as well as spokes (Brenning
et al., 2013; Anders et al., 2012).

Dg

(2.9)
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Although only the electrons are magnetized, both electrons and ions remain confined, since any
electron distribution defined by the magnetic field lines generates negative space charge that
lead to the confinement of ions as well. The ionization rate is enhanced by the higher electron
density because of electron confinement by a magnetic field, allowing the discharge voltage
to be reduced compared to that in a diode sputtering. For the same reason the mean free
path for ionization can be longer and the working gas pressure can be decreased, increasing
the deposition rate substantially, compared to non-magnetized dc diode sputtering (Waits,
1978b; Chapin, 1974) (see Section 2.6). The observable result of a magnetic confinement
of electrons is the race track on the cathode target from the sputter erosion. For a planar
circular magnetron sputtering target the race track has a circular groove-like erosion pattern.
The target cannot be fully utilized because of this and needs to be replaced in time, leading
to target utilization in the range of 20 — 40 % (Iseki, 2009). This problem has been largely
fixed by using rotating magnet assemblies, which significantly increase target utilization and
enhance the uniformity of the deposited film thickness. A completely flat erosion magnetron
cathode has been developed for planar magnetron sputtering using a rotating asymmetrical
yoke magnet with target utilization of up to 77% (Iseki, 2010).

2.10 Ton motion

The ions of the working gas bombard the cathode target, sputtering the target atoms, and
releasing secondary electrons (unlike singly ionized metal target atoms). For the case with
zero E field, as in the pulse afterglow after the power is switched off (see Section 3.3), the
ions can be treated as diffused through the gas in the deposition chamber (Lundin et al., 2020).
The diffusion law, called the Fick law, relates the flux I to the density gradient:

I'=—-DVn (2.10)
where 7 is the density of the surrounding gas and D is the diffusion constant:

D:g,lzvm (2.11)

where A = /vy, = (8kT /mm)'/? /vy, is the mean free path, ¥ is the mean speed, and vy, is
the momentum transfer frequency.

The sputtering of target atoms originates from collision cascades of ions that impinge on a
target (see Figure 2.10.1) and eject atoms from it into the ionization region or bulk plasma
with substantial energies (Stuart et al., 1969) that follow the Thompson energy distribution
(Thompson, 1968, 1987; Sigmund, 1969), sometimes referred to as the Sigmund-Thompson
distribution function when written in the following form:

drsput o &
dé.  (&+Ep) ™"

(2.12)
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Figure 2.10.1. Sputtering on the atomic level. (a) The target surface and the working gas
above with no voltage applied to the target. (b) The target surface when the voltage is on: the
discharge in the working gas creates ions and free electrons, the ions are accelerated in the
cathode sheath and have enough energy to emit secondary electrons (not shown) and sputter
target atoms (if enough discharge voltage is applied) creating collision cascade in the target;
electrons trapped by the magnetic field ionize both atoms of the working gas as well as
sputtered target species.

where s,y is the flux of the sputtered target atoms, &; is the kinetic energy of the target
species, &, is the surface binding energy of the target material, and m is a parameter from
the interaction potential V (r) o< d~™ (Hofer, 1991). The energy distribution as described
by this equation has a peak at roughly %éasb, which then gradually decreases toward higher
energies according to o< @”{72. The Sigmund-Thompson energy distribution function slightly
overestimates the probability of sputter ejection of energetic atoms. Stepanova and Dew
(2004), introduced a modified distribution function, where a cutoff energy &.x was added to
better reflect the experimentally measured energy spectra (Stepanova and Dew, 2001):

dr’ "
sput _ &t — {1_ ( &+ Ep ) } (2.13)
dé&; (éat—l—@@sb) - Smax + &t

Typical values of the constants are n = 1, m = 0.2 (Stepanova and Dew, 2004), and &pax =
20 eV (Lundin et al., 2013). Since &y, is typically in the range 3—6 eV, most sputtered atoms
are emitted with energy in the range 1.5 -—— 3 eV (Gudmundsson et al., 2022).

The angular distribution of the sputtered species is proportional to cos 8 (Thompson, 1981):
drsput

o< cos 0 (2.14)
where 0 is the incident angle.

The scattered primary incident particle and the recoiled target atom may undergo further
collisions, and collision cascades can develop (see Figure 2.10.1). For discharge voltages
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typically applied, the incident species has sufficient energy to break bonds and change the
position of atoms within the target. The target species that are close to the surface can leave
the target: when the target species gain enough energy to overcome the surface binding energy
&y they can be sputtered. This process may occur due to a single collision (direct sputtering)
or as a result of multiple collisions (collision cascade) (see Section 4.9). The primary species
that bombard the target can either leave the target (scattered species) or they can become
implanted in the target. As the sputter process progresses the implanted primary particles can
be sputtered or they can diffuse out of the target (Gudmundsson et al., 2022).

The ion energy distribution function (IEDF) of the HiPIMS discharge exhibits high-energy
tails, with measured energies sometimes exceeding 100 eV (Bohlmark et al., 2006; Hecimovic
et al., 2008). These ions can be beneficial for the process, yet the mechanism by which they
accelerate remains not fully understood. Lundin et al. (2008) propose that the energization of
the ions is linked to the anomalous resistivity effect, which enhances electron transport across
the magnetic field lines. Experimental data supported this hypothesis, as a mass spectrometer
showed a significantly more distinct high-energy tail in the IEDF in the predicted azimuthal
direction (Lundin et al., 2020). Another mechanism proposed to contribute to the production
of high-energy ions in the plasma is the occurrence of plasma instabilities. These include
non-stationary double-layer potential structures linked to rotating spokes (see Section 4.1),
which accelerate ions within the ionization region close to the target surface away from the
target (Palmucci et al., 2013; Panjan et al., 2014).

2.11 Ohmic heating

The discussion of the energization mechanism in magnetron sputtering discharges by the
energy gained from the electron impact ionization requires the introduction of the Thornton
equation. In its original form (Thornton, 1978), it gives the minimum discharge voltage to
sustain a discharge by secondary electrons as:

&
YSE eff€

Vb 2 Vi = (2.15)

where &; is the average collisional energy loss per ion— electron pair created (see Section 4.8),
and ¥E eff is the effective secondary electron emission yield per ion hitting the target (see
Section 4.10).

However, in experimental setups, magnetron sputtering discharges can operate at even lower
voltages, which means that there are additional means of sustaining the discharge. Improve-
ments to the Thornton equation have been incorporated to include more energization aspects,
such as ionization in the sheath region and the depletion of electrons before the ionization.
The effective ysg et differs from the secondary electron emission yield ¥sg due to ionization
in the sheath with a probability m, and recapture of the secondary electron at the target with a

23



probability r. The new formula, as given by Depla et al. (2009) is:
e

~ eopun(1—r)se

where f; is the ion back-attraction probability and & is the fraction of the secondary electrons

that cause ionization before they are lost from the system. However, in Eq. (2.16), the basic
assumption remains that the sheath energization of electrons is the main energy source.

Vb (2.16)

Plasma chemical model calculations that include the energy balance (Brenning et al., 2012)
have demonstrated that there is a motivation to re-evaluate the classical description of electron
energization. The reason is that electric fields extend into the plasma and add the possibility
of direct ohmic heating. It was demonstrated by Brenning et al. (2012) that in magnetron
sputtering discharges, especially in HIPIMS, this can be much more energy efficient compared
to sheath energization. One significant finding is that the percentage of ohmic heating increases
with increasing applied power. This trend was attributed to a higher degree of self-sputtering
with higher discharge power. The consequence of ohmic heating is that magnetron sputtering
discharges can burn far below the proposed lower voltage limit Vy, than the Thornton equation
(Eq. (2.15)) would suggest (Huo et al., 2013).

Subsequent probe measurements on both dcMS (Mishra et al., 2010) and HiPIMS (Mishra
etal., 2011) systems have shown that as much as 20% of the discharge voltage Vp applied can
be dropped within the plasma outside the cathode sheath. This region is commonly referred
to as the extended pre-sheath, or the IR (on the IR in the IRM see Section 4.6). The voltage
applied or the discharge voltage can be written as:

Vb = Vsu + Vir (2.17)

where Vg 1s the voltage drop across the sheath and ViR is the voltage drop across the IR, or
the pre-sheath (see Figure 2.11.1).

Except at the IR center (distance from the center of the generating arc to the axis of revolution
of the torus, (r¢] +rc1)/2, see Section 4.6), seen as a projection of the racetrack center, the
magnetic field lines are inclined relative to the target surface. Consequently, the majority of
electrons generated from secondary emission ("hot" electrons, ey) are able to cross the cathode
sheath, despite being constrained by the magnetic field lines. As they cross the sheath, they
acquire the energy corresponding to Vsy. Since the mean free path of a secondary electron
is much longer than the thickness of the cathode sheath (collisionless sheath), the energy
distribution of "hot" electrons is non-Maxwellian as it depends mostly on the voltage across
the sheath Vgy.

Ohmic heating can be understood as the average energy gain of the electron in the created
ion-electron pairs, that is moving across a potential Vir, which is a fraction f of the discharge
potential Vp (Brenning et al., 2016):

Vir = fVb (2.18)

while experiencing the complicated bouncing motion described in Section 2.9.
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Figure 2.11.1. The ionization region, side view. The applied discharge voltage Vp drops
across the sheath Vsy and the pre-sheath (ionization region) Vir, so that Vp = Vsyg + VIr.

Ohmic heating can also be described as the electron energization due to J. - E > 0 in the
plasma outside the sheath, where J. is the electron current density and E is electric field
(Brenning et al., 2016). The potential across the sheath varies between the center of the
racetrack and the edge of the racetrack because the electric equipotential surfaces are parallel
to the magnetic field lines and arc in the same way (Depla et al., 2009). In such configuration
with a planar magnetron assembly, ohmic heating is related to the movement of electrons
across the magnetic field lines. This process is significantly slower compared to crossing the
sheath due to the sheath potential, and is constrained by the electrons’ cross-B mobility:

e

e 2.19
R (2.19)

He,perp =

where L. = e /m, is the mobility of the electrons in the absence of a magnetic field, W =
eB/me is the electron (angular) gyro frequency and 7, is the effective collision time of the
electron, including anomalous transport.

To conclude, in contrast to non-magnetized dc diode sputtering discharges, mainly sustained
by ion-induced secondary electron emission that are accelerated within the cathode sheath
(Gudmundsson, 2020), the presence of a magnetic field introduces a potential drop Vir across
the IR. This potential allows for ohmic heating of the electrons in the IR (Brenning et al.,
2016). In dcMS discharges, ohmic heating represents a notable portion of the electron power
absorption. It is also considered the primary mechanism for electron power absorption in
HiPIMS discharges (Huo et al., 2013; Brenning et al., 2016; Huo et al., 2017). For discharges
with a higher fraction of ohmic heating over total electron heating, which includes ohmic
heating and sheath acceleration, the same discharge current can be maintained at a lower
discharge voltage, as the discharge becomes more energy efficient because sheath heating is
associated with a large ion current to the target. The ion current due to the electric field in the
IR is much lower (Rudolph et al., 2022; Gudmundsson et al., 2022).
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2.12 Plasma chemistry

A magnetron sputtering discharge consists of electrons, ions, neutral atoms, molecules, and
photons. There are many interactions between all of these species, but some of them are
more significant than others. At low pressure, the number of collisions is low, and the energy
transfer between species is inefficient. While at high pressure, more collisions occur between
the different plasma species, resulting in more uniform energy distribution of the species.

The primary parameter that describes an interaction between particles is the cross section o
of a reaction or collision, which depends, among other factors, on the relative velocity of the
particles involved. The probability of interaction between species can be described using the
mean free path A, which is the average distance traveled by a particle between collisions:

A=— (2.20)
no

where n is the density of the species, and o is the cross section of the collision.

Collisions can be elastic or inelastic, and particles may change their energy, momentum,
become ionized/excited, or recombine. To describe the kinetic energy transfer in elastic
collisions, the transfer parameter A = 4M M,/ (M, +M2)2 can be used (where M| and M,
stands for masses of particles colliding). From it we can see that the kinetic energy transfer
between electrons and heavy species is negligible. In inelastic collisions the kinetic energy
is not conserved and such reactions include ionization, excitation, and charge transfer. In
molecular gas, other significant processes can take place, such as vibrational and rotational
excitation, dissociation, dissociative recombination, and attachment and detachment when
negative ions are present.

In a magnetron sputtering discharge, the plasma consists of atoms and ions of the working gas,
as well as atoms ejected from the target and their ions, together with free electrons. Atoms
(as well as ions) originating from both components — the working gas and the sputtered target
material — may be in excited states, some of which are metastable.

As an example, the list of reactions considered in the IRM for HiPIMS discharges with a
chromium target is given in Table 2.12.1. The rate coefficients for argon reactions are taken
from Rudolph et al. (2021), and for chromium reactions from Barynova et al. (2026). The
rate coefficients for electron impact ionization are determined by integrating over a cross
section assuming a Maxwellian electron energy distribution function (EEDF). For the primary
electron population they are fitted for 7; ranging from 1 to 7 eV, while for the secondary
electron population, the fit is in range 200 — 1000 eV (for more on electron populations and
EEDF, see Section 4.7.2). For electron impact ionization of the chromium atom, the cross
sections recommended by Lennon et al. (1988) (< 15 eV) and Nelson (1976) (> 15 eV) are
used. The cross sections for electron impact ionization of the Cr ion to produce the doubly
ionized Cr>* was measured by Man et al. (1987), while the cross sections for electron impact
ionization of the neutral chromium atom to form the doubly ionized Cr>* was measured by
Nelson (1976). The rate coefficients for the charge exchange process between Ar' and Cr, and
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for Penning ionization are taken from Bogaerts et al. (2007). The rate coefficients for electron
impact excitation into the 4s levels of the argon atom are determined using cross sections
from the IST-Lisbon collection on LXCat (www.lxcat.net/ist-lisbon). The ionization rate
coefficients for electron impact from the metastable states are derived from the cross sections
measured by Dixon et al. (1973). The rate coefficients for electron impact de-excitation of the
metastable levels are determined using the principle of detailed balancing (see Section 2.12.1).
It should be noted that the recombination cross section is not included, as it is a three-body

collision, and the likelihood of it is negligible in the ionization region (as opposed to on the
target and wall surfaces, which the IRM does not address) (Lieberman and Lichtenberg, 2005,

p. 298).

Table 2.12.1. The reactions and rate coefficients used in the IRM for discharges with Cr
target. The rate coefficients are calculated assuming a Maxwellian electron energy

distribution function and fit in the range T = 1 —7 eV for primary electrons and 200 — 1000

eV for secondary electrons.

Reaction Threshold Rate coefficient
[eV] [m3/s]

e+ Ar(3p®) — Arf +e+e 15.76 2.34 x 10714 1059 exp(—17.44/T,)

8 x 10714 1016 exp(—27.53/T,)
e + Ar(3p®) — Ar(4s[3/2],) + e 11.548 1.617 x 107147708238 exp(—14.1256/T.)

1.1397 x 1072272 — 1.8975 x 107197, +8.7910 x 10~!7
e + Ar(3p®) — Ar(4s’[1/2]p) + e 11.723 2.86 x 107137708572 exp(—-14.6219/T,)

1.8045 x 1073372 —2.9825 x 107207, 4+-1.357 x 107
e + Ar(4s[3/2],) — Ar(3p®) + e 3.23 x 107 137,708238 exp(—2.578/T.)

(1.1397 x 1072272 — 1.8975 x 10~ 19T, +8.7910 x 10~17) /5
e + Ar(4s’[1/2]p) — Ar(3p®) + e 2.86 x 107137708572 exp(—2.8989/Ts.)

1.8045 x 107372 —2.9825 x 10727, + 1.357 x 107
e + Ar(4s’[1/2]g) — Art + 2e 421 1.14356 x 10713792548 exp(—4.4005/T,)

1.5213 x 1071972 — 2.9599 x 10167, +1.8155 x 10713
e + Ar(4s[3/2],) — Art + 2e 4.21 1.14356 x 10713792548 exp(—4.4005/ T,

1.5213 x 1071972 —2.9599 x 10717, + 1.8155 x 10713
e+ Art — Ar’t +2e 27.63 8.6365 x 10715796746 exp(—24.3019/T;)

522 x 10714 —-4.943 x 10717,
e+ Ar — Ar*t + 3e -

6.169 x 10715 —1.6316 x 107177,
e+Cr — Crt+e 6.7666 8.95 x 10714704682 exp(—7.0786/ T,

4.0586 x 10713 —2.6729 x 10710 x T,
e+Crt — Cr*t +2e 16.4857 9.2132 x 10713705702 exp(—14.3882/T;.)

9.2457 x 10714 —5.7450 x 10~ x T,
e+Cr — Cr* +3e 23.25 2.9309 x 10716712029 exp(—20.8886/ T,

Art +Cr — Ar+Cr*
Ar(4s’[12]p) + Cr — Ar+Cr™ +e
Ar(4s[3/2]5) +Cr — Ar+Crt +e

5.6848 x 10714 —3.6485 x 10717 x T,
6.2 x 10716

2.38 x 10716

2.38 x 10710
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2.12.1 Detailed balancing

According to the principle of detailed balancing, which expresses the time-reversible nature of
the equations of motion for a collision, the cross sections and rate constants for both forward
(endothermic with threshold energy &, and cross section 6(v)) and reverse (¢’ (v')) reactions
are related (Lieberman and Lichtenberg, 2005, p. 265). An example of such reactions can
be the excitation of ground state argon Ar(3p6) to the metastable state Ar(4s[3/2],) in the
electron impact:

A+B—C+D (2.21)

e+ Ar(3p®) — e+ Ar(4s[3/2],) (2.22)

and the reverse reaction of the electron impact de-excitation of the metastable state:
C+D—A+B (2.23)

e+ Ar(4s[3/2],) — e+ Ar(3p°) (2.24)

Then 6 (v) and o’(v') are connected by:
m’gagpv>o(v) = m*gcgpvo’ (V) (2.25)

where g stands for degeneracy of the energy level of a species: 2 for free electron, 1 for
Ar(3p6) and Ar(4s[3/2],). The variables m and m’ are the reduced masses for left and right
parts of the forward reaction (Eq. (2.22)), in this case m = m’ ~ ma, can be assumed. In
general form, m and m’ connected by:

1 2 _ 1 112

—mv- = -—m'v- +eéy, (2.26)

2 2
After integration over a Maxwellian velocity distribution, the ratio of rate coefficients for
forward (K(T)) and reverse (K'(T')) reactions can be expressed as:

N\ 3/2
K(T) _ (g) 8C8D /T (2.27)
K'(T) m 8A8B

The statistical weights in the above equation are determined for thermal equilibrium, the
ratio of statistical weights is the same for a system that is not in thermal equilibrium. The
only assumption required is that the velocity distribution is Maxwellian (Lieberman and
Lichtenberg, 2005, p. 267).
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CHAPTER 3

HIGH POWER IMPULSE MAGNETRON
SPUTTERING

3.1 Pulsed power deposition

To increase the energy and fraction of ions in the flux of film-forming species (the advantages
of which are mentioned in Sections 2.3 and 2.4) higher power can be applied to the cathode
target (Anders, 2010b; Helmersson et al., 2006). Unfortunately, this leads to heating of the
target to a point where the cooling rate becomes insufficient, since rather than increasing the
ionization rate, most of the power dissipates into heating the target. This could lead to a target
melting and potentially disrupting the setup or demagnetization of the static magnets that are
responsible for the electron trap, if the temperature rises close to the Curie point. A solution
to this is to apply the high power in pulses with a low duty cycle, keeping the average power
similar to dcMS (0.05 kW/cm? is a typical upper limit for target damage) (Héla et al., 2012).

Different waveforms of the cathode target voltage can be used based on the specific application.
Pulsing the voltage may also increase the ionized fraction of the sputtered species, and allow
sputtering from two targets and insulating materials (Gudmundsson, 2020). The goal of the
different pulsing schemes is usually to achieve better control over the process and therefore
the properties of the deposited films.

There are several periodic waveforms that are applied in magnetron sputtering techniques,
such as:

* sinusoidal (radio frequency):
— rf generator (Nowicki, 1977);
* unipolar pulsed:

— square voltage pulse generators: high power pulsed magnetron sputtering (HPPMS),
including high power impulse magnetron sputtering (HiPIMS), and deep oscilla-
tion magnetron sputtering (DOMS) (Kouznetsov et al., 1999; Hubicka et al., 2020;
Ferreira et al., 2014);
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— custom-shaped voltage generators producing longer pulses of lower amplitude:
modulated pulse power magnetron sputtering (MPPMS) (Hdla et al., 2012);

* symmetric bipolar or mid-frequency ac pulsed (Este and Westwood, 1988; Scherer
et al., 1992):

* asymmetric bipolar pulsed (Sellers, 1998).

dcMS
——MPPMS
HiPIMS

[t
(@)
T

Power density [kW /cm?]
ja)
o —

o ™

Time ~ms

Figure 3.1.1. Schematic representation of the power delivery for dcMS, MPPMS and HiPIMS
when operated at the same average power. After Hdla et al. (2012)

The pulsed magnetron sputtering method benefits from using the same equipment as traditional
magnetron sputtering, with the exception of the power supply. There are a few variations of
the HPPMS technique. In high power impulse magnetron sputtering (HiPIMS) a pulse of
very high amplitude, an impulse, is applied to the cathode and a long pause exists between
the pulses, with the duty cycle ~1 %. In order to distinguish this technique from other pulsed
magnetron processes Anders (2011) defines HiIPIMS as pulsed magnetron sputtering where
the peak power exceeds the time-averaged power by two orders of magnitude.

Alternative methods involve adjusting the pulse so that during its early phase, which lasts
up to a few hundred microseconds, the power level is moderate. This phase is then followed
by a high power pulse lasting from several hundred microseconds up to a millisecond. The
resulting pulse is referred to as a macro-pulse. The macro-pulse can be up to 3 ms long,
and the repetition frequencies are in the lower end of HiPIMS operation. The macro-pulse
is composed of a train of shorter micro-pulses that appear with frequencies in the range of
several tens of kHz. This technique is termed modulated pulse power magnetron sputtering
(MPPMS) (Musson and Elsayed-Ali, 2024). The duration of "on" and "off" periods of micro-
pulses, which usually extend to several tens of microseconds, along with their frequency,
can be modified within the macro-pulse. By using this method, the micro-pulse frequency,
along with the "on" and "off" durations, target voltage, and discharge current waveforms can
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Figure 3.1.2. Schematic representation of the peak power density at the target versus the duty
cycle. For dc operation 0.05 kW/cm? is a typical upper limit to prevent the target damage.
Pulsed discharges operated below this limit are referred to as pulsed dcMS. All discharge
operation above the dcMS limit is referred to as HPPMS. In this range, the higher peak
power must be compensated for by a lower duty cycle. After Gudmundsson et al. (2012)

be customized. The result is a rather complex step-like shape of the target voltage and the
discharge current waveform (see Figure 3.1.1) (Liebig et al., 2011).

The peak power density varies between dcMS and different pulsing schemes, although the
average power during one pulse cycle may be the same, as shown in Figure 3.1.1, assuming
that the time interval shown in the figure corresponds to the repetition rate of the pulses. All
MS discharge operations that exceed the dcMS power limit threshold are termed high power
pulse magnetron sputtering (HPPMS), where the increased peak power requires compensation
by reducing the duty cycle (see Figure 3.1.2) (Gudmundsson et al., 2012).

3.2 Operating parameters

High power impulse magnetron sputtering (HiPIMS) is characterized by a very high power
density at the target during each pulse, usually exceeding the power densities used in dcMS
by about two orders of magnitude.

Because the sputtered atoms can be ionized within the ionization region, the ions of the
sputtered species can also contribute to sputtering of the target. This is referred to as the
self-sputtering in the HiPIMS discharge.
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Figure 3.2.1. Photo of the HiPIMS discharge with aluminum target and two empty target
holders. The substrate is on the upped part of the picture and is visibly heated.

HiPIMS operates with a cathode voltage in the range of -400 — -2000 V and current densities
of up to 3 — 4 A/cm?. The peak power density is greater than 0.5 kW ¢cm~2 and can reach
10 kW cm 2. As was mentioned above, employing a magnetron sputtering discharge in this
manner would overheat the cathode target if the duty cycle was long, and therefore in HiPIMS
operation the duty cycle is short, where 0 is defined as (Anders, 2010a):

0 =ton/ (ton +toff) = o fp (3.1

Here 1, denotes the duration of the pulse and f,, is the HiPIMS pulse frequency. The repetition
frequency is in the range of 50 — 5000 Hz, and the duty cycle 6 is in the range of 0.5% — 5%.
The power is therefore supplied to the plasma in short pulses lasting between 10 us and 1 ms
(Sarakinos et al., 2010).

The high applied power leads to large electron densities, up to ~ 10! m—3, which corresponds
to mean free path for electron impact ionization of a sputtered metal atoms of the order of 1
cm (Gudmundsson, 2010), leading to a substantial degree of IFF of the sputtered particles
(reported up to ~ 70 -—— 90%) (Fischer et al., 2023). Even after the pulse is turned off, the
plasma density stays relatively high at 10!7 -— 10'® m=3 for hundreds of us (Gudmundsson
et al., 2002; Bohlmark et al., 2005). Indeed, a considerable plasma density of approximately
10'7 m—3 is detected at significant distances from the target surface for duration of up to a few
milliseconds (Gudmundsson et al., 2012). The possible discharge parameters in HIPIMS have
a wider range than in conventional dc and rf sputtering discharges. Furthermore, the ability
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to use the pulsing scheme offers increased flexibility by incorporating additional control
parameters like pulse width, duty cycle, and pulse frequency (Gudmundsson et al., 2012).

The response of the discharge current to the cathode voltage change is highly non-linear. The
empirical relation shows a power-law dependence between the discharge current and voltage
(Thornton, 1978):

Ip =kVp (3.2)

where n depends on the working gas and its pressure, target material and magnetic field.
Typically 7 is in the range of 5 to 15 for dcMS (Rossnagel and Kaufman, 1988; Waits, 1978b),
but can be lower for HiIPIMS operation. Possible reasons for the lower power value of Vp in
the HiPIMS discharge are:

* change in the secondary electron emission mechanism (Anders, 2008b; Huo et al.,
2013);

¢ sheath thickness (Anders, 2004);
* loss of magnetic confinement (Waits, 1978b);
* gas rarefaction near the target (Anders, 2004).

At low discharge currents, the value of n in HIPIMS operation is comparable to the coefficient
in dcMS discharges (Ehiasarian et al., 2002; Alami et al., 2006). A high value of n shows
that for the discharge a significant increase in discharge current comes with a relatively small
increase in target voltage. This is because the discharge is characterized by a relatively low
level of ionization, allowing for the generation of additional charge carriers as required. The
value of the exponent drops as the discharge enters the HPPMS regime and then increases
again at higher voltages (Alami et al., 2006). The constant k in Eq. (3.2) depends on the
target material, the sputter yield, the type and pressure of the working gas, the magnetic
field configuration, the secondary emission yield of electrons, and the discharge geometry
(Gudmundsson, 2020).

3.3 Pulse phases

Pulsed power systems may include pre-ionization by supplying a conventional dcMS or
rf discharge (Poolcharuansin et al., 2010). In a HiPIMS discharge operated without pre-
ionization, the time delay between the onset of the discharge voltage and the discharge current
can be significant at low operating pressures. In certain situations, if the delay exceeds the
pulse duration, the plasma may fail to ignite (Hubicka et al., 2020). This delay depends on the
working gas pressure (Gudmundsson et al., 2002), the gas composition (Hala et al., 2010), the
target material (Hecimovic and Ehiasarian, 2011), the applied voltage (Yushkov and Anders,
2010), and in case of reactive sputtering it also depends on the partial pressure of the reactive
gas (Hajihoseini and Gudmundsson, 2017).
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The discharge current waveforms Ip(¢) in HIPIMS pulses can exhibit significant variations
with target material, pulse length, and applied power (Anders et al., 2007), and whether
operated in metal mode or poisoned mode in reactive sputtering (see Section 3.5) (Magnus
et al., 2012; Gudmundsson, 2016). As the discharge current increases, magnetron sputtering
discharges are often characterized as transitioning from working gas sputtering, to working
gas-sustained self-sputtering, and ultimately, at the highest currents, reaching either self-
sustained self-sputtering or self-sputter runaway (Anders, 2008b; Lundin et al., 2020).

A typical HiPIMS discharge current waveform can be divided into five phases, following
Lundin et al. (2020):

* Phase 1 — ignition — roughly the first 10 us of the discharge pulse, during which
the discharge chamber contains almost no plasma. The discharge is expected to first
appear as a localized glow discharge on the target surface, near the anode ring, where
the vacuum electric field reaches its maximum strength.

* Phase 2 — current rise — the initial rise in current that typically follows the bulk plasma
breakdown. Secondary electrons ("hot" electrons, ey) together with electrons generated
in the ionization region close to the target ("cold" electrons, e.) are accelerated along the
magnetic field lines into the bulk plasma, where they start ionizing the neutral working
gas, producing a strong axial ion current.

* Phase 3 — current decay/transition — the bulk plasma density increases sufficiently
above the target race track and becomes high enough that this path has the least
resistance for the electron current to traverse the magnetic field lines, leading to a more
extended axial current. Around the time of the current peak, the density of the working
gas atoms decreases significantly, a phenomenon known as working gas rarefaction
(see Section 4.13).

» Phase 4 — plateau/runaway — at this stage, the discharge may follow different current
paths. A dense plasma torus is consequently sustained above the target racetrack in
an approximately steady state (depending on the evolution of the current), resulting in
substantial ionization in this volume. Electrons are now carried across the magnetic
field lines, traveling all the way from the target surface, through the plasma volume,
until they arrive at the first grounded magnetic field line that intersects the grounded
anode ring. The axial current transport now accounts for the majority of the total
current.

* Phase 5 — afterglow — once the HiPIMS pulse is turned off, the current rapidly
drops. During the afterglow, the electron density first drops rapidly (up to 30 us),
and then transitions to a much slower decay rate (around 3500 us). The effective
electron temperature T rapidly decreases to about 0.2 eV and remains at this level for
several milliseconds. In addition, both the density and temperature of the metastable
working gas atoms drop quickly as the sputtered flux vanishes and plasma species are
lost through recombination and diffusion toward the chamber walls.

All five of the identified phases are observed only in sufficiently long pulses (approximately
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200 us), a pulse length that has been shown not to be the optimal waveform for thin film
deposition with HiPIMS discharges. Nowadays, triangular current waveforms are generally
regarded as the most effective for achieving the highest IFF and require the lowest power
(Brenning et al., 2021).

3.4 Influence of the target material

Several research groups have examined how the target material affects the spatial and temporal
development of plasma parameters. One of the first reports, which compares plasma param-
eters for discharges using different target materials, is by Vetushka and Ehiasarian (2008),
where discharges in argon with chromium and titanium targets were analyzed. They found
that at an argon working gas pressure of (.28 Pa, the electron density for a discharge with Cr
target is approximately twice as high as for a discharge with Ti target (= 8 x 107 m™3 vs
~4 x 107 m_3) at the same distance from the target, which was 10 cm. Additionally, the
electron density began to increase simultaneously with the discharge current for the discharge
with Cr target, while there was a delay of approximately 25 us when the Ti target was used.
The maximum plasma density was reached simultaneously, approximately 16 us after the end
of the pulse (duration 70 us) for both targets. The authors associated this with a higher sputter
yield (see Section 4.9) of Cr and a higher cathode voltage on the Cr target in comparison to
the discharge with Ti target. This suggests a greater degree of argon gas rarefaction near the
target (see Section 4.13) along with secondary electrons having higher kinetic energy as a
result of increased cathode voltage for the Cr target (Gudmundsson and Lundin, 2020).

Despite differences in process conditions (such as pressure, target size, and target material),
the HiPIMS pulse configuration, and the precise position of the density measurement (Cada
et al., 2020), the electron density correlates quite well with the peak current density. For
typical peak current densities of about 1 A/cm?, the plasma density in the vicinity of the
cathode target is expected to be in the range of 1 -— 3 x 10'® m~3. However, in the argon
discharge with niobium and tungsten targets the plasma density is higher, giving an electron
density closer to 10'” m3 for the same peak discharge current density (Lockwood Estrin
et al., 2017). For these two discharge systems, a triple probe was positioned much closer
to the target surface (10 — 15 mm) than in the other discharges, which were studied using
Langmuir probes. The probe position is likely responsible for the higher electron density
values. There is also a slight increase in the electron density as the pressure is raised from 0.5
Pa to 2.0 Pa. However, further increasing the pressure above 2.0 Pa does not lead to a higher
electron density (Hubicka et al., 2020; Vetushka and Ehiasarian, 2008; Pajdarov4 et al., 2009;
Lundin et al., 2015; Lockwood Estrin et al., 2017).
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3.5 Reactive sputtering

Sputter deposition can be applied to deposit compound films either by sputtering a compound
target or by sputtering an elemental target in a mixture of the inert working gas and the reactive
gas (e.g. Oy, Ny, CHy). The latter process is termed reactive sputter deposition or reactive
sputtering (Strijckmans et al., 2018), and it is attractive because a variety of compounds can
be prepared from a low-cost metal target by adding an appropriate reactive gas to the noble
working gas. Consequently, reactive sputter deposition is a topic of significant industrial and
technological relevance, as the majority of commercially important thin films and coatings
are compounds (Kelly, 2011). The most common compounds deposited by reactive sputtering
are oxides and nitrides (see Section 2.7). Such coatings are typically deposited by reactive
magnetron sputtering using asymmetric bipolar mid-frequency, rf or unipolar pulsed (HiPIMS)
waveforms.

With the introduction of a reactive gas, a chemical reaction in the gas phase is unlikely as
the reactive gas pressure and the density of the sputtered atoms are generally so low during
sputtering that three-body collisions are rare, but chemical reactions occur on both the target
and substrate surfaces as well as on the chamber walls, in addition to sputtering and deposition,
leading to a much more complicated picture in comparison with non-reactive sputtering. The
most significant is that a compound can form on the target surface, and the sputter yield
changes.

Although reactive HiPIMS has been successfully applied to grow various high-quality com-
pound films, there are a number of issues that require better understanding, including the
low deposition rate and the variations in the hysteresis effect. Due to recent findings that
the sputter yield plays a significant role in discharge properties (Brenning et al., 2020, 2021;
Barynova et al., 2025), the development of a model for the degree of poisoning of the target
is important since it directly affects the sputter yield (Berg and Nyberg, 2005). In reactive
sputtering the low deposition rate in the HIPIMS discharge is particularly problematic for
oxide deposition because when the target is oxidized, the sputter yield typically drops signifi-
cantly (Schelfthout et al., 2020). The cause of hysteresis is poisoning, or compound formation,
on the target. One of the first measurements and explanations of hysteresis and a model to
describe it qualitatively came as early as the mid 1970s (Gorancheyv et al., 1976). Later, more
quantitative models were developed to describe the poisoning of the target as well as the drop
in the deposition rates at a certain threshold pressure, which was the consequence. The initial
model to describe the S-shape of the hysteresis comes from Steenbeck et al. (1982). A further
developed version was published by Berg et al. (1986, 1987) and Berg and Nyberg (2005),
which describes the process in simple analytical terms. They added the steady state equations
that describe the hysteresis as a function of the gas flow, meaning, using practical parameters.
The Berg model simplifies the sputtering process to obtain a simpler balance equation. A
number of improvements to the original model were proposed, such as a mix of reactive gases,
alloy target, implantation of reactive gas, gettering as well as the development of temporary
and spatially resolved models. Note that all mentioned models cover the reactive dc sputter
deposition, not pulsed, and require the steady state.
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Strijckmans et al. (2018) published a more advanced model of the reactive sputtering process.
The reasoning is that the original Berg model, while able to describe the basic mechanisms,
lacks accuracy due to a number of approximations made. It also allows to model the pulsed
operation, however it is still not able to model the HiIPIMS discharge due to the reliability on
the secondary electrons to sustain the discharge which is not always the case, as in HiPIMS
operation ohmic heating can be vary important as well (see Section 2.11).

Furthermore, several unexpected results have been observed experimentally in reactive HiP-
IMS (Gudmundsson, 2016), most of which have not been completely explained. An important
finding is that reactive HiPIMS exhibits narrower hysteresis curves or no hysteresis at all
under some conditions (Wallin and Helmersson, 2008). The reduced or eliminated hysteresis
has been explained by the increase in ion flux to the target, in particular metal ion flux (Kadlec
and Capek, 2017; Capek and Kadlec, 2017).

More recently the reactive Ar/N, discharge with a titanium target has been implemented into
the IRM code (Fischer, 2025). This later model of the Ar/N; discharge included a number
of improvements regarding the target surface, such as correcting the sputter yield with the
compound fraction (Berg and Nyberg, 2005; Depla et al., 2008) and calculating the binding
energy for each component of the compound, based on the Pauling formalism for calculating
bond energies (Pauling, 1960) as suggested by Malherbe et al. (1986) for oxides and which
has been implemented more recently for nitrides (Depla et al., 2008; Rudolph et al., 2018). It
also includes improved treatment of working gas rarefaction that had been developed earlier
(Barynova et al., 2024).

The current work does not include modeling of reactive sputtering, but part of the experimental
work included the deposition of AIN thin films using HiPIMS.

3.6 Advantages and disadvantages of HiPIMS

HiPIMS provides high fraction of ions in the deposition flux, and combined with the sheath
near the substrate and/or substrate biasing, leads to a good coverage even for a high aspect
ratio trenches, providing better conformal coating, which means much more similar growth
rates parallel and perpendicular to the target surface which is not the case in dcMS (Bobzin
et al., 2009). As mentioned earlier, HIPIMS can operate with the same configuration as dcMS,
only requiring the pulse generator, which simplifies its implementation in industrial setups
where dcMS is already in use (Hubicka et al., 2020).

Glow discharges, especially those in magnetron sputtering discharges, tend to exhibit "arcing".
The arc is an undesirable form of a discharge, with high current and low voltage, that creates
cathode spots on the target, which leads to a release of tiny droplets when deposited onto
the substrate that degrade the quality of the coatings. The probability of forming an arc was
shown to be greatly reduced by operating the pulsed sputtering process in the mid-frequency
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range (20 — 70 kHz) (Schiller et al., 1993). But with higher current density, like in HiPIMS
operation, the issue is more pronounced. Modern HiPIMS power supplies come with methods
for detection and suppression of arcs. Despite the presence of arc suppression, the brief
duration of an arc before it is suppressed can negatively affect the quality of the coating. It
would be advantageous to set up a process in which arcing is unlikely. One strategy is to use
short pulses, each lasting less than 50 us, a method that proved effective for mid-frequency

sputtering because arc spots usually develop with some delay in the presence of plasma
(Anders, 2011).

In addition to its application in PVD, HiPIMS can serve as a powerful tool for substrate
etching and interface engineering (Ehiasarian et al., 2003, 2004; Reinhard et al., 2007; Miinz
etal., 1992). Films deposited after the substrate is pretreated with HIPIMS have been shown
to exhibit good adhesion and performance in mechanical tests, and have been successfully
deposited on industrial scale machines with improved adhesion and corrosion resistance.

One of the main disadvantages of HiPIMS is the lower deposition rate compared to dcMS.
There are a number of reasons for that, while the main ones can be summarized as follows
(Anders, 2010a):

* sputtered ions back-attraction to the target;

* less-than-linear increase in the sputtering yield with increasing ion energy;
* greater film mass density and self-sputtering on the substrate;

» power losses in the switch module;

The back-attraction in HiPIMS discharges can be explained by a high degree of ionization of
the sputtered species, which become ionized near the target, and, as a result, can be pulled back
by the electric field towards the biased target. This is known as the return effect, explained by
Christie (2005), which reduces the deposition rate compared to the traditional deposition with
dcMS operation at the same average power.

In HiPIMS the objectives are to have a significant ionized flux fraction of the sputtered target
species and to ensure high deposition rate. However, in HIPIMS operation a high ionized
flux fraction always comes at the cost of a low deposition rate. This makes the HiPIMS
compromise necessary when optimizing the deposition process (Brenning et al., 2020). Since
the implementation of HiPIMS technology there have been a lot of attempts to overcome
the issue with a low film deposition rate. Several discoveries have been made, such as the
dependence of a deposition rate on pulse length (Konstantinidis et al., 2006), suggesting
a benefit in shortening pulse length (Rudolph et al., 2020; Shimizu et al., 2021); on target
material (Lundin and Sarakinos, 2012); on magnetic field strength, and the benefit of weaker
magnetic field strength (Hajihoseini et al., 2019; Mishra et al., 2010). There is a proposal to
optimize the HiIPIMS discharge operation by mixing two different power levels (Brenning
et al., 2021), where the pulse scheme makes it possible to partially separate the production
of ions and neutrals, which constitute the film-forming flux to the substrate. The negative
back-attraction effect can be reduced by introducing a positive voltage pulse to the target
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immediately, following the high power negative sputter pulse, as proposed by Nakano et al.
(2013). This increases the plasma potential, accelerating ions from the ionization region
toward the substrate where the film or coating is formed (Keraudy et al., 2019). The positive
pulse typically ranges from a few tens to several hundred volts, and this technique is known
as bipolar HiPIMS (Scherer et al., 1992; Gudmundsson et al., 2022).
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CHAPTER 4

IONIZATION REGION MODEL

In this chapter different aspects of modeling the HiPIMS discharge are discussed with focus
on the IRM.

4.1 Introduction to modeling magnetron
sputtering discharge

Plasma processing has a large set of applications in both scientific and industrial research, and
its use in industrial fabrication is extensive, and therefore good understanding of its properties
and behavior is necessary. One way to achieve this is by modeling the plasma discharge.

Due to a significant demand for magnetron sputter deposition in industry, there is a motivation
to model the complete magnetron deposition process to avoid the experimental trial and error
in process development. If successful, this can lead to a significant cost reduction since for a
typical coating machine, one of the main expenses is the installation cost. In addition, there
is the possibility to optimize the parameters of the deposition process of an existing plasma
processing system (Hurlbatt et al., 2017).

This work focuses on modeling the plasma chemistry of the discharge itself. The behavior of
the magnetron sputtering discharge depends on the magnetic field, the working gas pressure,
the plasma surface interaction, and the electrical power input. In addition, the basic physics
that describes the motion of charged particles in a region subjected to electric and magnetic
fields is needed. This, combined with the necessary cross sections for particle interactions,
sputter yields, and electron yields, is in principle sufficient to describe the magnetron sputter-
ing discharge. The complication is that a comprehensive model must include the computation
of the electric field using the spatial distribution of the charged plasma species along with the
externally applied voltage. Moreover, a comprehensive model must consider the interaction
between charged particle motion and the electromagnetic field, while also computing the
electromagnetic field itself. To further complicate the modeling, even in the planar magnetron
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sputtering discharge configuration, the magnetic field has a complex geometry requiring a
multi-dimensional approach (Gudmundsson, 2020). Such systems are nonlinear and chal-
lenging to analyze. Additionally, inter-particle collisions, which are also electromagnetic in
nature, occur on a much shorter time and space scales compared to the applied fields because
of the particles’ average motion (Lieberman and Lichtenberg, 2005, p. 418).

The presence of a magnetic field that confines the electrons gives the opportunity to divide
the volume into the ionization region (IR) and the the diffusion region (DR) (or bulk plasma
region). Thanks to this, the model can focus on one region taking input from the model of
another region, and not rely on simulating the full magnetron sputtering discharge chamber.
This current work focuses on modeling the IR. The particle-target interaction, required to
model the magnetron sputtering discharge, are taken into account as the sputter yield and
secondary electron emission. The deposition and thin film growth as well as particle transport
are not considered apart from accounting for the transport parameters when comparing the
measured IFF with the modeled one (Rudolph et al., 2021) (see Section 2.4.1). Despite the
fact that with this approach, the model relies on the results of other models or empirical data,
models or simulations that focus on isolated aspects of the deposition process are practical
because a fully self-consistent simulation has a high computational cost (Kozédk and Lazar,
2018).

When choosing the right approach for modeling, the properties of the particular discharge
have to be taken into account, such as (non)thermal equilibrium, electron density, dominant
transport mechanism, magnetic field, dominant reactions, surface interaction, time and space
scale, gas flow/diffusion, instabilities, etc. Modeling magnetron sputtering discharges can
be categorized into analytical and numerical models. Numerical models can be additionally
categorized into either fluid or kinetic models. Kinetic models, derived from the numerical
solutions of the Boltzmann equation or direct simulation Monte Carlo (DSMC), lack self-
consistency, and need a Poisson equation solution, leading to the development of either
hybrid models or Particle-In-Cell — Monte Carlo collision (PIC-MCC) simulations. Different
approaches in modeling can be summarized as (Bogaerts et al., 2008):

* Analytical models

Fluid models

Boltzmann equation models

Direct simulation Monte Carlo (DSMC)

Particle-In-Cell — Monte Carlo collision (PIC-MCC) simulations

Pathways models

Hybrid models

Global models

For weakly ionized plasmas, the ionized density fraction is low y < 1 (see Eq. (2.2)), and the
electron density n. is equal to the ion density n; due to quasi-neutrality. With such a degree of
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ionization, ion and electron collisions with neutral gas atoms are important and ionization of
neutrals by electrons sustains the plasma discharge. The mean electron temperature is usually
lower than the ionization energy of the working gas, but the reaction still occurs due to the
electron energy distribution. The electrons exhibit a distribution on energy often with a high
energy tail. The tail of the distribution might be below or above the Maxwellian distribution
due to electron heating and collisions with neutrals. Non-Maxwellian distributions can only
be described with kinetic theory of discharges (Lieberman and Lichtenberg, 2005, p. 187).

In practice, plasmas are almost always non-uniform and time-varying. A charged particle in a
plasma interacts simultaneously with numerous nearby particles, leading to observed shared
collective behavior. When energy is added, a positive feedback mechanism can amplify the
density variation until it develops into large-scale macroscopic structures or patterns — an
instability. The instability is identified by strong variations in the local plasma parameters,
including particle density, particle temperature, plasma potential, and pressure (Lundin et al.,
2020). In dcMS common instabilities include electron drift waves disturbed by the density
gradient and electric field (Martines et al., 2001). In magnetron sputtering discharges there
also exist "ionization zones", or "spokes" (Hecimovic and von Keudell, 2018). Spokes
propagate along the race track, and appear either diffuse or triangular in images from fast
intensified CCD cameras, indicating nonuniform light emission caused by higher ionization
rates (Ehiasarian et al., 2008). Another common instability in HiPIMS discharges is the
oscillation of the plasma in a direction normal to the target surface, which has been termed
the "breathing instability" (Yang et al., 2016; Hecimovic and von Keudell, 2018).

Modeling the plasma discharge can help to better understand the process and to improve and
optimize the plasma-based technologies. Accurate modeling requires significant computa-
tional resources and different approaches are adopted depending on the application, while
plasma instabilities additionally complicate the picture.

4.2 Material pathway model

The first HIPIMS model was a target material pathway model that was developed by Christie
(2005), using the representation of a signal flow graph. The key model parameters are the
sputtered metal ionization efficiency and the magnetron extraction efficiency. The model
diagram may be viewed as a signal flow graph, with parameters interpreted as gains. This
view makes the application of Mason’s gain formula to solve the signal flow graph by
inspection straightforward (Mason, 1953). The model can account for the observed lower
HiPIMS deposition rates compared to dcMS rates at the same average power. It also explains
the relatively low percentages of ionized metal species reaching the substrate, which are
sometimes below 10%, despite the plasma appearing to be highly metallic. This modeling
technique has proven to be useful for understanding the HiPIMS discharge. However, this
model does not track the electrons, so their properties are unknown (Rudolph et al., 2021),
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and due to the steady-state assumption, the model can only be applied to discharges with a
long discharge current plateau or with respect to averaged discharge characteristics (Minea
et al., 2020).

The model was later developed further by VlIcek et al. (2007), where a parameter was
introduced to account for the increased ionization that occurs in the bulk plasma between
the target and the substrate, a result of the efficient magnetic confinement of electrons. It
determines the degree of additional ionization of sputtered atoms in a gap, from where the
created ions are not directed back to the cathode target because of the flatter electric potential
profile. Furthermore, the explanation of the losses of target material neutrals and ions during
transfer to the substrate was made more straightforward by introducing the relative ion-to-atom
transport factor.

The material pathway model became a predecessor to the IRM, as its modeling approach
has proven to be important for understanding a few issues, mentioned earlier, related to the
operation of the HiPIMS discharge. The pathway model introduced such HiPIMS discharge
modeling parameters as the probability of ionization of a sputtered atom ¢, the ion back-
attraction probability B, and the transport parameters for neutrals &, and ions &; (Christie,
2005; Hajihoseini et al., 2022), which are used in the IRM.

4.3 Global models

In modeling and in plasma discharge modeling, in particular, one is required to choose which
considerations are critical to a process and which can be neglected. Instead of calculating
precise spatial variations of species in a plasma discharge, the emphasis can be on conservation
of charge and energy laws in a defined volume. Models that use this approach are referred
to as global models and are typically zero-dimensional, although some also incorporate a
time dimension. Global models can be a good way to understand some aspects of discharge
processes without additional computational complexity, since many reactions and species
already require a significant amount of computational power, and ignoring the spatial variation
makes it a lot less expensive in terms of computation. Apart from the low computational cost,
global models are a good approach to the initial survey of plasma parameters in the particular
system before starting more complex modeling.

Global models are based on two types of equations: particle balance equations, written
for each species involved, and power balance equations, generally focused on electrons but
extendable to other species. Solving this set of equations requires additional data about the
system of interest, such as physical properties, power coupling method, and a set of species
involved along with reactions.

Plasma chemistry is another strength of global models. Global models can be particularly
useful for modeling complex chemistry. Particle balance equations are stated for each species
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in the plasma, and to solve them, the data on the reactions between them is needed. When
the set of reactions becomes complex, especially in discharges with a reactive gas, the
outcome of the model is often not intuitive, which makes it useful to first consult with global
models before taking on more computationally demanding approaches, such as particle-in-
cell Monte Carlo collision (PIC-MCC) simulations, to identify the main reactions in the
plasma (Hurlbatt et al., 2017). Consequently, global models are widely employed in studying
chemistry and identifying key reactions in low-temperature plasmas as they allow for complex
chemical reaction schemes, with a large number of species and reactions (Hurlbatt et al.,
2017). However, even in a global model, the selection of plasma species and the corresponding
reactions can present a challenge.

There is a long list of existing global model platforms for low temperature plasma discharges
in particular. This includes software like GlobalKin (Munro and Tennyson, 2008), ZDPlasKin
(Pancheshnyi et al., 2008), PLASIMO’s Global Model (van Dijk et al., 2009), LisbOn Klnetics
LoKI-B+C (Tejero-del-Caz et al., 2014), etc. However, none of the models above can be used
to model a HiPIMS discharge.

A time-dependent global model for argon plasmas was formulated by Ashida et al. (1995).
This model examines the dynamics of an argon discharge subjected to time-modulated power
in high-density inductively coupled plasma reactors. The changes with time in both electron
temperature and plasma density are determined by solving the equations of particle and
energy balance. The model only takes argon into account and does not consider a sputtering
target, but it’s approach served as one of the foundations for developing IRM. Based on the
time-dependent global model of the argon discharge developed by Ashida et al. (1995), a
volume averaged model of the HiIPIMS discharge that covered the entire plasma chamber,
included sputtering from the target, and was expanded to include metal species as described
by Hopwood (2000a), was developed by Gudmundsson (2008).

Note that global models cannot describe instabilities nor nonlinear potential structures (shocks)
that can appear in the plasma (see Section 2.9), since they are highly spatially nonuniform. For
example, spokes form within the IR, where plasma density is high. Their presence is thought
to significantly impact the movement of species across magnetic field lines and is considered
the primary cause of the observed strong anomalous cross-field transport of charged species
in HIPIMS (Lundin et al., 2008). A thorough comprehension of these phenomena requires
data of local electric and magnetic fields. Spatially resolved measurements of the plasma
potential are necessary for determining the local electric fields, as well as calculating drift
velocities. Accuracy of global models is limited due to simplifying assumptions made about
the spatial configuration of the discharge as well as the simplified model of plasma species
transport (Kozdk and Lazar, 2018).
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4.4 Historic development of IRM

The ionization region model (IRM) is a semi-empirical time-dependent, volume averaged
plasma chemistry model of a HIPIMS discharge focused on the ionization region (IR; see
Section 4.6 and Section 2.8) (Raadu et al., 2011), while the surrounding plasma is supposed to
be treated using the bulk plasma model (BPM) (Brenning et al., 2008). The IRM is based on
the global model developed by Ashida et al. (1995) that was extended to describe the HiPIMS
discharge process by Gudmundsson (2008), which eventually became a model covering only
the IR (Raadu et al., 2011).

The HiPIMS discharge for the sputtering of a metallic target in an inert gas has been extensively
studied with the IRM over the past decade for a number of target materials including graphite
(Eliasson et al., 2021), aluminum (Huo et al., 2012), titanium (Rudolph et al., 2021), tungsten
(Suresh Babu et al., 2022, 2023), chromium (Barynova et al., 2026) and zirconium (Suresh
Babu et al., 2024). Due to the use of the IRM, the basic operation of the HiPIMS discharge is
relatively well understood. The IRM has been applied to study the reduction in deposition
rate (Brenning et al., 2012), the electron power absorption mechanism (Huo et al., 2013), the
electron energy distribution function with the help of a Boltzmann solver (Rudolph et al.,
2021), the onset of self-sputtering (Huo et al., 2014), the working gas rarefaction and refill
process (Raadu et al., 2011; Huo et al., 2012; Barynova et al., 2024). In fact, the most recent
findings indicate that the sputter yield of the target is the defining parameter for the discharge
operation, in particular the determination of the back-attraction probability and therefore the
deposition rate (Barynova et al., 2024, 2025).

4.5 Overview of the ionization region model

The initial global model of the HiPIMS discharge was developed to model only the dense
plasma region that forms due to the magnetic confinement of the electrons next to the
cathode target — the ionization region (IR; see Section 4.6). This therefore became termed the
ionization region model (IRM). The IRM allows for the calculation of the temporal evolution
of neutral and charged species, as well as the electron temperature in HIPIMS discharges.
The model is confined to the IR, characterized as an annular cylinder where the outer and
the inner radii represent the race-track area. As it is a global model, the geometrical effects
are indirectly accounted for through the loss and gain rates at the boundaries of this annular
cylinder, both to the target and to the bulk plasma. A set of ordinary differential equations
(ODE) determines the temporal evolution, providing the first derivatives with respect to time
for both the electron energy and the particle densities of all heavy particles. The electron
density is determined by the assumption of quasi-neutrality in the plasma.

To ensure accuracy, the model must align with the experimental data input. Initially, this
involves adapting the model to an existing discharge, considering factors such as geometry,
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working gas and its pressure, sputter yields, target species, and a reaction set for these species.
After that, the model is adjusted using a number of free parameters, allowing it to fit the
empirical discharge current and voltage data, denoted as Ip(¢) and Vp(¢), respectively. The
free parameters are the back-attraction probability of ions to the target, f, and the fraction of
the total discharge voltage drop across the ionization region, f = Vir /Vp. Another parameter
is the ionized fraction of the deposition flux (ionized flux fraction, IFF) (Huo et al., 2017),
which is used as a fitting constraint. The secondary electron recapture probability r has to be
mentioned as it was treated in IRM as a free parameter, but now for HiPIMS discharges with
metal target it is used as one of the fixed parameters, with a value r = 0.7 (see Section 4.10).

Discharge voltage, V(1) Species of working gas, Two electron
Discharge type target, electrons population "temperatures"

) and densities

Pressure Reaction rates
Geometry Effective cost of ionization Neutral species densities
(Ionized flux fraction, IFF) —> Target sputter yield and fluxes
Secondary electron Ion species densities
emission yield and fluxes
Recycling parameters JL

Loop over possible

Discharge current simulated,

parameters Secondary electron back-

attraction probabilit fir(®)
Ion back-attraction probability, P Y
Fraction of the discharge voltage
drop across IR, f q 5 .
P / Model calibration with |
(Tonized flux fraction, IFF) experimental data Discharge current, /p(?)

Figure 4.5.1. Block diagram showing the ionization region model pipeline.

4.6 Ionization region in IRM

The IRM relies on the observation that in the magnetron sputtering discharge a dense, brightly
glowing torus-shaped plasma floats and extends a few centimeters from the cathode target
(see Figure 3.2.1), which is situated within a bulk of lower density plasma (Raadu et al., 2011).
In the IRM the IR is modeled as an annular cylinder with outer radius r.,, inner radius ¢
and length L = z5 — z; (see Figure 4.6.1).

The presence of a magnetic field near the target makes it possible for the potential drop to
exist in the region of dense plasma in the vicinity of the cathode target outside the cathode
sheath. It is called the ionization region (IR) (Brenning et al., 2008; Raadu et al., 2011).
The definition is based on experimental observations, such as by Bradley et al. (2001), and
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PIC-MCC simulations (Bultinck and Bogaerts, 2009), and was explored experimentally by
Antunes et al. (2023) using optical emission measurements. The voltage drop occurs across
both the cathode sheath and a pre-sheath (IR), as shown in Figure 2.8.1 (also see Section 2.8).

Diffusion | »
region lonization

region

Target

Figure 4.6.1. The ionization region (IR), where most of the ionization occurs, side view. The
IR is approximated in the ionization region model (IRM) as an annular cylinder with outer
radius rco, inner radius re1 and length L = 7 — 7.

Although understanding the IR is crucial for HIPIMS discharge modeling, its spatial extend
remains poorly characterized. Recent experiments by Dubois et al. (2022) using Thomson
scattering measurements indicate that both the electron temperature and electron density
decrease exponentially as the distance from the target surface increases. Another study by
Kanitz et al. (2016), used a laser absorption spectroscopy setup to determine the spatial and
temporal dynamics in HIPIMS discharges. They showed that the spatial distribution of the
metastable argon atoms is confined below the magnetic null point. Furthermore, it is observed
that the light emission from Ar™ ions follows the magnetic field lines.

Antunes et al. (2023) studied the extension of the IR in a HIPIMS discharge as the magnetic
field strength and configuration were varied. For this, they took images within the second
half of a discharge pulse using a fast camera and a band pass filter to collect the emission
of the transition from one of the excited levels of the argon atom to a metastable state. The
authors assumed the edge of the IR to be where the light intensity had fallen to less than half
of its maximum intensity. They show that the shape of the IR closely follows those of the
magnetic field lines which are determined by the location of the permanent magnets at the
back of the cathode. The axial extent of the IR (z; — z1) depends inversely on the strength
of the magnetic field, as expected for gyrating electrons. It was found to vary from 10 to
17 mm. The width of the IR (r., —r.1), and the cross sectional area, show similar behavior
with increasing magnetic field strength B, i.e. a linear decrease for B < 18.1 mT, and constant
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values in the range 18.1 mT < B < 23.8 mT.

4.7 Particle and power balance

Since the IRM is a global model, it assumes the volume-averaged values over the IR. This
allows for the calculation of the temporal evolution of species and the electron temperature.
Geometrical effects are indirectly accounted for through loss and gain rates at the IR bound-
aries. Therefore, the outcomes of the IRM should be considered more as qualitative trends
rather than providing precise quantitative values.

The IRM consists of a set of ordinary differential equations (ODEs) on rate and balance inside
the IR (Huo, 2013):

* Density evolution equations of the process gas species;

* Density evolution equations of the sputtered target species;

* Density evolution of the electrons assuming quasi-neutrality;
» Power balance equation for the electron temperature.

In order to consider electrons that escape trapping, an effective secondary electron emission
coefficient, % eff, is introduced. This coefficient accounts for both the probability of electrons
returning to the target and the loss of secondary electrons due to inefficient electron trapping
(see Section 4.10).

In the IRM the resulting system of Ngpe + 1 ODEs describing the particle and power balance
(Nspe being the number of species considered) are solved in MATLAB using ode15s method.

[t,y]l = odel5s(odefun, tspan, y@, options),

where odefun are the functions to solve, tspan = [t@, tf], integrates the system of
differential equations y' = f(¢,y) from t@ to tf with initial conditions y@, and options is
an optional structure, which, for example, specifies a relative error tolerance or turns on the
display of solver statistics. Each row in the solution array y corresponds to a value returned in
the column vector t. In the IRM the time # = t is an independent variable, and the constraint
comes from empirical data on Ip and Up waveforms.

4.7.1 Particle balance equations

Within the IRM, the considered species include electrons, ground state argon atoms Ar(3p®),
"hot" ground state argon atoms Ar'l, "warm" ground state argon atoms Ar" , metastable argon
atoms Ar™, argon ions ArT, doubly ionized argon ions Ar’*, metal neutrals M, singly ionized
metal ions M, and doubly ionized metal ions M. The hot argon atoms correspond to the

n
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Figure 4.7.1. A schematic view of some of the processes occurring on the target surface and
in the ionization region, including (a) ionization by the electron impact; (b.1) sputtering of a
target atom by working gas ion defined by the working gas sputtering yield Yy, (b.2)
self-sputtering of the target material defined by the self-sputtering yield Yss, (c) "hot"
electron emission defined by the secondary electron emission yield Ysg

reflected or sputtered back from the target neutralized argon ions, and the warm argon atoms
correspond to the diffused back from the target neutralized argon ions, mentioned in Section
2.10.

In general, the particle balance equation for species X is expressed in the form (Huo et al.,
2017):

dn'X) x) x)
dr - ZRGeneration i ZRLOSS g 4.1)
! J

The terms RGeneration,i and Ry oss,j Tepresent the reaction rates of generation and loss processes
concerning species X in the IR. The list of processes depends on the species X, and can be
broken down by the charge of the species, since the behavior in the plasma is mostly guided
by it. The reaction rate R; for any reaction j within the volume is determined by multiplying
the reactant densities by the reaction’s rate coefficient

Rj = kj X H”lreactant J ( m S_]) 42)
i

where, nreactant,; denotes the density of the i-th reactant.

Eq. (4.1) also represents additional generation and loss processes, such as sputtering Ry, sputt,
neutral flux diffusion Ry, gifr, gas refill Ry refin, gas kick-out Ry kick-out, i0n loss from the IR or
to surfaces R; joss, and the return of recombined gas ions Ry requrn from the target. A detailed
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description of how these processes are treated is provided elsewhere (Huo et al., 2017), with
the exception of Ry kick-out, Which is discussed in Section 4.13.2.

4.7.2 Power balance equations

The majority of the energy in a HIPIMS discharge is absorbed by electrons leading to observed
high electron temperature 7; > T;. The power balance equates the power absorbed by the
plasma electrons with power lost from events like elastic collisions, inelastic collisions, de-
excitation processes, and Penning ionization. Before diving into power balance, the "cold"
and "hot" electron populations and their heating mechanisms need to be discussed.

Let us consider the electron energy distribution function (EEDF). Electrons typically do not
achieve thermal equilibrium with ion species and frequently lack thermal equilibrium even
among themselves. Experimental observations have shown that the bulk (<10 eV) EEDF in
magnetron sputtering discharge can be either Maxwellian-like or bi-Maxwellian-like. The
specifics depends on the gas pressure and the specific spatial location within the HiPIMS
discharge (Gudmundsson et al., 2002; Pajdarov4 et al., 2009; Rudolph et al., 2021). It was also
observed, using Langmuir probe measurements, that the EEDF was Maxwellian during the
peak in electron density, followed by a Druyvesteyn-like EEDF with slightly higher average
electron energy, but further measurements in the same system show that EEDF was in fact
closer to Maxwellian during the whole pulse (Gudmundsson et al., 2009). Based on the
Langmuir probe characterization by Poolcharuansin and Bradley (2010), the authors claim
that during the early stages of the pulse (< 4 us), electrons can be classified into three distinct
groups. These groups are identified as "super-thermal”, "hot", and "cold" electrons, with
effective electron temperatures ranging 70 — 100 eV, 5 — 7 eV, and 0.8 -— 1 eV, respectively.
It is suggested that the presence of super-thermal electrons is explained by the initial condition
of the sheath, which is either very thin or absent, influenced by the remaining plasma during
off-time.

In the growing axial electric field of the developing sheath, the remnant off-time plasma
electrons are accelerated. As the sheath edge progresses, these electrons can reflect off the
leading edge of the sheath. Consequently, beam-like electrons form with very high effective
electron temperature during the initial microseconds following the onset of the voltage. The
first few tens of microseconds into the pulse, the effective electron temperature is typically
relatively high with values between 2 and 6 eV, which later decrease to a range of 0.3 to 1 eV.
After the pulse has been off for a minimum of 300 us at 0.3 Pa, the temperature stabilizes
around 0.4 eV and 0.8 eV for chromium (Cr) and titanium (Ti) targets, respectively (Vetushka
and Ehiasarian, 2008). In the study by Gudmundsson et al. (2009), again using a Langmuir
probe, comparable results were observed, showing that the effective electron temperature
decreases to a steady value of approximately 0.7 eV at 0.4 Pa and 0.3 — 0.4 eV at 2.7 Pa
until the pulse is over. Furthermore, secondary electrons, created by ion bombardment of
the cathode target, are even more energetic (> 100 eV), since they are accelerated across the
cathode sheath and their EEDF is generally not Maxwellian (Rudolph et al., 2021).
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It is apparent that the experimental measurements of electron temperature show a similar
temporal trend within the pulse as described by Gudmundsson et al. (2009). At the same
time the absolute value of the electron temperature is reported to be lower in experimental
measurements (Held et al., 2020; Gudmundsson et al., 2009) than predicted by the IRM. One
must ask question why IRM overestimates the electron temperature. An explanation proposed
by Suresh Babu et al. (2023) is that apart from the overestimation of the electron temperature,
the IRM underestimates the electron density. Being a global model IRM gives the average
value in the defined IR while in experiments the value in a certain volume (~10 mm?, in case
of Langmuir probe) is measured, and the average over the IR can be lower. This would explain
the overestimation of the temperature since power has to be distributed over the lower number
of electrons. The other way to look at the problem is accepting that IRM underestimates the
ionization rate and the reason for that is non-uniformity of the plasma in the IR volume. One
phenomenon that contributes to non-uniformity in ionization is known as spokes that arise in
magnetron sputtering discharges, and their nature is highly debated and global model such as
IRM cannot help in this matter (see Section 4.1).

In the IRM two distinct electron populations are assumed: "cold" or primary electrons e, and
"hot" or secondary electrons ey,. The reason for this choice is explained in details in Huo
et al. (2017). The use of two distinct electron populations gives two primary benefits. First,
it provides a more precise ionization costs based on electron energy. For example, metal
ionization degree, degree of self-sputtering, and bulk electron temperature tend to decrease,
while gas rarefaction and plasma density tend to increase if two electron populations are
assumed, as compared to the first version of the IRM where only one electron population is
assumed (Raadu et al., 2011). These trends are explained by the reduced energy required for
ionization due to the presence of "hot" electrons introduced earlier. Secondly, this allows the
quantification of two electron heating mechanisms: secondary electron acceleration through
the sheath and ohmic heating in the IR. The power transferred to the electrons is expressed by:

P. = Psy + Ponm (4.3)

where P, gets divided into sheath energization Psyy and ohmic heating Popy,. This is done
by breaking down the discharge voltage into two components: the potential drop over the
sheath and the potential drop in the ionization region as shown in Eq. (2.17). In each segment,
electrons get a part of the total electric power, IpVsy and IpVir respectively, determined by
the share of the current they transport (see Figure 2.11.1).

The power transfer to the "hot" electrons that travel through the sheath is derived from the ion
currents to the target as calculated by the model (Huo et al., 2017).

1
Psy = I sHVsH = (IAr+YAr+,eff+ ) M2+YM2+,eff) VsH 4.4)
where Yart eff = Yar+m& (1 — r) is the effective secondary electron emission yield for Ar'-
ions bombarding the target and Y+ o = Tz méE (1 —r) is the effective secondary electron
emission yield for doubly ionized metal ions bombarding the target, and & represents the
fraction of the electron energy that is used for ionization before being lost from the discharge
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process. The values in parentheses on the right indicate the amount of secondary electrons
emitted by argon ions and doubly ionized metal ions from the target.

In the ionization region the electrons are heated by ohmic heating:
I
Pohm = Ie RVIR = <i> IpVir 4.5)

where (I. /Ip) is the volume average of the fraction of the discharge current in the IR that is
carried by electrons, taken to be ~ 1/2. The electron current is small at the cathode sheath
edge, while at the boundary to the diffusion region the electrons carry almost the entire
discharge current. The electron current over the ionization region is therefore on average
Ip/2 (Huo et al., 2013). ViR is the fraction of the discharge voltage that drops across the IR:

Vir = fVp.

These two electron heating mechanisms transfer the energy to distinct populations of the
electrons, which define the EEDF. The electron populations vary in their ionization rate
coefficients and effective ionization costs, and are considered as distinct "hot" and "cold"
components, allowing to treat them separately.

4.8 Effective ionization cost

In the case of low pressure, low temperature, partially ionized plasma discharges, the power
is mainly absorbed by electrons that transfer it to other species through collisions. The rate
of cooling of electrons can be described as the sum of the losses due to different elastic and
inelastic collisions with neutral species. Dividing it by the rate of ionization by electron
impact yields the effective ionization cost or energy loss per electron-ion pair created @@C(X)
(Lieberman and Gottscho, 1994). So, for every ionization reaction that creates a pair of ion
and electron there is energy that the electron consumes, not only on ionization but also on
elastic and inelastic collisions as well. The effective ionization cost é"C(X) can be expressed as:

(X) _ o) ookt K 3m,
_ 51 S
éi: - ngiz +dex,i k(x) + k(X) M(X) Te (46)
! iz iz
(X) . o v X)) o LX)
where & is the ionization energy of species X; &,/ is the excitation energy; k>’ is the rate

coefficient of ionization of species X; k(X). is the rate coefficient of the /! excitation process of

ex,i
g() is the elastic scattering rate coefficient of species X; m is the electron mass;

is the mass of species X. The terms on the right hand side of Eq. (4.6) therefore
represent the electron energy loss due to ionization, excitation and elastic scattering on neutral
atoms.

species X; k

and mX)

The exact value of &; depends on the material, the reaction rate and the energy of the electron
and are pre-calculated in the IRM. Where the rates of elastic collisions, excitation and
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ionization reactions are summed up and used to calculate the consequential effective cost of
ionization, taking energy thresholds into account. Reaction cross sections highly depend on
the energy of the incoming electron, so the energy distribution of the electrons needs to be
taken into account.

In IRM the two electron populations (primary and secondary) are used and the effective
ionization cost is pre-calculated for all the energy ranges:

* "cold" electrons with energies from 1 to 7 eV, resolution 0.001 eV;
* "hot" electrons with energies from 200 to 1000 eV, resolution 0.1 eV.

For the primary electron population the dependence of &; on T; can be fitted in a form of an
exponent of a polynom. For the secondary electron population using a constant or linear fit
proves adequate as the elastic cross sections become negligible (see Section 4.7.2).

For singly ionized metals the effective double ionization cost is used as the second ionization
energy that corresponds to the threshold energy for the ionization: M+ — M?+,

4.9 Sputter yield

Sputtering refers to the process where atoms are ejected from a solid or liquid surface as
a result of bombarding by energetic particles, typically ions. The fundamental sputtering
parameter 18 the sputtering yield Y, 55 for incident working gas (g) and target ions (self-

sputtering, SS):
number of ejected target particles

number of incident ions (g or SS)

Yy/ss = 4.7)

and is defined as the average number of atoms displaced from a target surface per incident
ion, and the sputtering yield depends on the incident ion energy, &}, the incidence angle,
0, the masses of the incoming ion and the the target species, M; and M;, and the surface
binding energy, &y, of the target material (Bundesmann and Neumann, 2018). The maximum
transferable energy in a collision has to be larger than the surface binding energy in order to
sputter the atom. The minimum ion energy required for sputtering to take place is known as
the threshold energy for sputtering &, and is given by Yamamura and Tawara (1996) in a

form:
b _ 67 M. > M,
o T A 1= ty
14+5.7(M;/M, '
- LESTORM e <

A )
where A is an energy transfer factor 4M;M,/ (M; + M;)*.

Depending on the energy and type of the incoming ion bombarding the target with defined
surface properties, the number of sputtered atoms will be different. The voltage applied to
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the cathode target almost entirely drops across the target sheath (Lieberman and Lichtenberg,
2005, p. 170). It means that the ions will be accelerated towards it gaining the kinetic energy
Aéiin:

Abkin = QeAVsy ~ QeVp 4.9)

where Q is the number of electrons removed from the ion. In the IRM the energy of an ion is
solely defined by Vp and the average number of such released atoms is used.

Several empirical models exist that describe the sputter yield and the angular distribution in
relation to the ion bombardment energy and the various ion-target material pairings (Sigmund,
1969; Dembowski et al., 1986; Yamamura and Tawara, 1996; Eckstein, 2007). The sputter
yield for a specific ion bombarding a particular target can also be derived as a function of
incident particle energy using computational codes such as TRIM (Transport of Ions in Matter)
(Biersack and Haggmark, 1980), with upgraded versions such as SRIM (Stopping and Range
of Ions in Matter) (Ziegler et al., 2008, 2010), TRIDYN (Moller and Eckstein, 1984; Moller
et al., 1988) and Kalypso (Karolewski, 2005). The latter codes are TRIM simulations that
includes dynamical composition changes. These packages are based on numerical simulations,
which means a substantial computational load. This is particularly true to the dynamical
codes. Therefore, determining the characteristics such as the sputter yield, as well as the
angular and energy distributions of the sputtered particles, using analytical expressions is
beneficial. These expressions may be entirely empirical or based on a simplified theoretical
model (Bogaerts et al., 2008).

When a particle hits the cathode surface, some atoms, known as primary knock-on atoms, can
absorb a significant amount of energy from the incoming ion as a result of the collision. These,
in turn, can collide with other atoms, transferring momentum. Tracking these mechanisms
and calculating their combined effect is important (Sarakinos and Martinu, 2020). Depending
on the energy of the incident particles and the collisional cross section between the incident
particles and the atoms of the target, the identification of the regime can simplify the modeling
for a particular case (Bundesmann and Neumann, 2018; Behrisch and Eckstein, 2007):

* Single knock-on regime for light ions and low energy heavier ions. The recoil atoms
resulting from collisions between the incident particles and target atoms acquire enough
energy to sputter off the target; however, they do not have enough energy to initiate a
collision cascade.

* Linear cascade regime. Recoil atoms from the incident ion and target atom collisions
receive enough energy to generate recoil cascades. However, the density of recoil atoms
is low, knock-on collisions with atoms of the target at rest dominate, and collisions
between moving atoms are rare.

* Spike regime. The density of recoil atoms is high enough and the majority of atoms in
a certain volume is set in motion.

The typical sputter processes, where ion energies are < 1 keV, falls into the single knock-on
regime, and in particular magnetron sputtering falls into the lower energy part of the linear
cascade process.

55



The sputter yield used in the IRM for ions bombarding the target was in some cases taken
from Anders (2010a) where it was based on the calculations by the TRIM code, and fitted
assuming a dependence on the form:

Yy/ss = akd) " (4.10)

where a; and by are fitting parameters that are given for a particular combination of bombard-
ing ion and target materials.
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Figure 4.9.1. Sputtering yield of chromium by argon ions. Theoretical fits are taken from
Anders (2010a), Schmid (2006) and Mahne et al. (2022). Experimental data points are from
Handoo and Ray (1992), Wehner (1975), Seah (1981), and Stuart and Wehner (1960).

In the latest version of the IRM, the sputter yield is now determined using the IAP/TU Wien
Sputter Yield Calculator (Schmid, 2006). The reason for switching to the Wien Sputter
Yield Calculator in determining the sputter yield is that it is in better agreement with the
experimental data (see Figure 4.9.1 and Figure 4.9.2). The IAP/TU Wien Sputter Yield
Calculator is based on analytical expression for sputter yields at normal incidence, developed
by Matsunami et al. (1984), which are further based on equations by Yamamura et al. (1983).

Matsunami et al. use the formula

QK sale) T, (gm/g)l/z] >8 @.11)

Y(&) = 0'42(]S [1+0.35U se(€)]

to determine the sputter yield, Y (&), where Y (&) is the yield of sputtering by incident ions
at an energy of & ; a*,Q and &, are empirical parameters; Us is the sublimation energy in
eV;sy(€) and s (€) are Lindhard’s elastic and inelastic stopping functions, respectively. These
functions are expressed in terms of the reduced energy € and can be found in Matsunami et al.
(1983).
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Figure 4.9.2. Sputtering yield of aluminum by argon ions. Theoretical fits are taken from
Anders (2010a), Schmid (2006), Mahne et al. (2022). Experimental data points are from
Vickerman and Gilmore (2009), Wehner (1975), Seah (1981), and Laegreid and Wehner
(1961).

Although there is some ambiguity in the literature if the sputter yield is temperature depen-
dent — if the rate enhancement effects are due to enhanced sputtering or onset of sublima-
tion/evaporation (Anders, 2010a), in the IRM this is not taken into account.

Note that in HiPIMS operation self-sputtering can play a significant role. Furthermore, self-
sputtering and the self-sputter yield are responsible for the working gas-free sputtering in
the HiPIMS discharges. In the HIPIMS processes, the discharge includes ionized sputtered
material, and the amount of it depends on various factors such as pulse power density, material
of the target and pressure of the working gas. This indicates that a portion, frequently a
noteworthy portion, of the ions participating in the sputtering process consists of ions of the
target material (see Section 4.11 and 4.12). This suggests that a significant portion of the ions
of the sputtered species may be drawn back to the target, rather than being deposited onto the
substrate to create a film or coating. Self-sputtering and the associated self-sputter yield can
substantially influence the HiPIMS operation, significantly affecting the film deposition rate,
particularly for metal targets. Therefore, under specific circumstances, HiPIMS processes can
also operate through self-sputtering (see Section 3.2). This is notably the case for materials
with a high self-sputter yield. Furthermore, it was shown that the magnetron sputtering
discharge is capable of self-sustaining with a Cu target and can escalate to high discharge
current through self-sputter runaway (Andersson and Anders, 2008). However, despite a
significant self-sputter component, the pulsed nature of the discharge makes it difficult to
operate without working gas at all (see Section 4.11).
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4.10 Secondary electron emission

Ions that bombard the target not only sputter its atoms but also produce secondary electrons,
which in the IRM are referred to as "hot" electrons after they have been accelerated across
the cathode sheath. The release of secondary electrons is due to ions or neutral particles
striking a target surface, and it has a significant role in discharge physics: in dcMS this is an
important mechanism in sustaining the discharge, while in HiPIMS they also play some role.
Secondary electrons are accelerated in the sheath away from the target and are trapped in the
magnetic field from the magnet assembly where they join the primary (or "cold") electrons.
The difference is that secondary electrons gain energy from the electric field of the sheath and
can transfer it to the species in the IR. Depending on the discharge, secondary electron impact
ionization can be the dominant process of generating ions.

The secondary electron emission yield ¥sg is defined as the average number of secondary
electrons emitted per incident species. The sputter targets are maintained at high negative
potentials, causing the secondary electrons to be accelerated away from the target surface
with an initial energy equal to the target potential, leading to ionization of the gas in front of
the cathode target. The created ions then bombard the cathode target and subsequently release
more secondary electrons.

Generally, secondary electron emission due to ion bombardment depends on the surface
material, its condition, the type of bombarding ion, and the energy of the ion, both kinetic
and potential (Winter et al., 1991). Electrons are excited or ejected from the target or the
projectile ion as a result of Coulomb interactions that are grouped in two categories: potential
and kinetic, depending on the source of the electron excitation energy. Such excitations
occur mostly in binary collisions at the surface or very shallow depths ~10 nm (Sigmund
and Schinner, 2020). The excited electrons can either be ejected directly into the vacuum or
undergo a series of collisions within the target solid (process known as electron transport) on
their way to the surface. The collisions are either elastic scattering with atomic nuclei, which
cause significant deflections of the trajectories, or energy loss collisions by scattering with
other electrons, depending on the availability of electronic states (Baragiola and Riccardi,
2008).

In an initial approximation, the secondary electron emission yield does not depend on the
velocity of the bombarding particle when their energy is low. When a bombarding particle
transfers sufficient kinetic energy to an electron in the target, the kinetic emission starts to
contribute to the total yield. It occurs when a bombarding particle transfers sufficient kinetic
energy to an electron in the target, at a threshold energy of around a few hundred eV. This
becomes the predominant effect at even higher energies (Hannesdottir and Gudmundsson,
2016). In the typical HiPIMS discharge ion kinetic energies are 10 — 30 eV/amu, which
is below the limit where this type of secondary electron emission becomes dominant ~
300 eV/amu. Clean metals, that is, metals free of oxidation, gas adsorption, and other
contamination generally have a lower kinetic emission yield than contaminated metals (Phelps
et al., 1999). So the emission of the secondary electrons is determined by the potential
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energies of the ions arriving at the target surface in case of HiPIMS.

The model for potential electron emission resulting from the interaction of slow ionized or
excited particles with surfaces is due to Hagstrum (1954), who developed a semi-empirical
theory based on his experimental results and previous considerations (Hasselkamp, 1992). It
is believed that the potential emission is due to processes involved in resonance, Auger and
quasi-resonant transitions (Hasselkamp, 1992).

Based on this, the secondary electron emission yield used in the IRM is sometimes calculated
according to Baragiola and Riccardi (2008). They give the secondary electron emission yield
for clean target in the form:

Yse = 0.032 (0.78&50 — 20) (4.12)

where & is the potential well, the ionization energy in this case, and ¢ is the work function
of the target surface.

The potential electron emission is only possible when 0.78&,o; > 2¢. Which is not satisfied
for the first ionization energies for any metal target. It means only doubly ionized metal ions
produce secondary electrons. In earlier versions of the IRM this secondary electron emission
from doubly ionized ions was neglected but in updated version this emission was included in
a form:

¥sg = 0.032(0.7881 2 — 20) (4.13)

where &7_, is the second ionization energy. Data on first and second ionization energy is
taken from Kramida et al. (2024).

For the case where the target being bombarded by the argon ions, there is more data available
(Phelps and Petrovic, 1999), where the research combined the experimental data and modeling.

The next energy dependent formula combines kinetic and potential electron emission for the
argon ions is used in IRM (from (Phelps and Petrovi¢, 1999), see Phelps et al. (1999) as well):

YaL(E < 500eV) ~ 0.07 (4.14)

1072&(& —500)12
1+ (&/70000)0-7
where Phelps and Petrovi¢ (1999) combined the experimental data and modeling to develop

the fit. As we see it is energy dependent for argon ions with energies above 500 eV.

(4.15)

YL(& > 500eV) ~

In IRM the secondary electron emission yield by argon ions is considered to be independent
on the target material as suggested by Phelps and Petrovi¢ (1999). While it is an assumption,
the lack of experimental data makes it impractical to assume otherwise. The electron emission
yield is highly sensitive to a degree of poisoning of the target, and in a case of reactive
sputtering, the more careful consideration needs to be taken.

A magnetic field near the cathode surface can significantly affect the emission of secondary
electrons. After emission, the movement of secondary electrons is dictated by the motion
equation, leading to complicated trajectory above the cathode (see Section 2.9). Despite
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the strong repulsive electric field, a portion of the secondary electrons can still make their
way back to the cathode, where they are either reflected or recaptured, which reduces the
secondary electron emission yield. Thus, it is necessary to separate the standard ysg, which
is dependent on the material, and the effective secondary electron emission yield g eff as
observed in the discharge (Gudmundsson and Lundin, 2020). The recapture probability in
HiPIMS discharges has been examined by Huo et al. (2013) and Gudmundsson et al. (2016),
who report values ranging from r = 0.50 to 0.86. In the current work, the median value of
r~ (.7 is used. Typically, the recapture is expected to be influenced by the system’s geometry,
the magnetic field, target erosion, and operational parameters like the working gas pressure
(Buyle et al., 2003).

4.11 Gas and self-sputter recycling

In HiPIMS the discharge current waveforms show significant variations with the target
material, pulse length, applied power (Anders et al., 2007), and if operated in metal or poisoned
mode (Gudmundsson, 2016). As the discharge current increases, magnetron sputtering
discharges are typically described as going through different regimes: they first operate in a
regime dominated by working gas sputtering, then transition to gas-sustained self-sputtering,
and at the highest currents they enter either a fully self-sustained self-sputtering mode or a
self-sputter runaway regime (Anders, 2008b; Huo et al., 2014).

To describe the current evolution the generalized recycling model (Gudmundsson, 2016) can
be used. The idea of the model is to focus on the ion current at the target surface, where
the electron fraction of the discharge current is insignificant due to an effective secondary
electron emission yield typically below 0.1. The ions that hit the target are separated into
three groups depending on their history: primary ions of the working gas, which are ionized
for the first time, recycled ions of the process gas, and ions of the sputtered species. Following
the discussion in Brenning et al. (2017), the left feedback loop in Figure 4.11.1 represents
the recycling of the working gas. The primary current Iy, is defined by those atoms and
molecules of the process gas (index g), which are ionized for the first time, with a probability
Otprim » and then go to the target. Iy, acts as a seed for the whole discharge current. The ions
in Iy are neutralized at the target and a fraction épulse return to the discharge during the
pulse. Embedded Ar atoms are most likely to leave the target when it is bombarded by ions
(Huo et al., 2014). This corresponds to a value épulse = 1, which is used in the IRM. The
returning gas atoms are subsequently ionized with a probability o, and drawn back to the
target with a probability B,. The remaining fraction ( 1 — B ) goes to the surrounding volume.

The right feedback loop in Figure 4.11.1 describes the self-sputter recycling. Each ion in I,
sputters target atoms with a sputter yield Yy, which are subsequently ionized with a probability
o and drawn back to the target with a probability f. This is the start of a self-sputter recycling
process. The self-sputtering parameter is defined as (Hosokawa et al., 1980; Anders et al.,
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Figure 4.11.1. A schematic illustration of the combined processes of the working gas and the
self-sputter recycling. Iyim is the primary current, I is the working gas ion current,
Isas—recycle IS the current carried by recycled working gas ions, Iss is the target ion current, Yg
is the sputter yield of the target by the working gas ions, Yss is the self-sputter yield, Oyim,
0 and o are the ionization probability of the working gas atoms, ionized for the first time,
the returning working gas atom and the sputtered target atom, respectively, B; and P, are the
back-attraction probability of the working gas and sputtered target ions to the target,
respectively, and Epyise is the fraction of the neutralized ions that return to the discharge
during the pulse. Reprinted from Brenning et al. (2017), with permission of IOP Publishing.
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Figure 4.11.2. The self-sputter parameter, I1 = oy 8Yss, versus the self-sputter yield, Yss for a
number of experimental discharges simulated by the IRM, listed in Table 1 of the attached
Article 1.

2007):
IT= oxfYss (4.16)

where Ysg is the self-sputter yield. If IT > 1 there is a runaway, which means that the release
of atoms by sputtering amplifies until it reaches the arc regime or the power limit of the power
supply and is suppressed. If the ionization and loss processes balance each other, a new steady
state is reached with a high current. In this case Il = 1, which means that the discharge can
purely run on self-sputtering without working gas species. Anders (2008b) attributed the
self-sputtering runaway to the production and influence of doubly and higher charged ions.
Later this conclusion became questionable since there are not that many multiply charged
ions in HiPIMS discharge due to high threshold energy, and the runaway cannot be purely
attributed to it (Huo et al., 2013).

The study by Brenning et al. (2017) found a gradual trend: targets with high sputter yields
produce discharges driven primarily by self-sputter recycling, while targets with low self-
sputter yields result in discharges governed by working gas recycling or by a mixture of gas
and self-sputter recycling. When targets have a high sputter yield, the discharge sputters large
quantities of target atoms that are easily ionized. This leads to efficient self-sputter recycling,
which makes it possible to sustain high discharge currents. In contrast, in discharges using
target materials with a low self-sputter yield, ions sputter only small amounts of target atoms
and instead depend on ionizing the working gas, a process that requires electrons with higher
energy. Even in such cases the current can reach high values through the gas recycling when
the working gas is substantially ionized. This gradual transition in the self-sputter parameter,
which approaches unity for discharges with chromium and copper targets. This can be seen in
Figure 4.11.2, that shows the self-sputter parameter for experimental discharges studied with
the IRM and discussed further in Article II in Chapter 7.
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The effect of the self-sputter yield on the behavior of HiPIMS discharges is different from the
low-current dcMS regime, where the proportion of sheath energization is governed primarily
by the secondary electron emission coefficient of the process gas ions (Brenning et al., 2017).

The IRM does not distinguish between ¢, and ¢4, as well between 3, and f;, assuming the
ionization probability and the back-attraction probability do not depend on the atom being of
the target or of the working gas.

4.12 Internal discharge parameters

In thin film deposition, the main parameters that the industry is concerned about are the
deposition rate and the ionized flux fraction (IFF) of the species that form the film. For
HiPIMS operation the influence of the external control parameters -— such as working gas
pressure, pulse waveform, and magnetic field strength — on both the deposition rate and
the IFF is commonly studied in terms of two internal discharge parameters: the ionization
probability of the sputtered atoms, ¢, and the probability that ions of the sputtered species
are back-attracted to the target, B;. When modeling a discharge, these two internal discharge
parameters give a quantitative measure of both the quality and the efficiency of the deposition
process. So, understanding how ¢ and B vary in response to changes in external parameters
is a key to optimization of HiPIMS discharges. The complication with using these parameters
in HiPIMS is that the pathway model that introduced them requires the steady state, which is
not always possible in HIPIMS (Vlicek and Burcalova, 2010).

Experimentally, using a QCM (see Section 2.4.1), it is possible to measure the deposition rate,
IFF, and calculate the probability oy f3; of ionized sputtered species being back-attracted to the
cathode target (Bradley et al., 2015). However, the study by Brenning et al. (2021) shows that
minor changes in oxf; can hide significant and opposing individual variations in ¢ and S,
so these two parameters should be examined independently. Later it was demonstrated by
Hajihoseini et al. (2019) that both ¢ and fB; could be determined by the QCM measurements.
However, to do this properly, the ratio of transport parameters had to be known. The transport
parameters &; and &, for ions and neutrals, respectively, relate the fluxes out of the diffusion
region and the fluxes onto the ion meter, and, in general, are not equal (Britun et al., 2015)
(see Section 2.4.1). The variation in the transport parameters with distance from the target
surface was later studied by Hajihoseini et al. (2022) for a discharge with titanium target and
the relative ion-to-neutral transport factor, &; /&, is determined to be in the range from 0.4
to 1.1, depending on the distance and magnet configuration. In some of the early works the
transport parameter ratio used in the IRM was based on the work of Britun et al. (2015), and
is assumed to be twice higher at the distance of the substrate, where the QCM is located, for
neutrals than the transport parameter for ions, &y, = 2&;.

To lock the IRM and confine the two free parameters f and ﬁt,pulse, the ionized flux fraction
(and the experimentally measured discharge current waveform) is necessary (Butler et al.,
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Figure 4.12.1. Comparison of the ionized flux fraction calculated using the internal discharge
parameters determined by IRM (Fyyx) with the ones measured using QCM or fitted in the
IRM (IFF). The transport parameters for neutrals &, and ions &; are assumed to be

En = 2&;;. The data points here and on the next figures in this section are taken from modeled
HiPIMS discharges using a graphite (Eliasson et al., 2021), a zirconium (Suresh Babu et al.,
2024), a titanium (Rudolph et al., 2021, 2020), a tungsten (Suresh Babu et al., 2022), an
aluminum (Raadu et al., 2011), a chromium (Barynova et al., 2026), and a copper
(Gudmundsson et al., 2022) target. The experimental operating parameters for the modeled
discharges are listed in Table 1 of the attached Article I1.
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Figure 4.12.2. The ionized flux fraction Fyux calculated using the internal discharge
parameters determined by the IRM o and By, assuming that transport parameters for
neutrals &y, and ions &; are equal, versus the IFF measured using QCM or fitted in the IRM.
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2018). The ionized flux fraction, Fg,x, onto a substrate is related to the time-integrated total
number of metal atoms and metal ions reaching the ion meter over the discharge pulse, 7', can
be written as: 3
I'i(¢)de
Fiux = NfT “Q (4.17)
Jr (T (1) +T(2)) dr

where T'; is the target ion species flux onto the ion meter, and Iy, is the target neutral species
flux onto the ion meter. Then Fqyx onto a substrate is related to the time-integrated total
number of metal atoms and metal ions leaving the IR for the diffusion region (DR) over the
discharge pulse as:

&i [y TRRdr [ TPRay
€ J, FDRdt+§ J;TPRGt ~ & DR
tn JT tiJ7 EITF dt—l—fTF dt

(1 (B) b)) - -

H flux —

(4.18)

FDR FDR

where is the total flux of target neutrals and is the total flux of target ions into the
diffusion region, and 7 is the pulse period (Christie, 2005; Butler et al., 2018; Hajihoseini

et al., 2022; Rudolph et al., 2021).

For the case &, = 2&; this becomes

au(1-p)

Fiux (&m = 2&) = 2—a(1+B)

(4.19)

Figure 4.12.1 shows the comparison of the ionized flux fraction calculated using the internal
discharge parameters determined by the IRM (Fq,x) with the one measured using QCM or
fitted in the IRM (IFF). The transport parameters for neutrals &, and ions &; are assumed
to be &, = 2&;;. We see there is in general a good agreement between the calculated and
measured values.

Often the case &, = &; is used, then Fyyx becomes

o (1—p
Fius(n = &) = 2220 4.20)
See Figure 4.12.2 for the comparison of the ionized flux fraction Fg,x calculated using the
internal discharge parameters ¢ and f3;, assuming that the transport parameters for neutrals
& and ions &; are the same, and the IFF measured using QCM or fitted in the IRM. We see
that in this case there is a significant discrepancy between the calculated and measured values.

The deposition rate and its variation with the internal discharge parameters are also of interest.
The sputter rate-normalized deposition rate Fypy 1S

étn fT 1—‘tn dt +§t1 fTF dt

(4.21)
&in Jr [sputdt

F sput —
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Figure 4.12.3. The comparison of the sputter rate-normalized deposition rate Fypy assuming
that the transport parameters for neutrals &y, and ions &; are: (x-axis) §n = 2&;, giving
Fpu=1— %Oct(l + Bo); (y-axis) En = &, giving Fypu = 1 — o4y, when Fypy is described
using the internal discharge parameters.

where I'spy is the flux of sputtered atoms. Fypye can also be written in terms of the internal
discharge parameters (Rudolph et al., 2021):

Fopu = (1—04) + (%) o (1= ) (4.22)

In the case &, = 2&;; it can be simplified to:

1
Fsput(étn =2&i)=1— 50&(1 +B) (4.23)

For a case more often considered in the literature, &, = &; it is simply

Feput(gtn — gti) =1- atBt (424)

The values of Fy,y from Eq. (4.23) and Eq. (4.24) are compared in Figure 4.12.3. Here, the
difference between the two values of the transport parameter ratio, &; /&y, is less pronounced.

As can be seen, to increase the deposition rate two different parameters can therefore be
influenced: decrease the probability of ionization of the sputtered atoms ¢4, and/or decrease
the ion back-attraction probability ;.

A parameter that the IRM can give an insight on, is the fraction of the ion current carried by
Ar™ ions, £, and it can be estimated using the formula from Hosokawa et al. (1980):

C IAr+ 1 - atBtYSS

= = (4.25)
N +1Cr+ 1+ atﬁt (Yg - YSS)

where Yss is the self-sputter yield, and Y; is the sputter yield of the target by the working
gas ions. Figure 4.12.4 shows the fraction of Ar" ions versus self-sputter yield. The figure
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Figure 4.12.4. The fraction of the argon ion current in the total discharge current calculated
from the internal discharge parameters o and B, versus the self-sputter yield Yss.

shows how the role of Art ions in the sputter process decreases with increasing self-sputter
yield, calculated using the Eq. (4.25). The fraction of Ar™ ions in the total ion current at the
target surface is almost 100 % for a discharge with graphite target and falls to almost zero
for a discharge with copper target. This also indicates that a HIPIMS discharge with graphite
target is operated on working gas recycling and a discharge with a copper target operates on
self-sputter recycling, while discharges with titanium, tungsten, and zirconium targets operate
on a mixture of the two operating modes (see Section 4.11).

The probability of back-attraction, directly connected to the ion escape probability as 1 — f3;,
has been evaluated for several HIPIMS discharges using different elemental targets (see Figure
4.12.5). It is observed that the probability of ion escape increases and that the discharge
becomes increasingly metal rich with increasing self-sputter yield of the target material. This
is important, because for a given ionized flux fraction, the deposition rate is higher when the
back-attraction probability is lower. Furthermore, the self-sputter parameter oy f3;Yss increases
with increased self-sputter yield and approaches sustained self-sputtering for chromium and
copper targets, both of which have high sputter yield (see Figure 4.11.2). One could ask why
the discharge currents in discharges with strong metal recycling (Yss > 1) are not strongly
amplified from these recycling loops. Oks and Anders (2009) have pointed out the importance
of the electron cooling by metal atoms for stabilizing current fluctuations. In the current
project, with the IRM it was shown that the systematically lower electron temperatures
observed in discharges with high sputter yield materials prevent an uncontrolled amplification
of the discharge current (Barynova et al., 2025).
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Figure 4.12.5. The ion escape probability of the target ion from the ionization region toward
the diffusion region, 1 — By, versus the self-sputter yield of the target material, Yss.

4.13 Working gas rarefaction

4.13.1 Historic overview of rarefaction

The sputter process releases atoms of the film-forming species from the target, and the
sputtered species enter the discharge volume with considerable energy, which, as a first
approximation, can be described by the Thompson distribution (Thompson, 1968; Hofer,
1991; Gnaser, 2007). The interaction between the energetic sputtered particles and the working
gas atoms not only influences the momentum of the sputtered species, but also the discharge
properties as it leads to a reduction in the working gas density, and an increase in the working
gas temperature in front of the cathode target. The pressure drop was first identified in a
dc magnetron sputtering (dcMS) discharge, in the cylindrical configuration, by Hoffman
(1985), who referred to the observed phenomena as ’sputtering wind’, as he argued this to be
a pressure variation resulting from collisions between the sputtered particles and the working
gas atoms. This phenomena was further explored experimentally in planar dcMS discharges
by Rossnagel ef al. (Rossnagel, 1988a; Rossnagel and Kaufman, 1988; Rossnagel, 1988b) and
Driisedau (2002), who observed a pressure drop just in front of the cathode target and referred
to it as working gas rarefaction or gas heating. Rossnagel et al. (Rossnagel, 1988a; Rossnagel
and Kaufman, 1988) found the working gas rarefaction to depend on the discharge current,
sputter yield, sputtered species type (velocity and collision cross section) and the mass of
the sputtered species and the working gas atoms. They further argued that the reduction in
working gas density drives up the plasma impedance.

These studies were followed by a development of analytical models to describe the working
gas rarefaction process (Rossnagel, 1988a; Driisedau, 2002; Palmero et al., 2005, 2006). The
occurrence of rarefaction has also been observed using the direct simulation Monte Carlo
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(DSMC) method (Kobayashi, 2001; Kadlec, 2007; Kersch et al., 1994) and particle-in-cell
Monte Carlo simulations (Serikov et al., 1999; Kolev and Bogaerts, 2008) of dc magnetron
sputtering discharges. In fact, it has been suggested that working gas rarefaction improves both
the deposition rate and the coverage in sub-micron sized holes (Kobayashi, 2001). Working
gas rarefaction has been observed experimentally in HiIPIMS operation (Alami et al., 2006).
Kozdk and Lazar (2018) performed a 3D DSMC simulation of a rarefaction process for several
consecutive pulses in HiIPIMS operation in a sufficiently large volume with realistic working
gas flow for a few targets and compared it to the results of the volume averaged models, and
found that global models underestimate working gas rarefaction.

4.13.2 Kick-out mechanism

Within the IRM, the reduction of gas density due to the sputter wind is modeled as an argon
kick-out mechanism, resulting from interactions with fast sputtered particles (Raadu et al.,
2011; Huo et al., 2017). Where "kick-out" is a momentum transfer followed by a removal
from the IR. In Barynova et al. (2024) we modify the model to also include Art! ("hot"
ground state argon) species that originate from the target and have a considerable energy ~ 2
eV. Species of Ar" ("warm" ground state argon), which also originate from the target, are
not considered to contribute to the kick-out, since their energy of 0.1 eV is insufficient to
substantially influence gas rarefaction by kicking-out argon species. "Hot" argon atoms are
formed when argon ions recombine at the target surface and leave it with energies comparable
to sputtered atoms (~ 1/2 &, right after the impact, see Section 2.5). In contrast, "warm"
argon atoms originate from argon ions that are implanted a few atomic layers beneath the

target surface and subsequently diffuse back out, carrying only thermal energy.

In this study revisions have been made to the kick-out term in the IRM code based on previous
works (Raadu et al., 2011; Huo et al., 2012, 2017). In deriving a kick-out term, X refers to
the species causing the kick, while Y represents the species being kicked out. Here, X is
represented by {M, A}, with M being target atoms, and Y includes {Arc, Ar(4s[3/2]y),
Ar(4s’[1/2]p)}. Within the model, when species X collides with species Y, species Y is
promptly removed from the IR, provided two conditions are satisfied:

* At a working gas temperature of 500 K, the momentum of species X is bigger than
the average momentum of "cold" Ar species (species Y). Considering the mass of the
lightest target atom, carbon, as M = 12M,,, where M,, is the proton mass, and setting the
ejection energy Eejection 10 %éasb = 3.7 eV (Eliasson et al., 2021), results in a momentum
of 1072% kg m/s. This is greater than the average momentum of argon at T, = 500 K,
which is approximately 10~23 kg m/s. Thus, the first condition is satisfied.

* In HiPIMS, the pulse duration exceeds the typical loss time of species Y from the
IR post-collision. For instance, a collision at the IR’s midpoint with height &7 = 2
cm and velocity v = 1000 m/s results in species Y being lost within r = 7/2v = 10
us. The HiPIMS pulses analyzed are 3 to 20 times longer, validating the assumption.
Although this assumption may slightly underestimate argon density, it remains valid for
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the discharges studied here.

Moreover, for argon projectiles ArH colliding with Ar®, we disregard the impact of direct
collisions, which would just swap velocity vectors without altering the argon density in the
IR. Angled collisions, in contrast, lead to both particles exiting the IR.

For each species X, there exists a probability of colliding with those of species Y. This
probability is represented by Poisson

L
Feox—sy =1 —exp (— 7 ) (4.26)

X—Y
where L is the height of the IR, and Ax_.y is the mean free path of a species X in a background
gas composed of species Y is given by:

1

_ 4.27)
OxX—yny

AX—>Y =
where the cross sections ox_,y are the momentum transfer cross sections, as discussed above
for each pair of X and Y, and ny is the density of species Y.

Feon x—y could be interpreted as the momentum fraction transferred from the sputtered
species to the ejected species Y. Then the sputter flux Isputter (m~2 s71) is related to the
kick-out flux ['yickout leaving the IR as follows:

SRT SDR
Ryickout, X—Y = Fcoll,X—>YFsputter.,X7/_ = Fkickoutqf/_; (4.28)
R R

where /1R is the volume of the IR, Sy is the surface area of the IR facing the racetrack, and
Spr 1s the surface area of the IR facing the diffusion region (Raadu et al., 2011). The sputtered
flux is

l—‘sputter,X = Z F}{TYi ((gz) (4.29)
i

where Y;(&;) is the sputter yield for an ion species i bombarding the target. In such a way,
the kick-out rate directly depends on the sputter rate. Eq. (4.28) actually corresponds to six
equations, each depicting a pair (X,Y) of species X that’s kicking out and species Y being
kicked out. It is assumed in this model that at most one collision occurs between a sputtered
species and a gas species. Given the long mean free path of sputtered species in the IR
compared to the IR’s typical height, this assumption is reasonable.

4.13.3 Rarefaction with IRM

Figure 4.13.1 illustrates a summary of the gas rarefaction model within the IRM, showing the
various pathways that argon atoms can follow during the processes associated with working
gas rarefaction. This study focused on the behavior of argon atoms within the IR, specifically
how they enter and exit the IR. Green arrows represent neutral atoms, orange arrows — "hot"
and "warm" argon atoms (Art! and Ar%) and blue arrows — ions. Arrows represent the
processes considered for rarefaction and are featured in the time-resolved plots in the related
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article (Barynova et al., 2024). Argon ions that bombard the target return to the IR as "hot"
argon atoms (Art, reflected from the target) or "warm" (ArV, diffused back from the target)
argon atoms, each with probability 50%. Argon atoms can be kicked out into the diffusion
region (DR) by "hot" argon atoms Ar'! and by sputtered metal neutrals (not shown in Figure
4.13.1 as it only features argon). "Cold" Ar® atoms can be refilled from the DR through the
diffusion. It is shown that diffused Ar" and Ar! can be ionized and back-attracted again.
This cycle can reoccur several times, acting as a recycling loop for the working gas (Brenning
et al., 2017). Eventually, these heated argon atoms escape from the IR. To not overestimate the
contribution of ionization to the overall rarefaction, in the following only the first ionization
of the argon species are counted (hatched horizontal arrow). This can then be compared to
the kick-out of argon neutrals by sputtered species and "hot" argon atoms (vertical hatched
arrow). These are the two principal processes that lead to working gas rarefaction.

returning Ar" /Ar" back-attracting

Arions

IR

Ar
neutrals

ionization
hot/cold
Art/ArY

ionization
hot/cold
Ar (others)

diffusion
Arions

diffusion kick-out
Ar neutrals Ar neutrals

escaping
Ar/ArH

DR

Figure 4.13.1. Scheme of the processes involved in working gas rarefaction. The green arrows
denote the neutrals, orange the "hot" (ArH) and "warm" (ArW) argon atoms, and blue arrows
denote the ions. Reprinted from Barynova et al. (2024) ©1OP Publishing. All rights reserved.

The ionization probability increases smoothly with increased discharge current at first
(Rudolph et al., 2022). However, at high discharge current density this increase is slower due
to working gas rarefaction. This leaves the back-attraction probability as the parameter of
interest. Which is important, because this is the parameter that essentially determines the
deposition rate for a given discharge peak current density. To achieve this goal the two target
materials were added to the studied discharge systems: zirconium (Suresh Babu et al., 2024)
and chromium (Barynova et al., 2026). Furthermore, all the previously studied discharge
systems were re-evaluated for this study, and re-calculated using the revised approach for the
kick-out term. This was required as the IRM has been updated over the years.
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Figure 4.13.2. The fractional contribution of the various processes to working gas rarefaction
within the ionization region versus self-sputter yield.

Since the article on the IRM study of rarefaction in HiPIMS discharges (Barynova et al.,
2024) was published in June 2024 we have updated the final figure showing the fractional
contributions from different rarefaction processes versus the self-sputter yield by adding data
for a discharge with a chromium target. This updated version of the figure is featured as
Figure 4.13.2. The HiPIMS discharge with the chromium target fills the previous gap in the
self-sputter yield and follows the general trend.

The IRM doesn’t consider heating in the gas rarefaction process. As well IRM neglects the
angular distribution of sputtered atoms, assumes their energy to be %é‘;b, and relies on the
volumetric rate coefficients for collision reactions, it cannot account for the dependence on the
incidence angle and the spacial distribution of the species inside the IR. The other uncertainty
that IRM brings is how the probability of collision (for the kick-out term) is defined by Eq.
(4.26) assuming the average particle’s path length through the IR is simply equal to the height
of the IR.

The spatial extend of the working gas rarefaction in dcMS and HiPIMS is much larger then
the size of the IR according to experimental data (Alami et al., 2006; Palmucci et al., 2013;
Greczynski et al., 2017). This means that the IRM overestimates the return of Ar atoms into
the IR by the diffusion and underestimates the time needed to return to equilibrium after the
pulse is turned off. Kozdk and Lazar (2018) also conclude that volume averaged description
of the sputtering wind effect on gas rarefaction is insufficient to capture the interaction of
sputtered atoms with the process gas in front of the target under various conditions without
tuning the parameters for each individual case.
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4.14 Ar/Ne mixture as the working gas

The high discharge voltage in HiPIMS leads to a high fraction of ionized sputtered metal
species, which has been experimentally observed for various metallic targets. For these targets
the deposited films exhibit higher mass density and improved crystallinity overall. While for
a graphite target the measured ionized flux fraction has been found to be significantly lower
or below 5 % (DeKoven et al., 2003). Furthermore, Sarakinos et al. (2012) have reported that
C™ ions constitute only about 1 % of the total ionic contribution in the substrate region.

This is of significance when depositing amorphous carbon films, as bombardment of the
substrate by energetic ions during deposition is known to increase the sp> content in the
deposited films, which enhances the film properties. It is established that the mechanical
properties and the film mass density of the amorphous carbon films depend on the sp3/sp>
bonding ratio (Robertson, 1994). It is referred to as diamond-like carbon (DLC) when the
amorphous carbon film contains a significant fraction of tetrahedrally bonded carbon sp?
(Robertson, 2002), and when the sp3 content is larger than 60 % it is called tetrahedral
amorphous carbon (ta-C) (Casiraghi et al., 2007). Amorphous carbon films with high sp’
content are mechanically very hard, resistant to scratching, have high dielectric constants, and
exhibit excellent optical transparency. These are highly desired properties for a wide range of
applications (Lettington, 1998; Casiraghi et al., 2007), in particular for films that are utilized
as protective and wear resistance coatings (Erdemir and Donnet, 2006; Donnet and Erdemir,
2008; Hauert et al., 2013).

Despite the limited ionized carbon flux fraction, the deposition of DLC films by HiPIMS
(DeKoven et al., 2003; Aijaz et al., 2012; Sarakinos et al., 2012), bipolar HiPIMS (Garcia et al.,
2020), and deep oscillation magnetron sputtering (DOMS) (Lin et al., 2014) has been explored.
These studies using HPPMS generally report on deposited films that exhibit improved DLC
properties compared to dcMS deposited DLC films.

One approach that has been suggested in order to increase the ionization of carbon and to
increase the ionized carbon flux fraction is to use working gas atoms with high ionization
potential. This includes using neon as the working gas instead of argon or a mixture of the
two (Aijaz et al., 2012; Aijaz and Kubart, 2017; Ferreira et al., 2021; Cardoso et al., 2021;
Vahidi et al., 2021; Oliveira et al., 2024). Neon has ionization potential of 21.56 V, which
is higher than the ionization potential of argon 15.76 V. Adding neon to the discharge is
therefore expected to increase the average electron energy. This was indeed demonstrated by
(Petrov et al., 1990), who observed higher electron temperature and higher ion energy for C*
ions when operating with neon compared to using argon as the working gas, as they sputtered
graphite target in a dcMS discharge. Furthermore, in HiPIMS operation it has been shown
experimentally, that the electron temperature increases with increased neon content in the
Ar/Ne mixture (Aijaz et al., 2012). More recently, Schmidt et al. (2013) measured comparable
ion fluxes for Ne™ and C™ ions in a HiPIMS discharge with a graphite target when operated
in neon atmosphere. They found increased peak discharge current with increased ionization
potential which implies elevated average electron energy. Furthermore, they observed that the
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relative, but not the total C* ion flux, is largest when the graphite target is sputtered in pure
Ar as the working gas, followed by Ne and Kr. Also they found the deposition rates to be
higher when the graphite is sputtered in Kr and Ar atmosphere, while in the Ne atmosphere
the deposition rates are lower. Aijaz et al. (2012) determined the ion energy distribution
function (IEDF) in a HiIPIMS discharge in Ar/Ne mixture with graphite target. A low energy
peak around 1 eV is determined to correspond to thermalized carbon ions in addition to a
high-energy peak that shifts up to about 10 — 12 eV with increasing Ne content in the Ne/Ar
gas atmosphere. They also determined the electron energy distribution function (EEDF) and
find it to consists of two electron populations, a low-energy and a high-energy populations.

The addition of neon to the discharge has been claimed to lead to a substantial increase
in carbon ionization in HiPIMS operation and lead to enhanced film properties. Vahidi
et al. (2021) report smoother DLC film surfaces, lower sliding coefficient of friction, better
wettability, higher surface free energy, and higher hardness when depositing with Ar/Ne
mixture compared to using pure argon as the working gas. In fact while depositing with
deep oscillation magnetron sputtering the sp> content in the top section of films deposited
in Ar/Ne mixture discharge is found to be close to 40 % and remain constant across the film
thickness while for films deposited in pure argon discharge, the sp> content decreases from
approximately 30 % to 18 % towards the surface (Oliveira et al., 2024). However, Vitelaru
et al. (2018), despite reporting improved DLC film properties as a result of adding neon to
the HiPIMS discharge, argue that when the discharge is operated with significant working
gas recycling, and therefore adding neon to the working gas mixture, does not influence the
carbon ionization much.

The IRM for a HiPIMS discharge with graphite target and Ne or Ne/Ar mixture as the working
gas was developed. The assumed species in the IRM for the discharge in neon as a working
gas are the ground state neon atom and the metastable levels, Net and Ne®* ions, and "warm"
and "hot" neon atoms, in addition to the species discussed in Section 4.7.1.
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CHAPTER 5

SUMMARY OF ARTICLES

5.1 Article I. On working gas rarefaction in
HiPIMS

The study focused on analyzing different contributions to the working gas rarefaction for a
number of different target materials (Barynova et al., 2024). The interaction between the
atoms and ions of the sputtered material and the working gas leads to a decreased density of
the working gas as the sputtered particles kick-out argon species from the IR as they move
through it. In the literature, this phenomenon is referred to as sputter wind, causing the
working gas rarefaction. Furthermore, the density of the working gas can also be reduced by
other processes, like the ionization of the working gas atoms and their subsequent attraction
towards the cathode target. At the same time, processes exist that refill the working gas near
the target, including diffusion from the bulk plasma and the return of recombined working
gas atoms from the target. The discharge conditions and plasma chemistry are altered by
the rarefaction of working gas in front of the cathode target, which consequently affects the
deposition rate.

The IRM was applied to determine the degree of working gas rarefaction and the relative
contribution of various processes to working gas rarefaction in HiPIMS discharges with
different target materials. The study showed that the predominant contribution to the working
gas rarefaction of the various processes varies between the different target materials. For
targets with low sputter yields, electron impact ionization is the dominant process. Such
as in the case of a graphite target with argon as the working gas at 1 Pa, electron impact
ionization (by both primary and secondary electrons) is the dominant contributor to working
gas rarefaction, with more than 90% contribution, while the contribution of sputter wind
kick-out is small < 10%. While for high sputter yield target materials, such as tungsten or
copper targets, the kick-out of argon atoms by metal atoms is the dominant contributor, with
over 60% contribution. For discharges with metal targets, the kick-out of argon atoms is
mainly due to metal atoms sputtered from the target, and the kick-out by "hot" argon atoms
that return from the target has a smaller contribution. The main finding is that the sputter
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yield is the primary factor dictating which process is the most important when it comes
to working gas rarefaction. The rarefaction of the working gas is more significant for the
lower pressures, and the kick-out mechanism is much more important at higher working gas
pressures. Furthermore, we note that in most cases there is a significant fraction of "hot" and
"warm" argon atoms within the IR. This value is highest or 67 % when operating with the
graphite target, and this fraction is smaller for the copper target (16 %) and the tungsten target
(26 %).

The summary plot of the fractional contribution of the various processes to working gas
rarefaction within the ionization region versus self-sputter yield is featured in Figure 4.13.2,
updated with data for chromium target at 0.3 Pa.

5.2 Article II. Self-regulating electron temperature
in high-power impulse magnetron sputtering
discharges and its effect on the metal ion escape

The work that resulted in the second article (Barynova et al., 2025) focused on the analysis of
IRM simulations of HiPIMS discharges with different target materials. The study is based on
the results of modeling and simulating HiPIMS discharges, using the IRM, with 7 different
target materials and 35 discharges in total with argon as a working gas. According to the IRM
simulations, the electron temperatures stabilize at the end of a HiPIMS pulse (7" > 30 us) due
to the balance reached between the electron heating and electron collision cooling processes.
The cause of this is a self-regulating system, where the rate coefficients for ionization by
primary electrons monotonically increase with increasing electron temperature, leading to a
situation in which increased electron temperature boosts electron collisional cooling, and a
decreased electron temperature slows down this cooling.

In addition, the IRM results show that the electron temperature in a steady state is inversely
related to the sputter yield of the target material. The effect can be explained by the atomic
composition in the IR. At low sputter yield the IR is mostly composed of argon, while at
high sputter yield the IR is rich with sputtered metal. The self-regulating mechanism sustains
a lower electron temperature in metal-rich discharges because the metal ionization rate
coefficients are higher than those for argon at lower electron temperatures and the collisional
cooling rate is proportional to it, sustaining the effective cooling. This affects the escape
of metal ions in a HiIPIMS discharge, as the ionization mean free path for sputtered atoms
directly depends on the electron temperature. An ion created at a greater distance from the
target has to overcome a smaller potential barrier, making it easier for the metal ion to reach
the substrate. By using the IRM, we demonstrate that this can be the case. Figure 4.12.5
illustrates the target ion escape probability 1 — B for the discharges studied as a function of
the self-sputter yield Yss. The general trend is evident, showing an increase in 1 — 3 as the
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self-sputter yield increases.

In summary, discharges using target materials with high self-sputter yield, such as chromium
or copper, exhibit a lower electron temperature, and are abundant in metal atoms that are easier
to ionize. At these low electron temperatures, collisional cooling effectively counters electron
heating. This lower temperature extends the mean free path for the ionization of metal atoms
ejected from the target, leading to ionization occurring farther from the cathode, where the
remaining potential hill to climb, in order for a metal ion to escape to the bulk plasma, is
lower. As a result, metal ions can escape more readily towards the substrate, minimizing the
loss in deposition rate. In contrast, discharges with target materials that have a low self-sputter
yield, such as carbon or titanium, are dominated by argon within the IR. Here, collisional
cooling is effective only at high electron temperatures due to argon’s high ionization potential.
In these cases, sputtered metal atoms ionize closer to the target, where they encounter strong
back-attracting fields, leading to an increased loss in deposition rate.

5.3 Article III. High power impulse magnetron
sputtering from a chromium target

HiPIMS discharges with chromium target and argon as a working gas were studied both
experimentally and using the IRM model (Barynova et al., 2026). The experimental results
indicate that, at a specific pulse length, the deposition rate declines while the ionized flux
fraction rises as the discharge current density is increased within the range of 0.4 to 1.0 A/cm?.
The fraction of ionization in the chromium flux measured at the substrate position varies from
10 to 50%, the maximum for the highest peak discharge current density and the minimal
pulse duration. The highest deposition rate is achieved with a pulse duration of 50 us, and it
decreases by reducing the pulse duration up to 25 us or by extending it up to 200 us.

The IRM provides insight into how species densities and the composition of discharge
current change during the pulse. In addition, it provides modeled parameters on the voltage
drop over the IR, the probability of ionization, and the probability of back-attraction of
the sputtered target species. The modeling results show that the singly charged chromium
ion is the dominant ion within the ionization region, and the discharge operates mainly in
self-sputter recycling mode. We find that the back-attraction probability of the sputtered
species decreases with decreasing pulse length and with increasing peak discharge current
density. The probability of ionization for sputtered species rises with a higher peak discharge
current. Initially, it also increases with longer pulse lengths, then reaches a maximum (50
us), and then decreases as the pulse length continues to increase. Ohmic heating significantly
contributes between 75% and 93% to the overall electron heating, and its influence grows with
longer pulse durations and higher peak discharge current densities. Moreover, the kick-out of
argon atoms from the IR due to sputtered chromium atoms was determined as the primary
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factor in the rarefaction of the working gas, which is consistent with what has been modeled
earlier (Barynova et al., 2024) for high sputter yield target materials, followed by electron
impact ionization by the primary electrons.

5.4 Article IV. High power impulse magnetron
sputtering of a zirconium target

This work (Suresh Babu et al., 2024) deals with HIPIMS discharges with a zirconium target,
analyzing both experimental and results from IRM model. The ionized flux fraction measured
varies between 25% and 59%, increasing as the peak discharge current density rises from
0.5 to 2 A/cm? at a working gas pressure of 1 Pa. Simultaneously, the measured deposition
rate normalized by the sputter rate (meaning the back-attraction probability of the sputtered
atoms) declines in line with the HIPIMS compromise.

With an empirical discharge current and voltage waveform, the IRM uses the measured ionized
flux fraction to lock the model. The IRM was used to provide temporal variations of different
species and calculate the average electron energy within the IR. Argon and zirconium ions
both significantly contribute to the discharge current at the target surface, meaning, that the
discharge operates on a combination of working gas and self-sputter recycling.

Additionally, the IRM determines the internal discharge parameters, including the ionization
probability and the probability of back-attraction for sputtered species. The probability of
ionization is found to be in the range of 73% to 91%, and the probability of back-attraction is
in the range of 67% to 77%. In the discharges studied, significant rarefaction of the working
gas is observed, in the range of 45 to 85%, higher for low pressure and higher peak discharge
current density. Electron impact ionization is the primary factor in working gas rarefaction,
accounting for more than 80% of the effect, and the kick-out by zirconium and argon atoms
from the target has a much smaller impact. The significant role of electron impact ionization
in the rarefaction of working gas is comparable to that in other materials with low sputter
yield in agreement with Barynova et al. (2024).
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CHAPTER 6

CONCLUSIONS

The ionization region model (IRM) was applied to determine the temporal variation of the
species densities in high power impulse magnetron sputtering (HiPIMS) discharges, with
different target materials, and for various operating conditions. The sputter yield is shown to
be a key parameter that significantly changes the discharge composition, electron temperature,
and, consequently, the possible limit on deposition rate and more or less determines the overall
discharge characteristics. Analyzing the IRM simulation results, focusing on working gas
rarefaction, it is observed that the primary parameter governing which rarefaction mechanism
dominates in the discharge is the self-sputter yield (Barynova et al., 2024). Similarly, the
importance of the self-sputter yield is found in the study of the impact of the target material
on the self-regulating electron temperature in HiPIMS discharges (Barynova et al., 2025).
Furthermore, the back-attraction probability is found to decrease with increasing sputter yield
of the target material. The deposition rate scales with 1 — o3, which is found to increase
with increasing sputter yield. Therefore, for a given ionization probability, it is beneficial
to lower the back-attraction probability. Similarly, the lower the back-attraction probability,
the smaller the decrease in deposition rate with increased ionization probability or increased
current density. Previous studies highlight that a high sputter yield is responsible for the
discharge current runaway and it determines the mode of gas recycling, thereby enabling
gas-less sputtering. A preliminary study indicates that the sputter yield may also determine
the fraction of ohmic heating in the overall power transfer to the electrons, and that this
fraction increases as the sputter yield rises. Because it correlates with both the back-attraction
probability of the ions and the ionization probability of the sputtered atoms, it makes it possible
to connect the internal discharge parameters with the fraction of the current transported by
the ions of the sputtered material. It is therefore clear from both the IRM simulations and
earlier investigations that the sputter yield plays a decisive role in various aspects of HiPIMS
discharge physics.

The main conclusion is that the sputter yield governs the effectiveness of the HiPIMS discharge.
The IRM shows that the deposition rate increases with increasing sputter yield, and that the
HiPIMS compromise is most advantageous for targets with high sputter yields. This indicates
that, in practical use, the sputter yield should be considered one of the key criteria when
selecting a material for a given application. The observed link between sputter yield and
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electron temperature implies that using weaker magnets can help lower the probability of
target ion back-attraction. Weaker magnets increase the mean free path of the sputtered
particles before they are ionized, which compensates for the effect of the higher electron
temperature.
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Abstract

The ionization region model (IRM) is applied to explore working gas rarefaction in high power
impulse magnetron sputtering discharges operated with graphite, aluminum, copper, titanium,
zirconium, and tungsten targets. For all cases the working gas rarefaction is found to be
significant, the degree of working gas rarefaction reaches values of up to 83%. The various
contributions to working gas rarefaction, including electron impact ionization, 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 relative importance of the
various processes varies between different target materials. In the case of a graphite target with
argon as the working gas at 1 Pa, electron impact ionization (by both primary and secondary
electrons) is the dominating contributor to working gas rarefaction, with over 90% contribution,
while the contribution of sputter wind kick-out is small <10%. In the case of copper and
tungsten targets, the kick-out dominates, with up to ~60% contribution at 1 Pa. For metallic
targets the kick-out is mainly due to metal atoms sputtered from the target, while for the
graphite target the small kick-out contribution is mainly due to kick-out by hot argon atoms and
to a smaller extent by carbon atoms. The main factors determining the relative contribution of
the kick-out by the sputtered species to working gas rarefaction appear to be the sputter yield
and the working gas pressure.

Keywords: magnetron sputtering, high power impulse magnetron sputtering (HiPIMS),
sputter yield, sputtering
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1. Introduction

Magnetron sputtering [1-3] is a versatile and widely applied
physical vapor deposition technique [4], in which the
film-forming material is sputtered from a cathode target by ion
bombardment. A discharge is formed in a working gas, pref-
erentially constituting heavy noble atoms, most often argon.
The ions for the sputter process are accelerated from a dense
plasma region created near the target and confined there by a
static magnetic field, that traps the electrons. Often, the dis-
charge is driven by a dc voltage or current, in particular when
depositing metallic films. In that case the sputtered species are
mainly neutral atoms, and the ions available in the discharge
are the ions of the working gas [3].

A variation of the magnetron sputtering technique is high
power impulse magnetron sputtering (HiPIMS), where the dis-
charge is driven by high power pulses delivered at a low repe-
tition frequency, and with low duty cycle [5-7]. As a result of
the HiPIMS process, the discharge is composed of atoms and
ions of both the working gas and target material. Pulsing the
discharge at high peak power results in a high peak discharge
current density, increased electron density [3, 8], increased
ionization of the sputtered species [9], and higher ionization
fraction in the flux of film-forming species to the substrate [6,
10, 11], which ultimately leads to denser deposited films [12],
that exhibit better crystallinity [13], and overall improved film
properties [14, 15].

The sputter process releases atoms of the film-forming spe-
cies from the target, and the sputtered species enter the dis-
charge volume with considerable energy, which, as a first
approximation, can be described by the Thompson distribution
[16—18]. The most probable energy of the Thompson distribu-
tion corresponds to roughly half the cohesive energy of the
solid target [17, 18]. The interaction between the energetic
sputtered particles and the working gas atoms not only influ-
ences the momentum of the sputtered species, but also the dis-
charge properties as it leads to a reduction in the working gas
density, and increase in the working gas temperature, in front
of the cathode target. The pressure drop was first identified in
a dc magnetron sputtering (dcMS) discharge, in the cylindrical
configuration, by Hoffman [19], who referred to the observed
phenomena as ‘sputtering wind’, as he argued this to be a pres-
sure variation resulting from collisions between the sputtered
particles and the working gas atoms. This phenomena was fur-
ther explored experimentally in a planar dcMS discharge by
Rossnagel [20-22] and Driisedau [23], who observed a pres-
sure drop just in front of the cathode target and referred to it
as working gas rarefaction or gas heating. Rossnagel [20, 21]
found the working gas rarefaction to depend on the discharge
current, sputter yield, sputtered species type (velocity and col-
lision cross section) and the mass of the sputtered species and
the working gas atoms. They further argued that the reduc-
tion in working gas density drives up the plasma impedance.
Therefore, the discharge requires a higher discharge voltage
to operate at the same discharge current, as the resulting cur-
rent density is determined by the reduced concentration of the
working gas species in the target vicinity. These studies were
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followed by a development of analytical models to describe the
working gas rarefaction process [20, 23-26]. The occurrence
of rarefaction has also been observed using the direct simu-
lation Monte Carlo (DSMC) method [27] and particle-in-cell
Monte Carlo simulations [28, 29] of dc magnetron sputtering
discharges. In fact, it has been suggested that working gas rar-
efaction improves both the deposition rate and the coverage in
sub-micron sized holes [27].

The HiPIMS discharge is operated at much higher peak dis-
charge current densities than the dcMS discharge, and there-
fore, working gas rarefaction could be expected to be even
more significant. However, as the duty cycle in HiPIMS oper-
ation is short, the gas refill during the off-times could result
in lower working gas rarefaction on average. A brief discus-
sion on how the rarefaction influences the discharge current
waveform in HiPIMS operation was given by Lundin [30],
where it was observed that several mechanisms lead to work-
ing gas rarefaction—not only sputter wind. Experimentally,
using optical emission spectroscopy (OES) [31-36], measur-
ing time-resolved ion saturation currents by a probe array [37],
and mass spectrometry [38, 39], it has been demonstrated that
working gas rarefaction occurs and can indeed be rather sig-
nificant in HiPIMS discharges, and be even more pronounced
for longer pulses [38]. Alami et al [31] observed almost an
order of magnitude drop in the Ar® emission intensity when
operating with a chromium target, 50 us long pulses, an aver-
age current density of 2.8 Acm™2 and a working gas pres-
sure of 0.8 Pa. Palmucci et al [33] also observed a strong gas
rarefaction, which significantly reduces the sputtered species
energy dissipation during a certain time interval at the end
of a 20 us long pulse, when operating with a titanium tar-
get. They referred to this phenomena as ‘rarefaction window’.
Incidentally, recent studies seem to indicate that working gas
rarefaction may be a desired property of the discharge pro-
cess in the case of HiPIMS operation and have some bene-
fits for the deposition process [40, 41]. Using mass spec-
trometry, Greczynski et al [39] observed that the time- and
energy integrated metal-ion-to-gas-ion ratio increases when
the peak discharge current density is increased during HiPIMS
operation. This, they claim to be due to working gas rar-
efaction. Also, they find this effect to become even stronger
with increasing atom mass of the sputtered species. Vitelaru
et al [42] applied time-resolved tunable diode-laser absorption
spectroscopy measurements on the argon metastable (Ar™)
level 3523p5(2P§ /2)4s excited by 801.478 nm photons, in the
dense plasma region in front of the titanium cathode target in
a HiPIMS discharge. From the Doppler profile they determ-
ined the temporal evolution of the working gas temperature
and the metastable argon Ar™ density during the pulse as well
as during the plasma afterglow. They showed that the meta-
stable argon Ar™ density sharply increases at the beginning of
the discharge pulse, followed by a severe Ar™ density deple-
tion, along with increasing working gas temperature around
the peak in the discharge current. The working gas temper-
ature was found to increase during the pulse and more so
with increased discharge current. This is in agreement with
the increased sputtering of metal particles resulting in more
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metal-argon collisions, and thus increased momentum trans-
fer to the neutral working gas atoms, and increased density of
hot working gas neutrals, due to recombination of Ar™ ions.

Working gas rarefaction in HiPIMS operation has also
been explored through modeling. Kadlec [43] studied the
behavior of the neutral argon working gas atoms during
a HiPIMS pulse by the three-dimensional DSMC method,
assuming a titanium target. When the discharge current density
reached the 2.2 A cm™2 range very strong gas rarefaction was
observed. The volume density of sputtered metal exceeded the
working gas density several times and the working gas atoms
moved rapidly away from the target as a shock wave a few
microseconds into the pulse. Note that in the DSMC simu-
lations the ionization of the working gas is neglected. In a
more recent study Kozik and Lazar [44] investigated working
gas rarefaction in HiPIMS operation using a three-dimensional
DSMC simulation and compared the findings to results from
volume-averaged models. The DSMC results indicate that the
working gas rarefaction is only slightly more pronounced for
target atoms with higher mass and that the rarefied region
extends much further from the target than the extent of the
ionization region (IR), that is typically defined for volume-
averaged modeling. They found that volume-averaged models
provide good approximation for the temporal evolution of the
target material density in front of the target compared to the
DSMC simulation. However, they found the volume-averaged
models underestimate the magnitude of the rarefaction during
the pulse-on time, and predict faster return to equilibrium dur-
ing the pulse-off time compared to the DSMC simulation. This
is because the size of the IR assumed in volume-averaged mod-
eling of the HiPIMS discharge is small and in reality the region
where the working gas density is significantly reduced extends
somewhat farther from the target surface than the extent of
the high plasma density region that is maintained by the mag-
netic confinement. More recently the DSMC model has been
updated to simulate the dynamics of both atoms and ions in an
HiPIMS discharge [45].

The ionization region model (IRM) is a semi-empirical
time-dependent volume-averaged plasma chemical model of
the IR of the HiPIMS discharge. It provides the temporal
evolution of the densities of ions, neutrals and electrons with
known discharge current and voltage waveforms [46]. The
IRM has been applied to model HiPIMS discharges in argon
with aluminum [46-48], titanium [46, 49-51], copper [52],
tungsten [53, 54], graphite [55], and zirconium [56] targets.
From the IRM studies, using various target materials, it has
been observed that there is indeed a significant working gas
rarefaction. The IRM results have furthermore verified that
several rarefaction mechanisms are involved [47]. When oper-
ating a HiPIMS discharge with an aluminum target it has been
shown that electron impact ionization has the largest contri-
bution to working gas rarefaction [47], while when operating
with a tungsten target the sputter wind appears to have the
largest contribution [53].

Here, using the IRM, we explore the relative contributions
of the various mechanisms that contribute to the working gas
rarefaction in HiPIMS discharges with a few different target

materials, in the order of increasing atomic mass, graphite, alu-
minum, copper, titanium, zirconium, and tungsten. This we do
by reevaluating the IRM results for discharges studied in the
past, while focusing on the rarefaction processes. In section 2
we give an introduction to the IRM and the various terms that
contribute to working gas rarefaction. There we also introduce
an updated kick-out term into the IRM. The temporal evolu-
tion of the gain and loss processes of argon atoms within the
IR, as well as diffusion of argon atoms in and out of the IR, for
the six target materials, spanning a wide range in atomic mass
and sputter yield, is evaluated in section 3. The results are dis-
cussed in section 4, where we determine the main contributor
for working gas rarefaction and how they depend on the target
material and which parameter determines which contributor
is the most important. The main findings are summarized in
section 5.

2. The IRM

The IRM is a global plasma chemistry model of the IR of
a pulsed magnetron sputtering discharge. The IR is taken to
be an annular cylinder with outer radius r,, and inner radius
ry sitting above the race track of width wgr =r; —ry, and
height L = z, — 75, extending from z; to z, axially away from
the target surface [46, 57]. The loss and gain rates across the
boundaries of this annular cylinder to the target on one side,
and the bulk plasma on the other side, account for the geo-
metry of the IR [57]. To determine the electron density the
quasi-neutrality condition is applied. The model gives the tem-
poral variation of the various species, electrons, ions, and neut-
rals, that constitute the discharge for a given discharge setup
and experimentally determined discharge voltage and current
waveforms. The IRM is therefore a tool that allows us to
explore, among other processes, the mechanisms responsible
for working gas rarefaction.

The plasma chemistry is introduced through two sets of
rate coefficients that are calculated using an assumed elec-
tron energy distribution function (EEDF), one set for cold,
or primary electrons, and another set for the secondary elec-
trons, emitted from the target due to ion bombardment. This
assumption has been tested against a kinetic Boltzmann solver
and a good agreement has been achieved [58]. The cold elec-
trons are created through the ionization processes within the IR
volume and are referred to as primary electrons in the discus-
sion below. The majority of the electrons are primary electrons
and belong to the cold Maxwellian electron population which
therefore dictates the electron density and the effective elec-
tron temperature. The rate coefficients are calculated assum-
ing Maxwellian EEDFs and fit in the range 7. = 1 — 7eV for
the primary electrons, and in the range 200 — 1000 eV for sec-
ondary electrons. The reaction set and the rate coefficients
involving argon in the IRM are described in our earlier works
on HiPIMS discharges with titanium target [49, 59], with a
few modifications of the rate coefficients involving the meta-
stable argon atom [58] and addition of Ar?t to the reaction
set [55]. The reaction set and the parameters that describe the
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plasma surface interactions, such as sputter yields, and sec-
ondary electron emission, involving the various target mater-
ials are given in respective publications, for graphite [55],
aluminum [46], copper [52], titanium [59], zirconium [56],
and tungsten [53] targets.

2.1. The model implementation

To further explore working gas rarefaction we look at the pro-
cesses that are involved in the gain and loss of argon atoms
within the IR. There are a number of processes that contribute
to working gas rarefaction in the magnetron sputtering dis-
charge. Below we discuss these processes and how they are
implemented in the IRM, following the discussion given by
Huo et al [46], which also provides a more detailed discussion
of the IRM in general. We also discuss a number of modifica-
tions to the IRM made for this current study.

The film-forming species are sputtered out of the cathode
target by ion bombardment. The rate at which the sputtered
species enter the discharge is given by

> TR SerYi (€1)

1
Vir o

Rn,sputt =

where n stands for neutral atom sputtered off the target and i
stands for the ion species involved in the process, I'’T is the
flux of ion species i towards the target in [ions/m? s], Sgr is
the area of the sputtered region (racetrack area), ¥;(&;) is the
energy-dependent sputter yield for ion species i bombarding
the target, and Vg is the total volume of the IR. The sum is
taken over all the positive ion species in the discharge, and
each ion species i has its energy-dependent sputter yield. The
sputter yields for most of the various targets are taken from
fits suggested by Anders [60], but for titanium the sputter
yields are taken from fits provided by Tomas Kubart at Uppsala
University [59]. For a zirconium target the sputter yield was
estimated using the TU Wien Sputter Yield Calculator [61],
which is based on the empirical equations for sputter yields
at normal incidence developed by Matsunami et al [62]. The
sputter yields depend on the ion energy &;(r) which we take to
be the energy equivalent of the discharge voltage Vp(z).

In addition to cold argon neutrals in ground state Ar®
with density ngr, and metastable argon (the densities of both
Ar(4s[3/2],) and Ar(4s’[1/2]p)), the model considers two addi-
tional populations of argon atoms originating from argon ions
that bombard the target and then return to the discharge volume
as neutrals. These are warm argon atoms with density ny,
and hot argon atoms with density ni.. The hot argon popu-
lation originates from argon species that are reflected from the
target [63, 64]. They are assumed to have an average energy
of 2 eV [47]. The warm population Ar" is due to argon ions
that penetrate the target surface, and then slowly diffuse back
as atoms. Their energy is taken to be the thermal energy of
the surface, with about 0.1 eV (~1000K) as an upper bound
[65]. We assume that a fraction £y of the recombined Ar™
ions return as hot neutrals Ar™! during the pulse, and a fraction
(1 — &g) return as warm neutrals Ar™ during the pulse. We
further assume that all target-implanted argon atoms leave the
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target during the pulse [47, 66]. Of importance for the work-
ing gas rarefaction are the hot argon atoms, as they have a con-
siderable momentum. They are incorporated in the IRM as a
generation term for hot argon neutrals Ar'!
RT | RT \ SRT
R, return = &y (FAT+ + FArZ+) VTR )
where IRT, is the flux of Ar* ions and X%, is the flux of Ar*+
ions towards the target racetrack. For the generation of warm
neutrals £y in equation (2) is replaced by (1 —&y). Coming
from the target, the hot argon neutrals At and the warm argon
neutrals Ar" have a directed flux away from the target, giving
a loss out of the IR at random velocity defined by

2eT,
Vran = — (3)
™
where T, is the temperature and m,, is the mass of the neutral
species and thus the loss rate is

SpR
RArZ,loss = VrannArZT “4)
IR

where the superscript Z stands for hot (H) and warm (W) argon
atoms. For this current study we assume g = 0.5 i.e. 50% are
ArV, with T, = 0.1 eV, and 50% are Ar! with T =2eV
for all the target materials studied. This choice is arbitrary and
has been motivated in earlier studies [47, 66]. However, £y
will possibly vary with the mass of the target element, and for
heavier target elements the fraction of Ar% is expected to be
higher (see Rudolph et al [64]), which we neglect in this cur-
rent study.

Neutral atoms created through volume reactions within the
IR along with atoms sputtered or released from the target are
lost as they diffuse out of the IR, described by a loss term

S
Ruitt = Cndifr o, ©)
VIR

where I'y gifr is the flux of neutral atoms or molecules through
the border of the IR with the diffusion region (DR), Spr is
the surface area of the IR facing the DR, and Spgr/Vir is the
distance through the IR, which represents the typical length
that species with a directed flow from the target travel when
diffusing out of the IR. The atom flux is

—L
[ aitr = Tnoexp ( \ ) ; (6)
n,Ar

where Ay ar = 1/(0mnar) is the mean free path for target atoms
colliding with argon atoms and oy, is the momentum trans-
fer cross section for collisions between atoms. For the cold
working gas atoms Iy o is the random atom flux governed by
the thermal energy. For the species coming off the target, the
sputtered species and warm and hot argon atoms, the flux I'y o
is governed by the velocity of the particle coming off the tar-
get, directed away from the target surface. For the sputtered
species the flux is dictated by the cohesive energy of the target.

The cross section o for collisions of sputtered metal
atoms and argon atoms is based on the momentum-exchange
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Table 1. Selected atomic data for the various target atoms. The values for the cohesive energy Econesive are taken from Kittel [69] and the

atomic radius is from Clementi ef al [68].

Atom Eiz[eV] Ecohesive [€V] Atomic mass [amu] Atomic radius [pm] om [107° m?] Yss Vb[V]
C 11.26 7.37 12.0 67 1.2 0.24 611

Al 6.0 3.39 27.0 118 2.6 1.19 730
Ti 6.8 4.85 479 176 4.1 0.64 625

Cu 7.73 3.49 63.5 145 3.4 2.37 575

Ar 15.76 39.95 71 1.2-1.5

Zr 6.63 6.25 91.2 206 49 0.47 550
Mo 7.09 6.82 95.9 190 4.2 0.51 450
w 7.98 8.90 183.8 193 4.0 1.14 800

cross section calculated for the Ar—Ar interaction by Phelps
et al [67]. As pointed out by Rossnagel [22], it has to be noted
that the momentum transfer cross section for the sputtered
atoms, with energy of few eVs, is up to a factor 10 larger
than the momentum transfer cross section for the energetic
reflected neutrals with energy of few hundred eVs (see also
Phelps et al [67]). To get a more reasonable value for the
momentum-exchange between the sputtered species and the
argon atoms we approximate this to be a billiard-ball collision,
and assume that the momentum-exchange cross section scales
as m(ay + a»)?, where a; is the atomic radius of the sputtered
species and a, is the atomic radius of the argon atom. The
velocity of the particle coming off the target is assumed to
be the most probable velocity from the Thompson distribution
[16, 17] or %Sa,hesive. The Ar—Ar cross section is determined
at the most probable energy for each metal atom using the fit
given in Phelps et al [67]. This value is then multiplied by the
ratio ((a; +az)/(az +az))? to get the momentum exchange
cross section for each argon-metal atom pair. The values used
to calculate the cross sections and the calculated momentum
transfer cross sections are given in table 1. The values for the
atomic radius are taken from the work of Clementi et al [68]
and the values for the cohesive energy are from the textbook by
Kittel [69]. This is a revision from our earlier works where we
assumed the metal-Ar momentum transfer cross section to be
2 x 107" m? as a typical cross section for all neutral-neutral
collisions [46, 47, 57].

For this study the working gas temperature (cold argon
atoms) is assumed to be 500 K. At a gas temperature of 500 K
and using the cross sections in table 1 the mean free path for
the sputtered atoms is roughly 8-30 mm at 1 Pa and 2-8 mm at
4Pa. Due to the energy transfer from the sputter process and
heat conduction from the cathode target the effective gas tem-
perature is high. We will see later (section 3) that late in the
pulse a significant fraction of the argon atoms within the IR
are warm and hot atoms. Therefore, the effective working gas
temperature can be significantly higher, and argon gas a tem-
perature above 1200 K has been measured for a 200 ps long
pulse [42].

In the IRM, gas rarefaction by the effect of the sputter wind
[19]is implemented as an argon kick-out term due to collisions
with fast sputtered particles [46, 57]. Here, we slightly modify
the model from our previous studies to also include the hot
argon atoms Ar™l species that originate from the target with a

considerable energy. The warm argon species Ar" on the other
hand, also originating from the target, are still neglected in the
model, as their energy of 0.1 eV is too low to have a significant
impact on gas rarefaction by kicking out argon species. Also,
we neglect kick-out by the metal ions.

For this current study we significantly revise the kick-out
term in the IRM code from our earlier studies [46, 47, 57]. For
the 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, Arf }, where M stands for the target atoms, and Y =
{ArC, Ar(4s[3/2],), Ar(4s’[1/2]o)}. 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 accept-
able if two conditions are met: (i) The momentum of spe-
cies X is always higher than the average momentum of the
cold Ar species (species Y) at an assumed working gas tem-
perature of 500 K. The lightest target atom studied here, car-
bon, has the mass M = 12M,,, where M, is the proton mass,
and an ejection energy Eejection = %gcohesive =3.7eV [55]. This
yields a momentum of 10~?2 kg ms~! which is higher than the
momentum of an average argon species at T, = 500 K which
is ~ 1072 kg ms~!. We therefore consider the first condition
to be fulfilled. (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 height #=2cm and a post-collision velo-
city of v=1000ms~', results in a loss of species Y within
t = h/2v = 10 us. 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 accept-
able assumption. We neglect that this assumption underes-
timates 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 colli-
sions between Ar™ 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 prob-
able compared to head-on collisions, also this is an acceptable
assumption.

For each species X, we assume that there is a certain prob-
ability for these particles to collide with particles of the species
Y. This is given by
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Feonx—y =1—exp(—L/Ax-y), @)

where L is the height of the IR and the mean free path Ax_,y
of a species X in a background gas composed of species Y is
given by

1

OxX—yYnhy

AXy = 3
where the cross sections ox_,y are the momentum transfer
cross sections, as discussed above for each pair of X and Y,
and ny is the density of species Y.

Note that Fop 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 flux I'spuer (in m~2
s~ 1) to the kick-out flux I'ijerou OUt Of the IR by

Sk SpR
Rkickout, X—=Y — FCOH,X*)YFSPLIIICI’,X = l—‘kickout 3 (9)
V]R VIR

where Sgr is the surface area of the IR facing the racetrack,
and Spg is the surface area of the IR facing the DR [57]. The
sputtered flux is

I‘sputter.X = Z FFT Y; (Sl) 10)
i

where Y;(&;) is the sputter yield for an ion species i bombard-
ing the target. Note that equation (9) represents 6 equations,
representing each pair (X,Y) of kicking-out species X and spe-
cies Y that are kicked-out. 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 acceptable assumption.

A second loss mechanism is the ionization of the argon
atoms followed by attraction to the target. The argon atoms
within the IR are lost through electron impact ionization

e+ Ar— Art 4+ 2e

where the argon atom can be in the ground state or in an
excited state. This includes cold, warm and hot argon atoms.
The electrons that drive the reaction can be from either the cold
(primary) or hot (secondary) population. In addition charge
exchange

Art 4+ M — Ar+M™*

contributes to adding argon atoms to the IR, however the con-
tribution is expected to be very small. Due to the electric fields
within the IR, most of these gas ions are drawn toward the tar-
get and are lost from the IR.

As discussed above, gas rarefaction lowers the density of
the working gas (the neutral argon atoms) within the IR below
the density value in the surrounding gas reservoir, ng o [19, 20,
29, 30]. This leads to back-diffusion (gain) that is modeled by
the term

1 (150 —ng)Spr
Rg,reﬁll = Evg,ranT

an
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where the subscript g stands for the atoms of the working
gas and Vg, is their random thermal velocity as defined by
equation (3). The argon gas diffusional refill term is determ-
ined by the gas temperature and the gas density difference
(naro — nar) between the IR and the surrounding volume.
By definition, only atoms moving towards the boundary are
involved so that the densities are taken to be one half of the
volume densities.

2.2. The degree of working gas rarefaction

The working gas rarefaction is either presented as a percent-
age of the total neutral argon density at the start of the pulse
nar(f) /naro or as a degree of working gas rarefaction

c(t
degree of working gas rarefaction =1 — L(),

NAr0

12)

where n4. is the total argon density at the start of the pulse and
na:(f) is the temporal variation of the total argon density. As
discussed in section 2.1 there are several factors that contribute
to working gas rarefaction, including electron impact ioniza-
tion of argon atoms and kick-out of argon atoms by the sput-
ter wind, which is then balanced by diffusion (refill) of cold
argon atoms from the bulk plasma, returning hot and warm
argon atoms from the target, and charge-exchange collisions
[47]. When we compare the relative contribution of each of
the processes to working gas rarefaction they are all determ-
ined by integrating the contribution of each term throughout
the entire pulse and the afterglow.

3. Results

3.1. Overview

As mentioned in section 1 the IRM has been applied to study
HiPIMS discharges using a number of different target mater-
ials including graphite [55], aluminum [46, 47], copper [52],
titanium [51], and tungsten [53]. For all the target materials the
IRM calculations have shown that the cold (or primary) argon
ground state density (denoted Ar®(3p®)) decreases steadily to
a minimum close to the peak in the discharge current and then
it increases again. The question that we will answer with this
work is: What processes contribute to working gas rarefaction
in the HiPIMS discharge? Is the sputter wind important? In
the following, we will re-analyze some of these discharges in
terms of working gas rarefaction.

In the following we explore how much each of the four
terms described in section 2.1 contributes to working gas rar-
efaction for a few target materials, from low atom mass (graph-
ite) to high atom mass (tungsten). For this we model discharges
with targets of various materials and of varying sizes. For the
various target sizes the dimensions of the IR for the IRM cal-
culations are listed in table 2. Note that in some cases we
use different dimensions for the size of the IR in this current
study than in the original study of that particular target mater-
ial. However, all the dimensions are within =1 mm from the
earlier assumed dimensions. The size of the IR is chosen rather
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Table 2. The dimensions of the ionization region used in the model calculations for the different targets and target sizes.

Target Target diameter [mm] z1 [mm] 72 [mm] r1 [mm] ro [mm]
C 50 2 13 6 20
Al, Zr 50 2 20 6 20
Cu 50 2 28 6 20
w 75 2 22 8 28
Ti 100 2 25 11 39

arbitrary. Also, it has been observed experimentally that the
size of the IR varies with the magnetic field strength among
other operating parameters [70]. In fact the absolute value of
the degree of rarefaction scales with the size of the IR. Electron
impact ionization scales with 1/Vig, while kick-out scales as
1/L, and therefore the absolute values mentioned in the text
for the degree of working gas rarefaction are just rough estim-
ates. Also keep in mind that as mentioned in section 1 that
the size of the IR is small compared to the actual extent of
the working gas rarefaction in the discharge [44], which also
influences the absolute value of the degree of working gas rar-
efaction. Working gas rarefaction is therefore expected to be
less pronounced when modeling with volume average mod-
els compared to DSMC simulations. Furthermore, Kozak and
Lazar [44] point out that volume-averaged models do not take
into account the spatial distribution of the neutral Ar and M
densities, and therefore the velocity and angular distribution
of the sputtered atoms [71, 72], and secondary M—Ar and Ar—
Ar collisions are neglected. The latter is justified by a mean
free path of a few tens of mm as discussed in section 2.1 and
given the extension of the IR it means that only a single colli-
sion occurs.

3.2. Graphite target

In a recent study we applied the IRM to analyze HiPIMS
discharges with a 50 mm diameter graphite target and argon
working gas at a pressure of 1Pa [55]. It was observed that
the discharge operates on working gas recycling and most of
the discharge current at the cathode target surface is composed
of ArT ions, which constitute over 90% of the discharge cur-
rent, while the contribution of the C* ions is always small
(<5%). The ion back-attraction probability during the pulse
By is high (>83%), and the ionized flux fraction is low, or in
the range 2%—4%. The maximum in the degree of working
gas rarefaction derived from the IRM is 45%, 51%, and 55%,
for peak discharge current densities of 1, 2, and 3 Acm™2,
respectively. These values are determined from the maximum
drop in the total argon atom density within the IR, calculated
using equation (12), by adding the densities of all the neutral
argon atom species densities within the IR. Earlier we repor-
ted a maximum in the degree of cold argon atom rarefaction
of 66%, 74%, and 81% for discharge current densities of 1, 2,
and 3 A cm™2, respectively [55]. The difference in the degree
of working gas rarefaction values, reported here, compared to
the earlier published values, is mainly due to warm and hot
argon atoms that enter the IR during the pulse, which have
influence on the rarefaction, and were not taken into account
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Figure 1. The reaction rates for the argon atom loss and argon atom
gain within the ionization region for a discharge with 50 mm
diameter graphite target operated at working gas pressure of 1 Pa,
with a peak discharge current Ip peak of 20 A (Jppeak = 1 A cm’z)
and 50 ps long pulse.

when the degree of working gas rarefaction was evaluated in
the earlier study. Note, that the various values we report here
for the discharge with graphite target have changed slightly
as we discovered a few minor errors in the calculations pub-
lished earlier [55], that have now been corrected, in addi-
tion to the modifications of the kick-out term discussed in
section 2.1. Also, note that this does not affect the key res-
ults of that study concerning the reasons for low carbon ion-
ization in HiPIMS. Furthermore, we have adjusted the size of
the IR.

Here, we analyze the contributions of the various processes
to rarefaction for a HiPIMS discharge with a graphite target
in more detail. Figure 1 shows the temporal evolution of the
reaction rates for the loss and gain of argon atoms within the IR
for the Jppeak = 1 A cm~2 and 50 us long pulse case explored
earlier by Eliasson et al [55]. The main contributor to the loss
of argon atoms is electron impact ionization of the argon atoms
by primary electrons (referred to as ionization cold), and the
second most important loss process is electron impact ioniza-
tion by secondary electrons (referred to as ionization hot) has
much smaller contribution. This is the case even though both
argon ions and carbon ions contribute to the creation of sec-
ondary electrons as they bombard the cathode target. Warm
and hot argon atoms released from the target enter the IR and
constitute the main contribution to the gain of argon atoms
within the IR. The reaction gain rates for the warm and hot
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Figure 2. The reaction rates for the cold argon atom diffusion and
warm and hot argon atom escaping from the ionization region for a
discharge with 50 mm diameter graphite target operated at working
gas pressure of 1 Pa, with a peak discharge current /Ip peax of 20 A

(Dpeak = 1A cm_z) and 50 ps long pulse.

argon atoms in figure 1 are assumed to be the same and over-
lap, due to the assumption that equal number of argon atoms
leaves the target during one pulse [47]. We see in figure |
that when operating with a graphite target the contributions
of kick-out is small and charge-exchange is negligible (not
shown). We note that diffusion contributes to a net loss of
argon atoms during the pulse, but to a flow into the IR after
the pulse is off.

‘We explore the diffusion terms more closely in figure 2. The
main contribution to the diffusion is the refill of cold argon
atoms into the IR, while the warm and hot argon atoms escape
out of the IR, and the hot argon atoms are lost faster than
the warm atoms. The total diffusion (the dashed pink line in
figure 1), i.e. the sum of the diffusion terms for ArC, Ar™, ArV,
and ArYl, is also shown in figure 2. During the pulse-on time
the escape of warm and hot argon atoms out of the IR is lar-
ger than the refill by cold argon atoms, this is the reason why
the total diffusion term appears negative during the pulse. This
reverses after the pulse is off. Almost a fifth of the warm and
hot argon atoms that are released from the target escape out
of the IR without being ionized. For Jp peax = 1 Acm™2, at the
peak in the degree of working gas rarefaction cold argon atoms
in ground state account for 42%, metastable argon atoms 0.5%,
warm argon atoms 37%, and hot argon atoms 21% of the argon
atoms within the IR. So a substantial portion of the argon
atoms within the IR, during the pulse, consists of warm and
hot atoms.

Figure 3 shows the contribution of each of the terms to
the working gas rarefaction versus the peak discharge current
density for discharges with graphite target. We see that elec-
tron impact ionization by primary and secondary electrons has
over 90% contribution and its role increases with increased
peak discharge current density, and is the dominating process.
Electron impact ionization by hot secondary electrons has
about ~10% overall contribution. Kick-out by the sputtered
species, the sputter wind, has small (<10%) contribution on
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Figure 3. The contribution of the various processes to working gas
rarefaction within the ionization region for a discharge with 50 mm
diameter graphite target versus the peak discharge current density
for argon at 1 Pa, pulse length of 50 us and average discharge power
(Pp) of 80 W.

working gas rarefaction when operating with graphite target at
a working gas pressure of 1 Pa, and 87% is due to kick-out by
hot argon atoms and 13% is due to sputtered carbon atoms. The
discharge current density does not have much influence on the
relative contribution of the various terms. From the above dis-
cussion we see that the composition of the argon atoms within
the IR changes during the pulse.

3.3. Aluminum target

The early development of the IRM [57] was based around
HiPIMS discharges with an aluminum target, that were stud-
ied experimentally by Anders et al [73], and included studies
of the discharge composition at the target surface [46], work-
ing gas rarefaction [47], and electron heating mechanisms [46,
66]. When the discharge enters the HIPIMS operating regime
the AlT ions dominate the discharge current at the target sur-
face, while the contribution of Ar™ ions is low [46] and the
discharge operates in the self-sputter regime to reach the high
discharge currents [74]. When operating with aluminum tar-
get, electron impact ionization of argon atoms was determ-
ined to be the biggest contributor to working gas rarefaction,
when the degree of working gas rarefaction was determined to
be about 50%, for Jp peak & 0.6 A cm™2 and tyye = 400 s at
pe = 1.8Pa [47].

Here, we analyze a few discharges that were explored
experimentally by Lundin et al [10], who measured the elec-
tron density and the ionized flux fraction as the working gas
pressure, pulse length, and discharge current density was var-
ied. The aluminum target was S0 mm in diameter and the
working gas pressure was 0.5 and 2.0 Pa. At average current
density Jp average ~ 1.4 A cm 2 the measured ionized flux frac-
tion was 50% at 0.5 Pa and at Jp ayerage = 1.2 A cm 2 the ion-
ized flux fraction was 38% at 2Pa for a 100 us long pulse.
Here, we further explore these discharges with the help of
the IRM. For the IRM calculations the rate coefficients for
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Figure 4. The reaction rates for the argon atom loss and argon atom
gain within the ionization region for a discharge with 50 mm
aluminum target operated at working gas pressure of 0.5 Pa, with a
discharge voltage of Vp = 730V giving average discharge current
Ipaverage Of 27 A (Jp average = 1.4 A cm’z) for 100 us long pulse.

reactions involving aluminum atoms and ions are the same as
given by Huo et al [46]. When applying the IRM we use the
measured ionized flux fraction to lock the model as proposed
by Butler e al [75]. The maximum degree of working gas rar-
efaction derived from the IRM calculations is 83% at 0.5 Pa
and 57% at 2Pa close to the end of the pulse. The working
gas rarefaction is much more significant for the lower pres-
sure. The back-attraction probability of the ionized aluminum
is 70% at 0.5 Pa and 75% at 2.0 Pa.

The reaction rates for the argon atom loss and argon atom
gain within the IR for a discharge with a 50 mm aluminum
target operated at a working gas pressure of 0.5 Pa are shown
in figure 4. We see that the loss of argon atoms is mainly due
to electron impact ionization of the argon atom, while kick-
out also has 14% contribution. Electron impact ionization by
the primary electrons has 46% contribution, and the secondary
electrons 40% contribution, to the loss of argon atoms from
the IR. The diffusion processes (figure 5) are dominated by
refill of cold argon atoms, while the warm and hot argon atoms
escape out of the IR. At 2 Pa (figure 6) kick-out has similar
contribution to the loss of argon atoms from the IR as does
electron impact ionization. Electron impact ionization by the
primary electrons and secondary electrons have each similar
contributions.

The contribution of kick-out increases significantly (from
14% to 53%) with increasing working gas pressure from 0.5
to 2 Pa. At 0.5 Pa the kick-out is 83% due to aluminum atoms
and 17% due to hot argon atoms, while at 2 Pa 86% is due to
aluminum atoms and 14% due to hot argon atoms. As before,
argon atoms enter the IR as returning warm and hot atoms from
the target and by diffusion of cold argon atoms. Huo et al [47]
pointed out that the long mean free path is the reason why rar-
efaction by electron impact ionization losses dominate over
the sputter wind in the discharge. Therefore, for higher work-
ing gas pressures the sputter wind contribution would become
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Figure 5. The reaction rates for the cold argon atom diffusion and
warm and hot argon atom escaping the ionization region for a
discharge with 50 mm aluminum target operated at working gas
pressure of 0.5 Pa, with a discharge voltage of Vp = 730V giving
average discharge current Ip average Of 27 A (Jp average = 1.4Acm’2)
for 100 ps long pulse.
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Figure 6. The reaction rates for the argon atom loss and argon atom
gain within the ionization region for a discharge with 50 mm
aluminum target operated at working gas pressure of 2.0 Pa, with a
discharge voltage of Vp = 540V giving average discharge current
Ip average Of 23 A (Up average = 1.2 A cm’z) for 100 us long pulse.

more significant, which is indeed what is observed here. At
the peak in the degree of working gas rarefaction (for 0.5 Pa)
cold argon atoms in the ground state are 44%, metastable argon
atoms 0.5%, warm argon atoms 31%, and hot argon atoms
25% of the argon atoms within the IR. Again, more than half
the argon atoms within the IR are warm and hot atoms.

3.4. Copper target

In a recent study the IRM was applied to study a few histor-
ical HiPIMS discharges operated with a copper target [52].
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Figure 7. The reaction rates for the argon atom loss and argon atom
gain within the ionization region for a discharge with 50 mm
diameter copper target operated at working gas pressure of 0.5 Pa,
with a peak discharge current density of Jp peax = 1.0 A cm ™2 for
40 ps long pulse.

It was observed that Cut ions dominate the total ion cur-
rent at the target surface. This indicates that the discharge is
dominated by self-sputter recycling in order to reach the high
discharge currents [74]. For peak discharge current densities
in the range 0.9-1.3 Acm~2 the back-attraction probability
was found to be in the range 44%-50%, while the ioniza-
tion probability was in the range 61%—-69%, and the ionized
flux fraction was in the range 32%—-40% [52]. The model res-
ults showed that copper ions dominate the ion flux out of the
IR, with about ~77%-88% contribution, in agreement with
experimental observations [32]. Recall that for a HIPIMS dis-
charge with copper target, the ionized flux fraction was early
on determined experimentally to be as high 70% [76] and more
recently an ionized flux fraction up to 80% has been measured
experimentally [77]. Gas compression and rarefaction have
been observed in a HiPIMS discharge with a copper target
by measuring time-resolved ion saturation currents from probe
array [37]. It was observed as an onset of the sputter flux that
causes a transient densification of the working gas, followed
by rarefaction.

Here, we explore reaction rates for the gain and loss of
argon atoms within the IR for a discharge created with a 50 mm
diameter copper target operated at a working gas pressure
of 0.5Pa, with a peak discharge current density of Jp peax =
1.0Acm™~2 and 40 us long pulse. The discharge current and
voltage waveforms were recorded by Cemin et al [78] and
explored in an earlier work as Case [ [52]. The degree of work-
ing gas rarefaction was determined to reach 60% toward the
end of the pulse.

The reaction rates for the loss and gain of argon atoms
within the IR are shown in figure 7. The main contributor to
the loss of argon atoms is kick-out by the sputtered copper
atoms while kick-out by the hot argon atoms has rather small
contribution. Electron impact ionization of the argon atoms
by primary and secondary electrons have smaller contribu-
tions. Warm and hot argon atoms released from the target and
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Figure 8. The reaction rates for the cold argon atom diffusion and
warm and hot argon atom escaping the ionization region for a
discharge with 50 mm diameter copper target operated at working
gas pressure of 0.5 Pa, with a peak discharge current density of
Jppeak = 1.OA cm ™2 for 40 s long pulse.

diffusion adds argon atoms to the IR. The diffusion terms are
explored more closely in figure 8. The main contribution to the
diffusion is the refill of cold argon atoms into the IR, while the
warm and hot argon atoms escape out of the IR. The hot argon
atoms are lost faster than the warm atoms as to be expected.
At the peak in the degree of working gas rarefaction, the cold
argon atoms in ground state constitute 75%, metastable argon
atoms 0.5%, warm argon atoms 16%, and hot argon atoms 8%,
of the argon atoms within the IR.

3.5. Titanium target

For a HiPIMS discharge with a titanium target the IRM res-
ults have shown that the ion composition at the target sur-
face is composed of both argon and titanium ions in roughly
equal numbers, and roughly a third of the titanium ions are the
doubly ionized Ti**, depending on the peak discharge current
[46]. In this case, as the self-sputter yield is somewhat below
unity, a combination of self-sputter recycling and working gas-
recycling is necessary to maintain the high discharge currents.

Here, we model discharges that were explored experiment-
ally by Hajihoseini ef al [11]. As the magnet configuration
was varied, the deposition rate and the ionized flux fraction
was determined, while maintaining fixed averaged power by
varying the repetition frequency as either the discharge cur-
rent or discharge voltage was kept fixed. The titanium target
was 100 mm in diameter, the working gas pressure 1 Pa, and
the average power 300 W. These discharges have been ana-
lyzed extensively in order to gain understanding on how the
magnetic field strength and topology influence the discharge
parameters and operation, including the ionization probability
[9], the deposition rate and ionized flux fraction [11, 79, 80],
the size of the IR [70], and transport parameters for both
ions and neutrals [72], as well as modeling by the IRM [51]
and DSMC simulations [45] to determine the ionization and
the target ion back-attraction probabilities. The IRM studies
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Figure 9. The reaction rates for the argon atom loss and argon atom
gain within the ionization region for a discharge with 100 mm
diameter Ti target operated at working gas pressure of 1 Pa, with a
discharge voltage Vp = 625V giving peak discharge current /p peak
of 80 A (Jp peak = 1.0Acm72) and 100 s long pulse.

showed that the back-attraction probability is high > 0.8 [51].
Here, we explore the various contributions to rarefaction in the
discharge operated with the strongest magnetic field, referred
to as COEO by Hajihoseini et al [11]. The peak discharge cur-
rent density was Jppeax = 1.0 A cm~2 and the argon working
gas pressure p; = 1 Pa. The IRM calculations give a peak in
the degree of working gas rarefaction of 77%. For compar-
ison for this particular discharge the DSMC simulations give
the maximum in the degree of working gas rarefaction of 53%
shortly after the end of the pulse [45]. The various contribu-
tions to rarefaction are shown in figure 9. The loss of argon
atoms is due to a combination of electron impact ionization by
primary electrons and ionization by hot electrons, as well as
kick-out, all with similar contributions. Charge-exchange has
negligible contribution as before (not shown). The kick-out is
split up in 74% contribution due to titanium atoms and 26%
due to hot argon atoms. The large fraction of Ar™ and Ti**
ions at the target surface lead to a high contribution of sec-
ondary electrons in the ionization process. Hot and cold argon
atoms as well as diffusion of argon atoms into the IR add to
the argon atom density within the IR. The contribution of dif-
fusion is explored further in figure 10, and it is seen that dif-
fusion of cold argon atoms into the IR is the most important
factor. At maximum degree of working gas rarefaction the cold
ground state argon atoms constitute 42%, metastable argon
atoms 0.3%, warm argon atoms 36%, and hot argon atoms
22% of the argon atoms within the IR.

3.6. Zirconium target

We apply the IRM to a discharge operated with a 50 mm dia-
meter zirconium disk. The discharge voltage Vp was kept at
550V, the pulse was kept at constant length of 50 us and
the argon working gas pressure was kept at 1Pa [56]. The
ionized flux fraction and the normalized deposition rate was
measured as the peak discharge current density was varied in
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Figure 10. The reaction rates for the cold argon atom diffusion and
warm and hot argon atom escaping the ionization region for a
discharge with 100 mm diameter Ti target operated at working gas
pressure of 1 Pa, with a discharge voltage Vp = 625V giving peak
discharge current Ip peak 0f 80 A (Jp peak = 1.0 A cm_z) and 100 us
long pulse.

the range 0.5 — 2.0 Acm 2. We use the ionized flux fraction
measured at 30 mm (45%) to lock the model. We apply the
IRM to study a discharge operated with peak current dens-
ity of Jppeak = 1 Acm~2. The back-attraction probability is
determined by the IRM to be 73% and the peak in the degree
of working gas rarefaction was determined to be 70%. We also
note that aproximately 2/3 of the discharge current at the target
surface is carried by Ar™ ions [56]. This discharge therefore
operates on combination of working gas recycling and self-
sputter recycling to reach the high discharge currents [74].

The reaction rates for loss and gain of argon atoms within
the IR are shown in figure 11. Electron impact ionization by
primary electrons contributes 67% to the total rarefaction,
while secondary electron ionization contributes 18% to the
loss of argon atoms and kick-out contributes 15%. The kick-
out is 74% due to zirconium atoms sputtered from the targets
and 26% due to hot argon atoms. The diffusion term is ana-
lyzed further in figure 12 and shows a refill by cold argon
atoms and loss due to diffusion of warm and hot argon atoms
out of the IR. At the peak in the degree of working gas rar-
efaction cold argon atoms in the ground state constitute 50%,
metastable argon atoms 0.4%, warm argon atoms 32%, and hot
argon atoms 18% of the argon atoms within the IR.

3.7 Tungsten target

Earlier, we applied the IRM to study a HiPIMS discharge
with 75 mm diameter tungsten target as the discharge voltage
was varied [53]. The peak discharge current and the peak dis-
charge current density Jp peak increases in the range 0.33 —
0.73 Acm™2, with increased discharge voltage in the range
500 - 800 V. The details of the experiment, experimental setup,
and method can be found elsewhere [36]. The model results
show that when operating with a tungsten target an initial peak
appears in the discharge current, which is due to argon ions
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Figure 11. The reaction rates for the argon atom loss and argon
atom gain within the ionization region for a discharge with 50 mm
diameter Zr target operated at working gas pressure of 1 Pa, with a
discharge voltage Vp = 550V giving peak discharge current density
of Jppeak = 1.OA cm~2 and 50 ps long pulse.
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Figure 12. The reaction rates for the cold argon atom diffusion and
warm and hot argon atom escaping the ionization region for a
discharge with 50 mm diameter Zr target operated at working gas
pressure of 1 Pa, with a discharge voltage Vp = 550V giving peak
discharge current density of Jp peax = 1.0 Acm™2 and 50 s long
pulse.

bombarding the cathode target [53]. After this initial peak W
ions become the dominating ions and remain as such to the end
of the pulse, and the role of W ions increases with increased
discharge voltage [53]. However, there is always a rather sig-
nificant contribution from the Art ions, which contribute to
the creation of secondary electrons. For the sputtered tung-
sten the back-attraction probability 3, decreases from 91% to
68% with increasing discharge voltage. With increased dis-
charge voltage, the degree of working gas rarefaction increases
from 34% at 500V (Jp peax = 0.33 Acm™2) to 64% at 800 V
(Jppeak =0.73 A cm™2), when all the neutral argon species are
included in the calculation. These are somewhat lower values
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Figure 13. The reaction rates for the argon atom loss and argon
atom gain within the ionization region for a discharge with 75 mm
tungsten target operated at working gas pressure of 1 Pa, with a
discharge voltage of Vp = 600V giving peak discharge current

Ip peak 0f 24 A (Jppeak = 0.54 A cm_z) for 100 us long pulse.

than we reported in the earlier work [53] as there the degree
of rarefaction was calculated assuming only cold argon atoms
in the ground state when reporting the degree of working gas
rarefaction.

Figure 13 shows the reaction rates for the loss and
gain of argon atoms within the IR for the 600V (Jp peak =
0.54 A cm™?) case explored earlier by Suresh Babu ez al [53].
The degree of working gas rarefaction peaked at 46% when
all the argon atoms are taken into account. We see that the
main contributor to the loss of argon atoms from the IR is
kick-out of the argon atoms by tungsten atoms sputtered from
the target. The second most important loss process is electron
impact ionization by secondary electrons followed by electron
impact ionization by the primary electrons. Charge exchange
has negligible contribution (not shown). Diffusional refill of
argon atoms is the main contributor to adding argon to the IR,
while warm and hot argon atoms released from the target also
have a contribution to add argon atoms to the IR. The reaction
rates for the warm and hot argon atoms are the same and over-
lap, due to the assumption that an equal number of argon atoms
leaves the target during one pulse [47]. The diffusion of argon
atoms is explored further in figure 14, where it is seen that the
main contribution to the diffusion is the refill of cold argon
atoms into the IR, while the warm and hot argon atoms escape
out of the IR, and as expected that the hot argon atoms are lost
faster than the warm atoms. The total diffusion is also shown
in figure 14. At the peak in the degree of working gas rarefac-
tion cold argon atoms in the ground state constitute 78%, warm
argon atoms 17%, and hot argon atoms 5% of the argon atoms
within the IR.

Figure 15 shows the contribution of each of the terms to the
working gas rarefaction versus the peak current density. We
see that kick-out has 49%—-56% contribution to working gas
rarefaction and is the dominating process, and its relative con-
tribution increases with increased discharge current density.
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Figure 14. The reaction rates for the argon atom diffusion and hot
and warm argon atoms escaping out of the ionization region for a
discharge with 75 mm tungsten target operated at working gas
pressure of 1 Pa, with a discharge voltage of Vp = 600V giving
peak discharge current /p peak Of 24 A (Jp peak = 0.54 A cm™?) for
100 s long pulse.
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Figure 15. The contribution of the various processes to working gas
rarefaction within the ionization region for a discharge with 75 mm
tungsten target versus the discharge current density for argon
working gas pressure of 1 Pa and pulse length of 100 us.

The kick-out is mostly due to tungsten atoms sputtered out
of the target. The second most important process is electron
impact ionization by secondary electrons, which has about
30% contribution, and its role also increases with increased
discharge current density. The contributions of electron impact
ionization by primary electrons is always smaller.

4. Discussion

We have applied the IRM to determine the various contribu-
tions to working gas rarefaction in HiPIMS discharges with
a number of different cathode targets, spanning a wide range

returning Ar* /Art back-attracting

Arions

ionization
hot/cold
Art/ArY

neutrals | Arf, A"

ionization
hot/cold
Ar (others)

diffusion
Arions

diffusion kick-out
Ar neutrals Ar neutrals

escaping
Arv/art

DR

Figure 16. A schematic showing the processes involved in working
gas rarefaction. The %Jreen arrows denote the neutrals, orange the hot
(ArH) and warm (Ar" ) argon atoms, and blue arrows denote the
ions. Metal sputtering and its influence on working gas rarefaction is
omitted in this sketch for clarity.

in atomic mass and sputter yield. We have observed that the
working gas rarefaction is driven by electron impact ioniza-
tion by both primary and hot electrons as well as by kick-out
by fast neutrals coming from the target. We observed charge-
exchange to have a negligible contribution to working gas rar-
efaction for all the target materials.

Figure 16 shows the different pathways for argon atoms
within the IR and how they enter and are lost from the IR.
The green arrows denote the neutrals, orange the hot and warm
argon atoms (Ar'! and ArY), and blue arrows denote the ions.
The argon ions that bombard the target return to the IR as hot
(Ar") and warm (Ar") argon atoms. The argon atoms can
be kicked out into the DR by hot argon atoms Ar"' and by
sputtered metal neutrals M (not shown in figure 16) and cold
argon neutrals can be re-filled from the DR. We see that dif-
fused Ar™ and Ar'! can be ionized and back-attracted again.
This loop can proceed several times and appears as a work-
ing gas recycling loop [74]. Eventually, these particles escape
from the IR. To not overestimate the contribution of ionization
to the overall rarefaction, in the following we count only the
first ionization of the argon species (hatched horizontal arrow).
This can then be compared to the kick-out of argon neutrals by
sputtered species and hot argon atoms (vertical hatched arrow).
These are the two principal processes that lead to working gas
rarefaction.

Figure 17 shows the various contributions to rarefaction,
versus the atomic mass of the target material for discharges
operated at discharge current densities close to 1 A cm~2 and
working gas pressures close to 1 Pa. The results show that the
processes that are responsible for working gas rarefaction and
their relative contributions vary greatly depending on the tar-
get material. The relative contribution is determined by integ-
rating the reaction rate for each process throughout the entire
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Figure 17. The fractional contribution of the various processes to
working gas rarefaction within the ionization region versus the
atomic mass. The data is for C (12 amu) (Jppeak = 1 A cm 2,

toutse = 50 ps, pg = 1.0 Pa), Ti (47.9 amu) (Jppeak = 1.0 A cm™2,
tputse = 100 ps, pg = 1.0 Pa), Cu (63.5 amu) (Jppeak = 1 A cm_z,
toulse = 40 p18, pg = 1.0 Pa), Al (27.0 amu) (Jpaverage = 1.0 A cm ™2,
tputse = 100 s, pg = 2.0 Pa), Cu (63.5 amu) (Jppeak = 1 A crn’z,
toutse = 40 ps, pg = 1.0 Pa), Zr (91.2 amu) (Jppeak = 1 A cm’2,
tpu]se =50 HUS, Ppg = 1.0 Pa), and W (1838 amu) (JD,peak =0.73
Alem? tpuise = 100 ps, pg = 1.0 Pa). M denotes the target atom.

pulse and the afterglow. Table 1 summarizes the atomic prop-
erties, for the six target atoms explored. The role of electron
impact ionization by primary electrons is significant for most
of the target materials explored, while its contribution is how-
ever smaller for a discharge with copper and tungsten tar-
gets. Electron impact ionization by hot (secondary) electrons
has ~10% contribution when operating with a graphite tar-
get while for titanium and tungsten targets the contribution is
~30%. We also note, for the zirconium case that the role of
electron impact ionization is large, or well over 80%, when
both primary and secondary electrons are taken into account,
while kick-out has only a small contribution. For titanium the
overall contribution of electron impact ionization is high or
almost 60%. The role of kick-out, or sputter wind, plays a sig-
nificant role in a discharge with target made of the heaviest tar-
get atom, tungsten (183.8 amu), and a larger and indeed rather
significant role for a discharge with a copper (63.5 amu) target,
while for a discharge with a zirconium (91.2 amu) target the
contribution is small. There is therefore no apparent depend-
ence of the various contributions on the target atom mass as
can be seen in figure 17.

The missing correlation between target material mass and
the contribution to the overall gas rarefaction by the kick-
out mechanism is to be expected, as our kick-out model does
not explicitly depend on the mass ratios. The justification is
based on the fact that argon species are quickly lost on time
scales that are short compared to typical pulse lengths (see
section 2.1). This short residence time of an argon species in
the IR after a collision is in our model therefore approximated
by zero. In addition there is at most one collision between a
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Figure 18. 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) (Jp peak = 1

A em™2, fyuse = 50 ps, pg = 1.0 Pa), Zr (0.47, 91.2 amu)

(ppeak = 1 A ecm™2, fpuise = 50 pis, pe = 1.0 Pa), Ti (0.64, 47.9
amu) (Jppeak = 1.0 A cmfz, tputse = 100 ps, pg = 1.0 Pa), W (1.14,
183.8 amu) (Jp peax = 0.73 Alem? toutse = 100 ps, pg = 1.0 Pa), Al
(1.19, 27.0 amu) (Jpaverage = 1.0 A cm™2, tputse = 100 s, pg = 2.0
Pa), and Cu (2.37, 63.5 amu) (Jppeak = 1 A cm™?, touse = 40 s,
pe = 1.0 Pa). M denotes the target atom.

sputtered species from the target and an argon species, due
to the long mean free path compared to typical heights of the
IR (see section 2.1). The momentum of a sputtered species is
therefore unlikely to be shared between more than one argon
species. This leads us to the conclusion that the mass ratio is
only of secondary importance for determining the contribution
of kick-out to the overall gas rarefaction.

Figure 18 shows the fractional contributions of the various
processes to working gas rarefaction versus the self-sputter
yield of the various target ions. Note that we have chosen to
plot the data versus the self-sputter yield, although for argon-
dominated discharges, the sputter yield would be the more rel-
evant parameter. For the materials under investigation here,
the numerical value of both is very similar, which is why the
plot and the conclusions drawn from it would not change if we
had used the sputter yield instead of the self-sputter yield. We
see that the fractional contribution of kick-out increases with
increased self-sputter yield. The total contribution of electron
impact ionization decreases with increased self-sputter yield.
The sputter yield or the self-sputter yield appears to be the
primary factor for which process is the dominating contributor
to working gas rarefaction. This is the reason why kick-out is
so significant for copper, which has high sputter yield, even
though the mass ratio and cohesive energy are smaller than
for Zr. In general we see that for the metal targets the kick-
out is mainly due to metal atoms sputtered from the target and
that kick-out by hot argon atoms has smaller contribution. This
is different for the graphite target where hot argon atoms are
the dominant contributor by far and carbon atoms only have a
small contribution due to its low sputter yield.
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A secondary trend is visible in the data in figure 18. From
copper with a high sputter yield, to titanium with a moder-
ate sputter yield, the contribution of electron impact ionization
increases as discussed in the preceding paragraph. At the same
time the share of electron impact ionization from the hot elec-
tron population increases. This is due to the IR becoming more
argon-dominated as opposed to metal-dominated. As the bom-
bardment of a metal target with argon ions produces second-
ary electrons, while the bombardment of singly ionized metal
ions does not, there is a higher density of hot electrons in these
discharges, explaining the stronger contribution of ionization
from this electron population for titanium compared to copper.
The continuation of this trend cannot be seen for zirconium,
nor for graphite.

The above observations, and the discussion above on the
working gas rarefaction, highlights its importance for the
deposition processes based on magnetron sputtering. In some
of the earlier studies of working gas rarefaction [27, 33, 81]
the deposition flux is suggested to be influenced in both its
magnitude and kinetic energy by the working gas rarefaction.
On the one hand, the reduced density of heavy species in a
pronounced rarefaction window decreases the energy dissip-
ation of sputtered species on their path through the IR and to
the substrate [33], while on the other hand, fewer particles are
scattered, possibly increasing the deposition rate in the axial
direction [27, 81]. Finally, the reduction of heavy species in
front of the target also reduces electron-neutral collision fre-
quency and, therefore, reduces classical (collisional) diffusion
of electrons across the magnetic field lines, which is sugges-
ted to promote the appearance of plasma instabilities, termed
spokes, to provide an alternative path for electron transport
across the magnetic field lines [82—85]. These spokes have
been suggested to positively influence the release of target ions
toward the substrate [86]. Studying the effect of the degree of
gas rarefaction on the thin film deposition process is left for
the future.

5. Conclusion

The IRM has been applied to determine the degree of work-
ing gas rarefaction and the relative contribution of various pro-
cesses to working gas rarefaction in HiPIMS discharges with
different target materials. The dominating contribution of the
various processes to working gas rarefaction varies between
the different target materials. For targets with low sputter yield
electron impact ionization is the dominating process, while for
high sputter yield target materials, tungsten as well as copper
targets, kick-out of argon atoms by the metal atoms is the dom-
inating process, with over 60% contribution. For the metal tar-
gets the magnitude of the kick-out is mainly due to metal atoms
sputtered from the target and kick-out by hot argon atoms has
a smaller contribution. For the graphite target, the small kick-
out contribution is dominated by a kick-out by the hot argon
atoms, while carbon atoms only have a small contribution. The
sputter yield is the primary factor that dictates which process
is the most important when it comes to working gas rarefac-
tion. We also see that the degree of working gas rarefaction

depends on the working gas pressure as demonstrated for a
discharge with an aluminum target. Working gas rarefaction
is much more significant for the lower pressures and the kick-
out mechanism is a much more important at higher working
gas pressure. Furthermore, we note that in most cases there
is a significant fraction of hot and warm argon atoms within
the IR. This value is highest or 67% when operating with the
graphite target. However, this fraction is smaller for the cop-
per target (16%) and the tungsten target (26%), as much of the
sputtering is self-sputtering. This may explain the high neutral
gas temperature that has been observed experimentally [42].
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Abstract

We have studied the impact of target material on the electron temperature of high power impulse
magnetron sputtering (HiPIMS) discharges. The study is based on results from modeling 35
discharges with seven different target materials, using the ionization region (IR) model, a global
plasma chemistry model for HiPIMS discharges. We find that the typical evolution of electron
temperatures during a HiPIMS pulse stabilizes at the end of the pulse as a result of a balance
between electron heating and electron collisional cooling. The underlying cause is a
self-regulating mechanism: the monotonically increasing rate coefficients for relevant electron
temperatures in HIPIMS discharges ensure that a higher electron temperature enhances electron
collisional cooling, while a lower electron temperature reduces it. We furthermore find the
steady state electron temperature to be inversely correlated to the sputter yield of the target
material. This is a result of the atomic composition in the IR shifting from argon-dominated at
low sputter yields to metal-rich at high sputter yields. As the metal ionization rate coefficients
are larger at lower electron temperatures compared to that of the argon ionization rate
coefficient, the self-regulating mechanism maintains a lower electron temperature in metal-rich
discharges. This has implications for the metal ion escape in a HiPIMS discharge, since the
ionization mean free path of sputtered atoms depends on the electron temperature. As a result,
ionization in metal-rich discharges (lower electron temperature) occurs, on average, further
away from the target surface, where the remaining potential hill to climb, in order for a metal
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© 2025 IOP Publishing Ltd. All rights, including for text and
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ion to escape to the bulk plasma, is lower. Metal ions in those discharges can therefore escape
more easily to the substrate region compared to metal ions in argon-dominated discharges.

Keywords: magnetron sputtering, high power impulse magnetron sputtering, sputtering,

plasma chemistry

1. Introduction

Magnetron sputtering is a widely used process for thin-film
deposition, extensively employed both in laboratory research
and in industrial applications. It is based on a low-pressure
plasma discharge in which ions of a working gas, typically
argon, are created and accelerated toward a solid target con-
taining the source material. Sputtering from the target releases
atoms of the target into the gas phase that can condense on a
substrate to form a thin film. High-power impulse magnetron
sputtering (HiPIMS) achieves high discharge current densit-
ies, on the order of 1 Acm™2 over the target area, by pulsing
the plasma discharge at a low duty cycle [1, 2]. This process
generates peak plasma densities in the range from 10'® m=3 to
a few times 10'” m—3, creating a dense plasma region through
which sputtered atoms pass with a high probability of becom-
ing ionized [3, 4]. The resulting highly ionized flux of film-
forming species enables the deposition of dense [5], crystalline
[6], well-adhering thin films [7], and the possibility to tailor
film stress [8].

Although the role of high plasma densities in HiPIMS dis-
charges is well understood, the influence of electron temperat-
ure remains less explored. Since ionization of the sputtered
material in the ionization region (IR) near the target sur-
face is governed not only by the electron density but also by
the electron temperature, a deeper understanding of its vari-
ation and impact is essential. To address this, we analyze the
role of electron temperature using results from the IR Model
(IRM), a semi-empirical global plasma chemistry model for
HiPIMS discharges [9], from 35 different experimental dis-
charges. These discharges encompass seven different target
materials, namely carbon [10], zirconium [11], titanium [12—
15], tungsten [16], aluminum [17], chromium [ 18], and copper
[19, 20]. The discharges were operated using argon as a work-
ing gas with typical working gas pressures between 0.3 Pa and
2.7 Pa. Discharge current densities were between 0.2 A cm ™~
and 2.8 A cm~?2 normalized to the target surface area. Table 1
lists the experimental parameters for all the discharges ana-
lyzed here, along with a reference to the original experimental
work. Note that for this work all the discharge parameters were
re-calculated and analyzed using the most up to date version
of the IRM [9].

The IRM allows us to analyze trends in electron temperat-
ure 7, in these discharges across different target materials. We
start by analyzing the steady state electron temperature that is
established when electron heating and cooling rates balance
each other. This is typically reached after a few tens of us, as
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for example seen by Thomson scattering experiments (figure
5(b) in Ryan et al [21]), probe measurements (figures 7-9 in
Held et al [22]) and in results of the IRM (figure 8 in Eliasson
et al [10] or figure 8 in Suresh Babu ez al [16]).

Figure 1 shows the steady state electron temperature 7, as
a function of the self-sputter yield Yss. Even though external
process conditions, such as working gas pressure, target size,
magnetic field configuration, and HiPIMS pulse conditions
varied (see table 1), the prevailing trend is that an increas-
ing sputter yield results in a decreasing steady state elec-
tron temperature, a trend that has been pointed out earlier by
Brenning et al [23]. A similar trend has also been experiment-
ally observed by Held ef al [22] in their analysis of HiPIMS
discharges with titanium, aluminum, and chromium targets. In
their study, the electron temperature, at the end of the pulse,
stabilized at approximately 4.5 eV for Ti, 2.6 eV for Al, and
1.5 eV for Cr, following an order that correlates with increas-
ing sputter yield.

Both Brenning et al [23] and Held er al [22] attribute the
lower electron temperature for high sputter yield target mater-
ials to the higher metal density in the IR and the resulting
higher collisional losses leading to increased electron cooling.
We note, though, that the electron temperature is a result of
electron cooling and heating at the same time. We therefore
suggest taking a comprehensive look at the electron temper-
ature balance throughout the pulse for two typical discharges
modeled by the IRM: one with a low sputter yield and one
with a high sputter yield target material. Figures 2(a) and
(b) show the electron temperature evolution of a discharge
with a zirconium target (Yss = 0.60) and a chromium target
(Yss = 1.47), respectively. After an initial transient during the
early stage of the HiPIMS discharge pulse, the electron tem-
peratures level out. In figures 2(c) and (d), the individual con-
tributions to heating and cooling of the electron population
are shown. The heating of the electron population in the IRM
is modeled as a combination of Ohmic heating [24] and the
heating by originally hot secondary electrons that have lost
the majority of their energy in collisions [25]. For both dis-
charges, Ohmic heating by far dominates the overall heating
of the electron population, as it is the primary electron heating
mechanism in magnetron sputtering discharges [24-27].

The cooling of the cold electron population occurs through
collisions with argon species (Ar(3p%), ArV(3p®), Arfi(3p®),
Ar(4s[3/2],), Ar(4s'[1/2]p), and ArT) and through collisions
with metal species (M(ground state) and M*). Figures 2(c) and
(d) present the contributions from both terms separately. At the
beginning of the pulse, the cooling is dominated by collisions
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Table 1. The discharges included in the study, the operating
parameters and the internal discharge parameters ionization
probability oy, the back-attraction probability 5, determined using
the IRM [9]. Reference is given to the original work.

Toulse  Dg JD,peak Vb Qi 6l,pulse

Target (us) (Pa) (Aem™2) (V) (%) (%) References
C 50 1 1 610 11 92 [10]

C 50 1 2 620 18 95 [10]

C 50 1 3 630 23 98 [10]

Ti 400 05 28 500 93 98 [14]

Ti 100 1 1 640 87 95 [41]

Ti 100 1 0.4 650 78 95 [41]

Ti 100 1 0.2 655 57 95 [41]

Ti 100 1 0.5 520 81 86 [41]

Ti 100 1 0.5 650 81 85 [41]

Ti 100 1 0.5 660 82 79 [41]

Zr 50 1 1 550 86 74 [11]

Zr 100 1 1 550 85 68 [11]

Zr 100 1 0.5 485 73 75 [11]

Zr 50 1 0.6 485 76 72 [11]

Zr 50 1 1.9 575 92 76 [11]

w 100 1 0.33 500 60 94 [16, 42]
w 100 1 0.54 600 68 94 [16, 42]
w 100 1 0.68 700 74 83 [16, 42]
w 100 1 0.73 800 77 74 [16, 42]
\% 100 1.6 1.7 900 87 78 [11,21,43]
Al 100 05 14 740 88 73 [14]

Al 100 2 1.2 650 83 78 [14]
Cr 25 03 1.0 1020 88 60 [18]
Cr 50 03 1.0 950 82 64 [18]

Cr 75 03 1.0 1000 81 o4 [18]
Cr 100 03 1.0 1000 80 65 [18]

Cr 150 03 1.0 1000 76 70 [18]
Cr 200 03 1.0 990 74 73 [18]

Cr 100 03 07 770 75 81 [18]
Cr 100 03 04 680 68 89 [18]

Cu 40 05 1 575 62 62 [44]

Cu 40 05 1 900 57 58 [19]
Cu 80 04 09 815 62 54 [19]

Cu 80 27 13 880 62 52 [19]
Cu 85 04 09 1000 68 53 [45]

with argon species for both discharges. Later in the pulse, for
the discharge with a zirconium target, electron cooling contin-
ues to be primarily governed by collisions with argon, remain-
ing the dominant mechanism until the pulse ends. On the con-
trary, for the discharge with a chromium target, collisional
cooling with argon becomes almost negligible, and the elec-
tron population is cooled to a large extent by collisions with
metal atoms. The shift from an argon-dominated to a metal-
rich discharge in the case of chromium is due to the appear-
ance of sputtered metal species in the IR after the pulse onset
(figure 2(f)).

Looking closer at figures 2(c) and (d) reveals striking sim-
ilarities, both in shape and magnitude of the overall heating
and cooling rates, throughout the entire pulse. Any variations
in the electron temperature are due to only small differences
in these rates. In fact, the strong correlation between heating
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Figure 1. The electron temperature 7, in steady state as a function
of the self-sputter yield Yss. The data points are taken from modeled
HiPIMS discharges using a graphite [10], a zirconium [11], a
titanium [12, 13], a tungsten [16], an aluminum [17], a chromium
[18], and a copper [19] target. The experimental operating
parameters for the modeled discharges are listed in table 1.

and cooling rates suggests the presence of a self-regulating
mechanism that maintains the electron temperature at a given
value. We attribute the underlying cause of this self-regulation
to the monotonically increasing electron impact excitation and
ionization rate coefficients, as illustrated in figure 3 for metal
and argon ionization in the relevant low electron temperat-
ure range. In the case that T, increases, the rate coefficients
increase as well, which enhances collisional cooling and limits
a further increase of 7,. Conversely, a reduction in 7, lowers
the rate coefficients and thereby reduces collisional cooling.
This negative feedback mechanism results in heating and cool-
ing rates tending to balance each other, which eventually res-
ults in the convergence of the electron temperature to a steady
state value.

While the steady increase of the electron impact rate coeffi-
cient explains the convergence of electron temperature during
the pulse, it does not explain the absolute difference in steady
state electron temperatures between the discharges with a Zr
and a Cr target. The absolute difference in steady state elec-
tron temperatures arises because electron heating is balanced
by collisional cooling at different electron temperatures.

For example, let us look at the collisional cooling of the
two discharges at the end of the discharge pulse. We note that
the collisional cooling rate is the product of the rate coeffi-
cients for electron impact excitation and ionization with the
atomic and electron densities. (In the following example, we
neglect the contribution from electron impact excitation.) The
IR of the discharge with the Zr target is dominated by argon
atoms, or 7y or = 5.4 x 10" m~% compared to 7,7 = 3.2 x
108 m=3. Its electron density is 71, = 3.8 x 10'8 m~3. In the
case of the discharge with a Cr target, the argon and metal
atom densities in the IR are of the same order of magnitude, or
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Figure 2. Detailed examples of the electron temperature evolution for discharges with (a) a zirconium target (Yss = 0.60) and (b) a
chromium target (Yss = 1.47). The rate of change of the electron temperature due to contributions by electron heating mechanisms and
collisional cooling mechanisms are shown in panel (c) for the the discharge with azirconium target and in panel (d) for the discharge with a
chromium target, respectively. Panels (e) and (f) show the corresponding experimental and modeled discharge currents as well as the

evolution of the gas and metal neutrals densities. Discharge conditions:

Zr target (diameter d =2 inch), pulse length #uc = 100 ps,

discharge voltage Vp = —550 V, working gas pressure pgas = 1 Pa [11], Cr target (diameter d = 6 inch), pulse length #puse = 100 ps,
discharge voltage Vp = —1000 V, working gas pressure pg.s = 0.3 Pa [18].

g ar = 1.1 X 10 m~3 and n, ¢ = 1.0 x 10" m~3. The elec-
tron density in that discharge is 7, . = 6.6 x 10'® m~3. Setting
aside the electron densities that differ only by a factor of 2, the
product of the high Cr density with the high ionization rate
coefficient for Cr (figure 3), results in a high collisional cool-
ing being established at a considerable lower electron temper-
ature compared to the discharge with a Zr target. For the latter,
argon is the dominating species in the IR. Its much lower ion-
ization rate coefficient (figure 3) results in the electron cool-
ing balancing the heating only at high electron temperature.
The primary cause for the difference in electron temperature
between discharges with different target materials is thus the
difference in the temperature-dependent electron cooling rate,
that is determined by the atomic composition of the IR (metal
vs. argon species), which is ultimately dependent on the sput-
ter yield of the target material.
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Variations in 7, at the beginning and in the middle of the
pulse seen in figures 2(a) and (b) can be explained using the
same argument. Each pulse features a highly dynamic atomic
composition within the IR [26, 28, 29]. At the pulse onset,
the IR is free of metal atoms and filled by argon species only,
which is reflected by an initial peak in the electron temperat-
ure, as observed for both the discharge with a zirconium target
(=~ 5 ps) and the discharge with a chromium target (=13 us) in
figure 2. Argon ion bombardment of the target results in sput-
tering and raises the metal species density in the IR. This is
reflected by a reduction in electron temperature after the ini-
tial peak. For the discharge with a zirconium target, the dens-
ity of the metal species reduces after the current maximum
(figure 2(e)), which is reflected by the re-establishment of the
initial high electron temperature. In the discharge with a chro-
mium target, the metal density continuously increases, which
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Figure 3. Rate coefficients for electron impact ionization of metal
and argon atoms in the low electron temperature range. The rate
coefficients are calculated assuming a Maxwellian electron energy
distribution function. The cross sections used for the calculations
are discussed in each model study for a graphite [10], a zirconium
[11], a titanium [12, 13], a tungsten [16], an aluminum [17], a
chromium [18], and a copper [19] target.

lowers the electron temperature until steady state is reached.
In conclusion, the variation in the atomic composition of the
IR is reflected in the changes of T, during the pulse. Only later
in the pulse, when atomic densities reach steady state, 7. also
stabilizes.

Note, that the atomic composition in the IR is not solely
determined by the sputter yield of the target material, but
by a more complex recycling loop [23, 30] in which atoms
in the IR are ionized and back-attracted to the target. Argon
ions either backscatter from the target [31, 32] or implant into
the target, and subsequently diffuse back (as neutrals) into
the IR [23, 30]. Upon re-entering the IR, they can be ion-
ized and back-attracted again to the target, which effectively
traps them in a gas recycling loop. In addition, a metal recyc-
ling loop exists that starts with sputtering fresh metal atoms
into the IR, where they can be ionized and back-attracted
to the target. The ion bombardment of the target then main-
tains the metal recycling loop. It is only because of these two
material recycling loops, that the high discharge currents in
HiPIMS discharges are possible [23]. One could ask why the
discharge currents in discharges with strong metal recycling
(Yss > 1) are not strongly amplified from these loops. Oks
and Anders [29] have pointed out the importance of electron
cooling by metal atoms for stabilizing current fluctuations. We
can here add that the systematically lower electron temper-
atures observed in discharges with high sputter yield mater-
ials prevent an uncontrolled amplification of the discharge
current.

The observed correlation between electron temperature and
target self-sputter yield impacts the deposition rate. Strong
ionization of sputtered metal atoms results in a significant frac-
tion of those ions being back-attracted to the target instead

of reaching the substrate [33]. However, as 7. decreases, the
mean free path for electron impact ionization increases [14,
34]. The ionization mean free path for the sputtered atoms
is given by Amfp = Vsputter/ (Mekiz), Where vepuuer is the velo-
city of the sputtered atom, i, (7%) is the electron temperature-
dependent ionization rate coefficient (figure 3), and 7, is the
electron density. In the discharge with a zirconium target
shown in figure 2, the electron temperature at the end of the
pulse is 7.7 eV. The rate coefficient for zirconium ionization
at this electron temperature is 0.86 x 10713 m*s~! (figure 3).
For the discharge with a chromium target in figure 2, the
electron temperature is 3.9 eV, corresponding to a chromium
ionization rate coefficient of 0.27 x 1073 m?s~!. Typically,
sputter velocities correspond to ~1/2 the cohesive energy of
the target material [35] and are similar for most metals. Thus,
for a given electron density, the factor ~3 in the two rate coef-
ficients corresponds to a factor three longer ionization mean
free path in the discharge with a chromium target compared to
the discharge with a zirconium target.

The shift in the location of ionization of sputtered species
has indeed been experimentally observed by Held et al [22]
using spectroscopic imaging. They found that most metal
atoms were ionized within 0.5 mm of the target in a HiPIMS
discharge with a titanium target, whereas for aluminum and
chromium targets, this distance was significantly greater. They
attributed the trend to the variation in 7, which decreased from
4.5 eV for titanium to 1.5 eV for chromium. They hypothes-
ized that this shift may impact the deposition rate, as the elec-
tric field responsible for ion back-attraction weakens with dis-
tance from the target [36, 37]. lons created further away from
the target have thus to overcome a smaller potential hill which
facilitates metal ion escape toward the substrate.

Using the IRM, we can show that this is indeed the case.
The target ion back-attraction in the IRM is formally described
as the probability /3, that an ion created in the IR is back-
attracted toward the target [12, 38, 39]. The probability that
an ion is back-attracted during the pulse is described as S puse
[13]. Figure 4 shows S pu for the discharges studied here
as a function of sputter yield. The overall trend is clear and
shows a significant decrease in S pyse With increasing sput-
ter yield. Due to the broad spread of values for one cathode
material, the trend may not always strictly hold for a point-
to-point comparison, though, which can be attributed to the
influence of other process parameters on 8 puse [15]. Values
for f3 purse start at around 0.95 for low sputter yield carbon dis-
charges and drop to approximately 0.55 for high sputter yield
copper discharges. To put these numbers into perspective, keep
in mind, that while 5 pus. describes the ion back-attraction
probability, (1 — S puse) describes the ion escape probability.
A decrease of S puse from 0.95 to 0.55 results in an increase
of (1 — By puise) from 0.05 to 0.45, i.e. by a factor of 9. Hence,
as the metal ion back-attraction during the pulse is severely
reduced, so is the loss in deposition rate for high sputter yield
target materials. This applies in particular to chromium and
copper, two materials of significant current interest [18, 34].
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Figure 4. The target ion back-attraction probability as a function of
self-sputter yield. The data points are taken from modeled HiPIMS
discharges using a graphite [10], a zirconium [11], a titanium [12,
13], a tungsten [16], an aluminum [17], a chromium [18], and a
copper [19] target. The experimental operating parameters for the
modeled discharges are listed in table 1.

Brenning ef al [15] have argued that already small differ-
ences in [, are of practical importance for the optimization of
HiPIMS processes. This is not only because percentagewise
the increase in ion escape (1 — /3,) is disproportionally higher
than the decrease in (. In addition, they show that a low [,
can be used as a single figure of merit for HIPIMS discharges,
in a way, that a discharge with a lower 3, can always be tuned
to provide a better combination of deposition rate and ionized
flux fraction. In this regard, one should ask the question of
how the trend shown in figure 4 can be exploited for the prac-
tical application of HiPIMS processes in thin film deposition.
An obvious idea would be to replace the target material for
one with a higher sputter yield. The applications in which one
can freely choose the material to be deposited are likely lim-
ited, though. Another idea would be to increase the target ion
bombardment energy to increase the sputter yield. Brenning
et al [15, 40] empirically found a lower f; for higher discharge
currents, an effect which could be explained by the trend in
figure 4. A third possibility would be to alloy the target mater-
ial in order to increase its effective sputter yield, if the applic-
ation in view is tolerant to foreign atoms in the thin film.

To conclude, we have classified HiPIMS discharges accord-
ing to the self-sputter yield Yss of their target material.
Discharges with high Ygg target materials, such as chromium
or copper, have a low electron temperature 7. They are rich
in easily ionized metal atoms. Collisional cooling is there-
fore already effective at low 7. in balancing electron heat-
ing. This low T results in a long mean free path for ioniza-
tion of metal atoms sputtered off the target. Consequently, the
sputtered species are ionized farther away from the cathode
where the electric potential is flatter compared to the target
vicinity. Metal ion escape toward the substrate is therefore
more easily achieved, which reduces the loss in deposition
rate. Contrary, discharges with low Ysg target materials, such
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as carbon or titanium, are argon-dominated. Collisional cool-
ing is here only effective at high 7. due to the high ionization
potential of argon. In this class of discharges, sputtered metals
ionize close to the target vicinity where they are subjected to
strong back-attracting fields, increasing the loss in deposition
rate.
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Abstract

High power impulse magnetron sputtering discharges with a chromium target are studied exper-
imentally. For a given pulse length the deposition rate decreases and the ionized flux fraction
increases with increased discharge current density ranging between 0.4 — 1.0 A cm 2. Furthermore,
the deposition rate is highest for a pulse length of 50 s and decreases when shortening the pulses
down to 25 us or increasing the pulse length up to 200 us. The measured chromium ionized flux
fraction ranges between 10% — 50%. The ionized flux fraction is highest for the highest peak dis-
charge current density, and the shortest pulse length studied. In order to understand the experi-
mental findings the discharges were analyzed by applying the ionization region model (IRM). The
IRM is a semi-empirical, time-dependent, volume-averaged, plasma chemistry model that cov-

ers the ionization region (IR) of the magnetron sputtering discharge and uses the measured cath-
ode voltage and current waveforms as input data. The IRM results indicate that the singly charged
chromium ion is the dominant ion in the IR and the discharges operate in metal recycling mode.
The ionization probability of the sputtered species increases with increased peak discharge cur-
rent density. It also increases at first with decreased pulse length, reaches a peak and then decreases
with further decrease in the pulse length. The back-attraction probability of the sputtered species
decreases with decreasing pulse length, and with increasing peak discharge current density.

1. Introduction

Chromium Cr([Ar]3d’4s') is a transition metal of Group VI, which in thin film form is known for its
high corrosion resistance and high hardness. Chromium coatings are popular as decorative surfaces, due
to their mirrorlike surface finishing, and they provide good wear resistance and corrosion-protection. For
these applications chromium coatings are commonly deposited using electroplating [1], however, due to
environmental concerns, there have been attempts to develop physical vapor deposition (PVD) processes.
Among the most promising PVD processes for chromium deposition is magnetron sputter deposition |2,
3]. Magnetron sputtering [4—6] is a widely applied PVD technique [7] for the deposition of thin films
and coatings, where the film-forming material is sputtered from a solid target by ion bombardment.
Often these discharges are driven by direct current (dc) power supplies or radio frequency (rf) sinus-
oidal generators. In these cases, the ions that bombard the target and the substrate are ions of the noble
working gas [4]. By pulsing the discharge a higher plasma density can be achieved, and if the discharge
is driven by high power pulses, at low repetition frequency, and short duty cycle, the plasma can be

© 2026 The Author(s). Published by IOP Publishing Ltd
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dense enough to ionize a significant proportion of the sputtered species. In that case, the ions bombard-
ing the cathode target and the substrate are both ions of the working gas and ions of the target mater-
ial. This approach is called high power impulse magnetron sputtering (HiPIMS) [8, 9], a technique that
was developed to provide highly ionized flux of the sputtered species to the deposition process [10]. In
HiPIMS operation with a metal target the ionized flux fraction can be high, typically in the range 10%
— 80%, and the ionized flux fraction increases with increased discharge current density and decreased
working gas pressure, as has been demonstrated experimentally for a number of target materials [10—
14]. Chromium films and coatings have been deposited by HiPIMS [15-19] as well as deep oscillation
magnetron sputtering [20, 21] over the years, and have been demonstrated to show superior proper-
ties, increased film mass density [15, 17], improved high-temperature steam oxidation resistance [17],
control of crystallographic orientation [19], enhanced mechanical properties [21], and improved corro-
sion resistance [18], over dc magnetron sputter deposited films. The improved thin film properties are
attributed to the increased ionization of the sputtered species in the HiPIMS process. However, as also
demonstrated in the study by Samuelsson et al [15] the improved film properties come with reduced
deposition rate.

Numerious studies of HIPIMS discharges with a chromium target have been conducted, both exper-
imental characterization [22-25] and discharge modeling [26-29]. Alami et al [22] measured the tem-
poral evolution of the emission lines representing the various species in a HiPIMS discharge with a chro-
mium target, and observed a significant increase in the Cr? and Cr* emission intensity, and almost an
order-of-magnitude drop in the Ar’ emission intensity, with increasing discharge current density, con-
firming significant working gas rarefaction. Zgheib et al [26, 30] developed a time-dependent global
plasma model of the ionization region (IR) in a HiPIMS discharge with a chromium target and with
argon as the working gas. Their study indicated a higher density of the metal ions Cr™ than the ions of
the working gas Art, as well as the appearance of working gas rarefaction. This model was later coupled
with a Monte Carlo treatment to study the ion transport in the discharge [28]. Held et al [25] presented
a simplified IR model (IRM) and explored among other discharge properties, the electron energy, and
connect low average electron energy to high sputter yield and ionization of the sputtered metal atoms
farther away from the target surface. Furthermore, Gao et al [27] presented a time-dependent global
plasma chemistry model, which was more recently developed into a time-dependent hybrid plasma
model [29].

In HiPIMS operation there is an inescapable trade-off between high deposition rate and high ion-
ized flux fraction, known as the HiPIMS compromise [31]. To optimize a HiPIMS deposition process
for a given target material five operational parameters can be adjusted: working gas pressure, discharge
current density, pulse length, magnetic field strength, and magnetic unbalance [31]. It was suggested by
Butler et al [32] that it should be possible to increase the deposition rate, while maintaining a high ion-
ized flux fraction, by shortening the pulse length. This idea was based on the fact that the ions still in
the magnetic trap (the IR) at the end of the pulse are not back-attracted to the target once the discharge
voltage pulse is switched off. Consequently, for these afterglow ions that have a velocity directed away
from the target the probability of reaching the substrate is high. This idea was further tested numerically
on experimental discharges with a titanium target [12] by Rudolph et al [33], using the time-dependent
IRM [34]. The model results showed that, by shortening the pulse length, in a HiPIMS discharge with
a titanium target, the outward flux of film-forming species could be increased significantly. The model
predicted a gain in deposition rate of close to 50%, when using 40 us instead of 100 us-long pulses at
a constant average power and close-to-constant peak discharge current. The model results also sugges-
ted that this increase in deposition rate can be achieved without compromising the ionized flux frac-
tion. In a following study, these results were experimentally confirmed by Shimizu et al [35]. In this
current study, the effect of shortening the pulse length on the deposition rate and the ionized flux frac-
tion is explored through experiments, followed by using the IRM for a HiPIMS discharge with argon
as the working gas and a chromium target, to gain understanding of the experimental findings. The
model provides insights into the temporal evolution of the species densities and the discharge current
composition. It also provides information on the voltage drop across the IR, the ionization probability,
as well as the back-attraction probability of the sputtered species [34]. The paper is structured as fol-
lows: In section 2 we discuss the experimental setup and section 4 discusses the findings of the experi-
mental campaign. The basics of the IRM and the addition of the chromium reaction set are reviewed in
sections 3 and 5 discusses the results of the model studies. The findings of this work are summarized in
section 6.



10P Publishing

Plasma Sources Sci. Technol. 35 (2026) 025028 K Barynova et al

2. Experimental setup

The experiments were performed in a cylindrical stainless steel vacuum chamber (44 cm in diameter and
75cm in height) evacuated by a turbomolecular pump to a base pressure below 2 x 10~% Pa. The mag-
netron assembly was mounted on the top circular flange with the target surface facing downwards. The
magnetron assembly was a standard slightly unbalanced type (magnetic field strength and geometry has
been given elsewhere [36]). A chromium disk of 150 mm in diameter and a thickness of 6 mm moun-
ted onto the magnetron assembly was used as the sputtering target. Argon with a 99.9997% purity was
introduced through a leak valve. A working gas pressure of 0.3 Pa was used for all experiments. Unipolar
HiPIMS pulses were supplied by a HIPSTER 6 pulsing unit (Ionautics AB, Sweden). The pulsing unit
was fed by a HIPSTER 6 — DCPSU 6 kW dc power supply. The discharge current and voltage wave-
forms were monitored and recorded onto a Tektronix TDS2004C digital oscilloscope, which was con-
nected to the discharge voltage and current sensors of the HiPIMS pulsing unit. The average sputtering
power delivered to the target was kept at 1.5kW by adjusting the pulse repetition frequency between 50
— 2100 Hz. More details on the experimental setup are given by Shimizu et al [35].

Reference measurements were carried out operating a dc magnetron sputtering discharge at the same
experimental conditions, which included maintaining the power at 1.5 kW. The resulting discharge
voltage waveforms for the HiPIMS discharges are shown in figure 1 and the discharge current wave-
forms are shown in figure 2, as the pulse length was varied in the range between 25 and 200 us, for peak
discharge current density Jppex of 0.4Acm™, 0.7Acm ™2, and 1.0Acm™2. To estimate the peak dis-
charge current density we divide the measured discharge current by the entire target area (180 cm?). For
each set of measurements the peak discharge current density was maintained by adjusting the discharge
voltage.

A quartz crystal micro-balance (QCM) (SQM-160 thin film deposition monitor) with a native fre-
quency of 5MHz and a gold coated surface was applied to determine the deposition rate. The QCM
faced the target racetrack region at a distance of 10 cm (a typical substrate position). For each series of
varying pulse lengths, with a fixed peak discharge current density Jppeak, the total mass deposition rate
Miota (including both deposited neutrals and ions) was obtained by the QCM. The total mass depos-
ition rate was calibrated against the deposition rate calculated by measuring the film thickness of selected
samples deposited at a pulse length of 75 us (0.4 Acm™2) and 100 us (0.4 and 0.7 Acm™2) using a scan-
ning electron microscope (Zeiss 1540EsB).

A gridless ion meter was used to determine the ionized flux fraction (Fg.x). The device is based
on the same QCM system used for measuring the deposition rate and a detailed description is given
elsewhere [35, appendix A.2.]. The ionized fraction of the metal flux was obtained using the formula
(12]

_ Miotal — Meutral
F flux —

1

Mieutral

where Mpeural is the mass deposition rate of neutral metal atoms only (i.e. excluding positive metal
ions), by biasing the QCM, as discussed elsewhere [37]. The mass deposition rates Mot and Mpeutral
were determined by a linear fit of the non-calibrated film thickness signal from the QCM readout unit
recorded for 3 min with approximately 0.3 s steps. The error is estimated to be up to 15% for a single
measurement based on the accuracy of the mass deposition rate determination [38].

3. The IRM

The IRM is a time-dependent volume-averaged plasma chemistry model that covers the IR of the mag-
netron sputtering discharge [34, 39, 40]. The IRM is a semi-empirical model as the measured cathode
voltage and current waveforms are applied as input data. The essence of the IRM is to determine the
temporal development of all the species densities and the electron temperature. The temporal evolu-
tion of the heavy species densities and the electron temperature are defined by a set of ordinary dif-
ferential equations. The electron density is determined by applying the quasi-neutrality condition. The
model assumes two populations of electrons, the cold electrons, created in the bulk ionization processes,
and hot electrons, originating from secondary electrons emitted from the target due to ion bombard-
ment and accelerated across the cathode sheath. Each of the electron populations is assumed to have a
Maxwellian energy distribution. In an earlier study this assumption was compared to calculations using
a Boltzmann solver, for a discharge with a titanium target, yielding a good agreement [41]. The basic
formulation of the IRM, including the reaction rates for the various surface and volume processes that

3
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Figure 1. The discharge voltage waveforms when varying the pulse length between 25 and 200 ps. The discharge voltage was
adjusted to maintain a peak discharge current current density Jp peak at (a) 0.4 A cm™2, (b) 0.7Acm™2,and (c) 1.0Acm™2. The
working gas was argon at a pressure of 0.3 Pa and the target was a 150 mm diameter chromium disk. The pulse repetition fre-
quency was adjusted to maintain a constant time-averaged power of 1.5 kW.

are taken into account, has been summarized by Huo et al [34]. Note that the interaction of the dis-
charge species with surfaces, in particular the sputter yield of the cathode target, and the target sec-
ondary electron emission yield, has a significant influence on discharge properties, including discharge
composition [42], electron power absorption [42], the back-attraction probability [43], and processes
that lead to working gas rarefaction [40]. Modifications to the IRM have been made more recently
regarding the treatment of afterglow [33], updated reaction rates [41], and a modification of the term
that describes the expulsion of sputtered species that contribute to the rarefaction of the working gas
[40]. The updated IRM is applied for this current study.

In this current study, the working gas is argon, and the discharge is composed of the atoms and
ions of the argon working gas, the sputtered chromium species and their ions, and electrons. The argon
species included in the model are cold argon atoms in the ground state Ar®, metastable argon atoms
(both Ar(4s[3/2];) and Ar(4s’[1/2]y)), Art and Ar*T ions, and warm Ar" and hot Ar argon atoms
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Figure 2. The discharge current waveforms when varying the pulse length between 25 and 200 us. The discharge voltage was
adjusted to maintain a peak discharge current current density Jp peak at (a) 0.4 A cm™2, (b) 0.7Acm™2,and (c) 1.0 A cm™2. The
working gas was argon at a pressure of 0.3 Pa and the target was a 150 mm diameter chromium disk. The pulse repetition fre-
quency was adjusted to maintain a constant time-averaged power of 1.5 kW.

in the ground state. The latter two populations of argon atoms originate from argon ions that bom-
bard the target and then return to the discharge as neutrals. The hot argon population represents the
reflected argon atoms at the target [44, 45] and is assumed to have an average energy of 2eV (motiv-
ated by Raadu et al [39]). The warm population Ar" is assumed to have energy similar to the thermal
energy of the target surface, about 0.1 eV (~1000 K) [46] and is due to argon ions that penetrate the
target surface, and then slowly diffuse back as atoms. More details on the argon discharge, the reac-
tion set, and rate coefficients can be found in recent publications [47, 48]. The chromium species in
the discharge include chromium atoms in the ground state, and the ions Cr* and Cr?*. The sputtered
chromium atoms are assumed to enter the IR with a velocity corresponding to the energy of roughly
1/2 X Ecohesive = 1/2 X 4.10eV = 2.05€eV [49, p. 50], where Ecohesive is the cohesive energy of the target
material. This is the most probable energy of the Sigmund-Thompson distribution for sputtered species,
which is roughly half the cohesive energy of the solid target [50, 51].

The rate coefficients for electron impact ionization are calculated using cross sections assuming a
Maxwellian electron energy distribution. For electron impact ionization of the chromium atom we use

5
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Table 1. The reactions and rate coefficients used in the IRM involving chromium determined for both hot and cold electrons. The rate
coefficients are calculated assuming a Maxwellian electron energy distribution function and fit in the range T. = 1 — 7 eV for cold
electrons and 200 — 1000 eV for hot electrons.

Threshold Rate coefficient Electron Reference
Reaction [eV] [m®/s] group
(R1) e+ Cr — Crt +e 6.7666 8.95 x 10~ T8482 exp(—7.0786/ Te) cold [52, 53]
4.0586 x 1071 —2.6729 x 1071° x T, hot
(R2) e+ Crt — Cr*t +2e 16.4857 9.2132 x 1071052 exp(—14.3882/T.)  cold [54]
9.2457 x 107 = 5.7450 x 107" x T. hot
(R3) e+ Cr — Cr*t +3e 23.25 2.9309 x 10710 T2-2% exp(—20.8886/T.)  cold [53]
5.6848 x 1071 —3.6485 x 107 x Te hot
(R4) Ar'+Cr — Ar+Crt 6.2x 1071 [55]
(R5)  Ar(4s’[1/2]o) + Cr 2.38x1071° [55]
— Ar+Crt +e
(R6)  Ar(4s[3/2]2) + Cr 2.38x1071° [55]

— Ar+Crt +e

Table 2. The lowest few excited states of the chromium atom that are used to calculate the collisional loss per electron—ion pair created.

Configuration Term Threshold [eV]
3d°(°S)4s a’s ground state
3d°(6S)4s a’S 0.9414

3d*4s’ a’D 0.9610-1.0300
3d°(*G)4s a°G 2.5438-2.5446
3d°(*P)4s a°P 2.7079-2.7099
3d*4s’ a’P 2.8719-2.9871
3d°(°S)4p 2/P° 2.8894-2.9134
3d*4s’ a’H 2.9674-3.0004

the cross section recommended by Lennon et al [52] for electron energies below 15 eV, and for higher
electron energies the cross section measured by Nelson [53] is used. For electron impact ionization of
the Cr* ion to create the doubly ionized Cr** we use the cross section measured by Man et al [54] and
for electron impact ionization of the neutral chromium atom to create the doubly ionized Cr** we use
the cross section measured by Nelson [53]. The rate coefficient for charge transfer between Ar* and Cr
is taken from the calculation of Bogaerts et al [55], using the adjusted value. The rate coefficients for
Penning ionization are also taken from the same calculations. For the primary electrons the rate coeffi-
cients are fitted for T. between 1 and 7 eV and for the hot electrons in the range 200 — 1000 eV. All the
electron impact rate coefficients for reactions involving chromium species are listed in table 1.

Due to the significant amount of chromium in the discharge, we need to calculate and account for
the collisional energy loss for each electron-chromium ion pair created & in the electron energy balance
[56, section 3.5.2]. For this purpose, we use the same electron impact ionization cross section mentioned
above and we assume the cross section for electron elastic scattering on Cr atoms to be the same as for
tungsten atoms [57]. We include the seven lowest excited levels of the chromium atom listed in table 2
to account for electron energy loss. As the electron impact excitation cross sections for the chromium
atom are mostly unknown we assume that each excitation cross section follows the Thomson cross
section [56, p. 58] with a peak at 1/5 of the peak of the ionization cross section. If the electron impact
excitation cross sections are overestimated (underestimated), the collisional energy loss per electron—ion
pair created from Cr atoms is overestimated (underestimated) slightly, and the Cr* ion density and the
electron density are underestimated (overestimated). We will see later that the Cr ion is the dominating
ion in the discharge, so this assumption can have some influence on the overall results.

The sputter yield for Ar™ and Cr™ ions bombarding a chromium target was estimated using the TU
Wien Sputter Yield Calculator [58], which is based on the empirical equations for sputter yields at nor-
mal incidence developed by Matsunami et al [59].

For the secondary electron emission yield due to bombardment of the target by argon ions, we use
the fit given for clean metals by Phelps and Petrovi¢ [60]. For the chromium ions bombarding the chro-
mium target, the secondary electron emission yield is essentially zero. For the secondary electron emis-
sion due to the bombardment of the target by Cr?>* ions we use the fit given by Baragiola et al [61]

Yeee = 0.032 % (0.78E;, — 26) )
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where &, is the ionization energy of the ion and the work function is ¢ =4.6 eV for chromium [62].
This gives a secondary electron emission yield see2+ = 0.23, due to bombardment by doubly ionized
chromium.

The IRM relies on three free parameters that have to be adjusted to fit the calculated discharge cur-
rent to the measured discharge current: (i) the ion back-attraction probability for the metal ions 3 puise
and gas ions By pule (ii) the potential drop across the IR, Vig, and (iii) the electron recapture probabil-
ity r. In practice, Vi is determined using the ratio f = Vir/Vp, where Vp, is the discharge voltage [34].
For the cases presented here, we assume r=0.7, since it has been suggested by Buyle et al [63], based on
a Monte Carlo model calculations, that the electron recapture probability lies between 65%—75% for a
planar magnetron sputtering discharge. Note that for a metal target, that operates in self-sputter recyc-
ling mode, the value of the electron recapture probability r does not influence the model results much
as the metal ions dominate the discharge and they do not create secondary electrons. Furthermore, we
assume S puise = By pulse» Where t stands for target and g stands for working gas, as in previous studies
(34, 39, 48].

We can lock the model, and confine the two remaining free parameters (f and f3;puise), using the
experimentally measured discharge current waveform and the measured ionized flux fraction as sug-
gested by Butler et al [32]. The ionized flux fraction onto a given surface facing the sputter target is
related to the time-integrated total number of metal atoms and metal ions leaving the IR for the dif-
fusion region (DR) during the discharge pulse through

~ —1
Fau = (1 + (5&) fTFBIR(t)dt) 3)

&/ [,TPR (Hdt

where fﬁR(t) is the total flux of metal neutrals and f‘ﬁ}i (t) is the total flux of metal ions into the DR,
T is the pulse period, & is the transport parameter for ions, and &, is the transport parameter for
neutrals [64—66]. This approach is applied to all the discharges modeled in this work. The transport
parameter ratio has been determined experimentally for a HiPIMS discharge with a titanium target to
be roughly &, /& & 1.25 for a substrate located 3 cm from the target surface and &, /&, ~ 2 for a sub-
strate located 7 cm from the target surface [65]. Based on these findings we use the value of 2 for flux
measurements made 10 cm from the target surface.

Keep in mind that the IRM is a volume-averaged model, that we are applying to describe a spatially
varying plasma in the IR. In reality the plasma density decays axially with distance from the target sur-
face (see e.g. Dubois et al [67]) and rotating ionization zones (or spokes) travel azimuthally along the
racetrack [68]. Furthermore, the cross sections and rate coefficients used all have some uncertainty and
in some cases rather significant. For this reason the model results should be taken as an indication of
trends or scalings rather than absolute values.

4. Experimental results

The measured discharge voltage waveforms are shown in figure 1 for three different peak discharge cur-
rent densities (0.4, 0.7 and 1.0 Acm™2) and varying pulse lengths (25 — 200 us). For a given peak dis-
charge current density the discharge voltage is the same for all pulse lengths, except for the shortest
pulse where the discharge voltage is slightly higher, as higher discharge voltage is required to reach the
desired peak discharge current within a shorter time. The corresponding discharge current waveforms
are shown in figure 2, for three different peak discharge current densities, as the pulse lengths vary.

For the shortest pulses the discharge current waveform appears to be triangular as the current is still
rising when the voltage is shut off. For longer pulses the discharge current reaches a peak and then
decreases again. The drop in the discharge current towards the end of the pulse is most significant for
the lowest peak discharge current density (figure 2(a)) and the drop in discharge current is greater with
longer pulse. This is in agreement with what has been reported on the discharge current waveform for
discharges with a chromium target in the past [69, 70]. Lundin et al [23] reported on an initial high-
current peak followed by a stable plateau at lower current level for working gas pressure below 1 Pa,
but a gradual drop in current for higher pressure for 500 us long pulses. Note that this is different from
what was observed experimentally for a discharge with a titanium target, where the discharge current
either peaked at the end of the pulse, or peaked before but remained high until the end of the pulse
[35].
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Figure 3. (a) The deposition rate and (b) the ionized flux fraction versus the pulse length for peak discharge current density of
0.4Acm~2,0.7Acm ™2, and 1.0 A cm~2, for argon working gas pressure of 0.3 Pa. The target was 150 mm diameter chromium
disk. The pulse repetition frequency was adjusted to maintain a constant time-averaged power of 1.5 kW.

The two key flux parameters, the deposition rate and the ionized flux fraction, determine the
throughput of the deposition process, and the quality of the deposited films. Figure 3 shows the meas-
ured deposition rate and the measured ionization flux fraction versus the pulse length for three different
peak current densities Jp peak. It can be seen in figure 3(a) that for any given pulse length investigated we
observe a decrease of the deposition rate when the peak discharge current density is increased, which is
consistent with what is commonly reported in the literature [13, 35, 71, 72].

In addition, it can be seen that, when the maximum discharge current density is kept constant,
the deposition rate increases with decreasing pulse length and reaches a maximum for pulse length of
around 50 ps. However, if the pulse length is shortened even further, the deposition rate decreases. At
0.4 A cm~? the increase to the maximum in deposition rate is 15%, at 0.7 Acm~? the increase is 24.3%
and in both cases the maximum appears for 50 us long pulses, and at 1.0 Acm™? the increase is 9.5%
and the peak appears for 75 us long pulse. An increase in deposition rate with decreased pulse length at
fixed average power for a discharge with a titanium target had been reported earlier by Konstantinidis
et al [73]. These results for the deposition rate are very similar to what was observed experimentally for
discharges with a titanium target [35] and had earlier been predicted using the IRM [33]. However, for a
discharge with a titanium target the increase in deposition rate was more significant or 45% — 54% [35].
Also note that the deposition rate for a chromium target is higher than for a titanium target for a given
peak current density and pulse length, which is to be expected as the sputter yield is roughly three times
larger for chromium than for titanium.

The measured ionized flux fraction is shown in figure 3(b) as a function of pulse length for the three
different peak discharge current densities. An increase in the ionized flux fraction with increasing Jp peak
is observed. The increase in the ionized flux fraction with an increase in Jp pea is commonly observed
in HiPIMS operation, and has been demonstrated experimentally for a number of metal targets [11—

13, 35, 74]. Here, it is also seen that the ionized flux fraction increases with decreasing pulse length and
the increase is much more significant for the highest Jp peak. At 0.4 A cm~? the increase in the jonized
flux fraction is 23.7%, at 0.7 A cm~2 the increase is 50.5%, and at 1.0 Acm™2 the increase is 78.4%, as
the pulse length is varied from 200 us to 25 us. The peak in ionized flux fraction appears always for the
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shortest pulses. This is consistent with the measured ionized flux fraction for a titanium target reported
by Shimizu et al [35] but only for peak discharge current density of 1.0 Acm™2.

5. Model results

The IRM was applied to explore all the discharges studied experimentally, with varying peak discharge
current density and pulse lengths, and discussed in section 4. For these discharges the IRM results
provide the temporal evolution of the species that constitute the plasma discharge, the discharge cur-
rent composition, the electron power absorption mechanisms, the dominant recycling mechanism, and
the working gas rarefaction.

5.1. Composition of the film-forming flux to the substrate

First we explore the flux of the film forming species out of the IR. Figure 4 shows the metal flux out of
the IR into the DR FBEMH normalized by the deposition flux for the 200 s long pulse, versus the pulse
length, for two cases of peak discharge current densities, 0.4 Acm™~2 (lowest) and 1.0 Acm™? (highest).
A direct effect of shortening the pulses is a decrease in the deposition rate per pulse, which is expec-
ted since the frequency is adjusted to keep the average power constant, since less energy is put into each
pulse. However, the contributions to the deposition rate from the pulse and the afterglow, behave very
differently. The contribution from the afterglow remains roughly constant for a given peak current dens-
ity, while the contribution during the pulse increases with increasing pulse length. The relative contri-
bution of the afterglow is smaller at the higher peak discharge current density (1.0 Acm™2) than at the
lower peak discharge current density (0.4 Acm™2), as can be seen by comparing figures 4(a) and (b).
Furthermore, the ion contribution during the pulse is significantly higher at the higher peak discharge
current density (1.0 Acm™2) than at the lower peak discharge current density (0.4 Acm~2). For peak dis-
charge current density of 0.4 Acm™2 (figure 4(a)) at a pulse length of 25 us the contribution from the
afterglow is similar (49%) to the contribution during the pulse, for a pulse length of 50 us and longer,
the pulse contribution is dominating (67% for 50 us) and its contribution increases with increased pulse
length.

5.2. Current composition

In dc magnetron sputtering most of the ions that constitute the discharge are ions of the noble work-
ing gas and all the sputtering is due to ions of the working gas, the primary ions. In a HiPIMS discharge
both ions of the working gas and ions of the target material participate in the sputter process. This can
be seen in figure 5, which shows the temporal evolution of the discharge current composition at the
target surface for two different pulse lengths (25 s and 200 ps) and two different peak discharge cur-
rent densities (0.4 and 1.0 Acm™2). It can be seen that the discharge is initiated by the ionization of the
argon working gas, but the Ar™ ions only appear to be significant early in the pulse, while they have

a relatively small contribution overall, and later in the pulse Cr* ions are dominating. The contribu-
tions from Ar’* and Cr?* ions and secondary electron emission are much smaller, almost negligible.
Furthermore, the contribution of Ar™ ions, despite being small, is relatively larger for shorter pulses.
This is in agreement what was observed by Alami et al [22] which measured the temporal evolution of
the emission lines representing the various species in a HiPIMS discharge with a chromium target. They
observed a significant increase in the Cr® emission intensity, and an even more significant increase in the
Cr™ emission intensity, as the peak discharge current density was increased, indicating the significance
of Cr™ ions in the discharge, when operating with a chromium target applying 50 us long pulses with an
average current density of up to 2.8 Acm™2, and a working gas pressure of 0.8 Pa. This also agrees with
the results of the model study by Zgheib et al [26] which also showed the Cr ions to dominate over
Ar™ ions for short pulses at 0.67 Pa. However, they found that at higher pressure (4 Pa), the absolute
Ar™ ion density became higher than that of Cr* ions.

We see in figure 5 that there is a time lag between the model results and the experimental curve.
This is in particular noticeable for the shorter pulses. In fact the first few microsecods of the pulse the
arbitrary choice of the seed electron density may affect the calculated density values, so these first few
microseconds of the model results are uncertain [75].

5.3. Ionization and back-attraction probabilities
The connection between the external control parameters, such as working gas pressure, pulse power
density, the magnetic field strength, and the pulse configuration, and the two flux parameters, the
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Figure 4. The metal flux out of the ionization region towards the DR ('™ ) for an individual pulse for varying pulse lengths
normalized to the deposition rate for 200 ps-long pulses when the discharge voltage is kept constant for the peak discharge cur-
rent density of (a) 0.4 Acm~2 and (b) 1.0 Acm™2. The two top bars in dark blue and light blue show the contribution from the
pulse and two bottom bars in dark orange and light orange show the contribution from the afterglow. The right-hand axis shows
the power per pulse compared to the same 200 ps reference pulse.

deposition rate and the ionized flux fraction, is typically studied using the two internal discharge para-
meters, the probability of ionization of the target atom « and the probability of back-attraction of the
target ion B, [12, 66]. The latter is one of the fitting parameters of the model, which is here determined,
or locked, by constraining the model by the measured ionized flux fraction Fg,, using equation (3).
Knowledge of these two internal discharge parameters provides a quantitative insight into the qual-

ity of a deposition process and its efficiency. Here, we explore how these internal discharge paramet-

ers depend on the pulse length and the peak discharge current density. These parameters are shown in
figure 6, versus the pulse length for varying peak discharge current densities 0.4 Acm~2, 0.7 Acm™2, and
1.0 Acm™2. We see that the ionization probability « increases with increased peak discharge current
density, as we have demonstrated earlier for a discharge with a titanium target [76]. For a fixed peak
current density, the ionization probability increases at first as the pulse length is shortened, and then
decreases again for short pulses. The peak in ionization probability appears for roughly 100 us long pulse
for peak discharge current density of 0.4 and 0.7 Acm™2, and at 50 us for peak discharge current density
of 1.0 Acm™2. This dependence on the pulse length was discussed earlier by Brenning et al [31] which
explained this dependence for shorter pulses, with a larger fraction of the sputtered atoms being created
at the beginning of the pulse, and therefore these atoms have a smaller ionization probability due to the
initial low plasma density. This can explain the drop in the ionization probability for very short pulses
(see also discussion by Fischer et al [77]). Furthermore, the drop in ionization probability for the longer
pulses is, at least partially, due to the drop in the discharge current towards the end of the longer pulses,
seen in figure 2 and discussed in the beginning of section 4.

Figure 6(b) shows the back-attraction probability of the sputtered species versus pulse length for
peak discharge current density of 0.4, 0.7 and 1.0 Acm~2. Tt can be seen that the back-attraction
probability 5, decreases with increased peak discharge current density. Recall, that a decrease in the
back-attraction of the sputtered species has a positive influence on both the deposition rate and the ion-
ized flux fraction [31, 78]. The lower back-attraction probability with increasing peak discharge current
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Figure 5. The discharge current composition at the target surface for peak discharge current density of 1.0 Acm ™2 and pulse
length (a) 25 ps and (b) 200 ps, and for peak discharge current density of 0.4 A cm ™2 and pulse length (c) 25 ps and (d) 200 ps.
The argon working gas pressure was 0.3 Pa and the target was 150 mm diameter chromium disk. The pulse repetition frequency
was adjusted to maintain a constant time-averaged power of 1.5 kW.

density had been hinted by Brenning et al [31] when discussing the optimization of the HiPIMS dis-
charge. Furthermore, we have recently demonstrated, based on modeling discharges with a number of
varying target materials, that the back-attraction probability decreases with increasing self-sputter yield
of the target material [43]. Therefore, increased discharge current density, which is driven by increased
discharge voltage, consequently leads to higher sputter yield and lower back-attraction probability 5;. We
also see in figure 6(b) that the back-attraction probability S, increases with increasing pulse length. For
longer pulses and low peak discharge current density the drop in the discharge current towards the end
of the pulse decreases the contribution from the afterglow to the flux of the film forming species, which
can at least partially explain the increase in the back-attraction probability for longer pulses. Earlier,
we had demonstrated an increase in the ionization probability o, and a decrease in the back-attraction
probability 3, with decreasing pulse length, when modeling a HiPIMS discharge with a tungsten target
[79]. Note that in the afterglow, the target potential is close to 0V, and therefore the ion back-attracting
electric field vanishes and we assume that the sputtered ionic species have a directional velocity away
from the target. Therefore, the effective back-attraction probability, which includes both the pulse and
the afterglow, is somewhat lower than the back-attraction probability during the pulse which is shown in
figure 6(b).

We explore further the contribution of argon ions to the sputter process by plotting (with symbols)
in figure 7 the fraction of the total ion current at the target surface that is due to working gas ions

C: Jart + Jar+ (4)
Zi Ji

where i denotes the various ions that bombard the target surface, Ar™, Ar**, Cr™, and Cr**. This frac-
tion is simplified by assuming that the contribution of secondary electron emission to the current at
the target surface is small, and can be neglected. The fraction of argon ions bombarding the target sur-
face increases with decreasing pulse length and decreasing discharge current density. For the shortest
pulse length of 25 s and lowest discharge current density of 0.4 Acm™? the argon ions (Art and Ar?*
ions) exhibit roughly 41% contribution, while for pulse length of 150 us and longer the contribution
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Figure 6. (a) The ionization probability a and (b) the back-attraction probability 3 puise determined by the IRM versus the pulse
length. The working gas was argon at 0.3 Pa and the target was 150 mm diameter chromium disk. The pulse repetition frequency
was adjusted to maintain a constant time-averaged power of 1.5 kW.

is roughly 11%. At higher current density the contribution is around 30% at 25 ys and below 10% for
pulse length 75 us and longer. Again, this confirms that the discharges are dominated by Cr™ ions.

This formulation can be simplified further by assuming that a fraction { = Ju+/Jp,; of the total
ion current at the target surface is due to singly charged ions of the working gas which sputter the tar-
get with sputter yield Yy, and the remaining fraction of the discharge current (1 —() is due to singly
charged ions of the species of the target material sputtered (self-sputtering) with sputter yield Yss. This
assumption can be justified as we can see in figure 5 that the contribution of the doubly charged ions is
small. The total flux of sputtered species from the target depends on the ion composition as the sputter
yield depends on the ion type bombarding the target [12]

o= @(CKE(VD)+(1*OYSS(V’)))’ ©

All the parameters in this expression are known from the experiment and sputter yield data, and are
easily accessible, except the fraction ¢ of the ion current to the target that is carried by Art* ions, which
is determined by the IRM. For the simplified case the fraction of the ion current carried by Ar™ ions
can be estimated using [80]

Jart 1 — 3 Yss

= = 6
Jor+ +Jart 1+ o3 (Ytg - YSS) ©

where Yy, is the sputter yield for ions of the working gas, Yss is the self-sputter yield, c is the ioniza-
tion probability and 3, is the back-attraction probability. The fraction of Ar™ ions in the total ion cur-
rent towards the target determined using equation (6) is shown versus pulse length with solid lines in
figure 7, for varying discharge current density. This simplified formulation somewhat underestimates the
argon ion contribution, in particular for the shortest pulse length. This is probably due to the increased
relative contribution of the afterglow as the pulse length is shortened, as we can see in figure 4, and not

120

12



Plasma Sources Sci. Technol. 35 (2026) 025028 K Barynova et al

T T

o 10A/cm’
04F A 0.7A/cm? ]

0.4 A/em?
0.3F -

)
o

0.2 -
0.1 -

o) PP M RPN SN

0 50 100 150 200

tpnlse [HS]

Figure 7. The fraction of Art ions in the total ion current onto the target ¢ versus the pulse length for peak discharge current
density of 0.4 Acm~2,0.7Acm~2, and 1.0 A cm 2. The working gas was argon at 0.3 Pa and the target was 150 mm diameter
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Figure 8. The parameter a3, puise Yss versus the pulse length for peak discharge current density of 0.4 Acm™2,0.7Acm™?, and
1.0 A cm 2. The working gas was argon at 0.3 Pa and the target was 150 mm diameter chromium disk.

accounted for in determining the ionization probability o and the back-attraction probability 8, used in
equation (6). Equation (6) should therefore not be applied for very short pulses.

The condition for sustained self-sputtering, sputtering that relies exclusively on self-sputtering, is
given as [69, 80]

B Yss > 1 (7)

For sustained self-sputtering the noble working gas is only needed to get the process started. Since

o <1 and 5, <1 the condition Yss > 1 is necessary but not sufficient for sustained self-sputtering.
Figure 8 shows the parameter o3, Yss versus the pulse length for all the discharges studied. We see that
this parameter increases with increased pulse length for a given peak discharge current density. For a
given pulse length it increases with increased peak discharge current density. We also note that for the
longest pulses and highest peak current density (0.7 and 1.0 Acm™2) the value approaches one. In this
case, the discharge is close to operation in sustained self-sputtering mode [69]. On the other hand, at
the lowest peak current density of 0.4 Acm™? it remains well below 1 even for the longest pulses. The
discharge in this case does not reach sustained self-sputtering. We note that the significant deviation of
the parameter o (,Yss from unity correlates with a strongly decreasing discharge current after the ini-
tial discharge current peak (see figure 2). After the argon gas is consumed and evacuated from the target
vicinity, the discharge is run at a too small discharge power to produce sufficient metal atoms and metal
ions in order to sustain the high discharge current in the later phase of the discharge pulse.
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Figure 9. The fraction Vig/Vp versus the pulse length for peak discharge current density of 0.4 Acm~2,0.7 Acm™~2, and
1.0 Acm ™2, for argon working gas pressure of 0.3 Pa. The target is a 150 mm diameter chromium disk.

5.4. Electron power absorption
In an early study using the IRM two routes of electron energization were quantified: sheath energization
by secondary emitted electrons accelerated across the cathode sheath, and Ohmic J. - E heating of elec-
trons that carry the current in an extended presheath or the IR [81]. The IRM provides information on
the voltage drop across the IR, Vig. The fraction of the applied discharge voltage that is dropped across
the IR is shown versus pulse length for the three different peak discharge current densities in figure 9.
The voltage drop fraction f = Vig/Vp is in the range 5.4% — 6.7% for all the cases explored. The voltage
fraction is slightly higher for lower peak discharge current density and slightly lower for higher peak dis-
charge current density. The voltage fraction is similar to the fractional potential drop for a discharge
with a tungsten target, which was found to be in the range 6% — 8%, also decreasing with increasing
peak discharge current density [48]. For discharges with a zirconium target the fractional potential drop
was found to be higher or in the range 10% — 16% of the applied discharge voltage and be slightly lower
at 0.5 Pa than at 1 Pa [82]. For a discharge with aluminum target it was observed that about 15% — 25%
of the discharge voltage, falls across the plasma outside the cathode sheath region, and that Ohmic elec-
tron heating in the IR always dominates, with a large margin, over secondary emitted electron energiza-
tion in the cathode sheath [34, 81]. For discharges with a copper target the fractional potential drop was
found to lie in the range 14% — 17% [83], and for a graphite target this fraction was found to be 14%
[47], for a working gas pressure of p; ~ 1 Pa and Jp peax ~ 1Acm™2.

As mentioned above it is possible to quantify two mechanisms of electron power absorption: second-
ary electron acceleration across the sheath and Ohmic heating within the IR, which is due to the voltage
drop across the IR, Vig. Consequently, the total power transfer to the electrons is given by

Pe = Psp, + Pohm (8)

where P, is split up into sheath energization Pg, and Ohmic heating Popy, within the IR. This is
achieved by splitting the discharge voltage up into the potential drop over the sheath and the poten-
tial drop over the IR, Vp = Vg, + Vir. In each volume, the electrons absorb a part of the total electric
power, I.sp Vsn and I ;g Vir, respectively, that is given by the fraction of the discharge current the elec-
trons carry. The electron current in the sheath is determined using the model-calculated ion currents to
the target and the corresponding secondary electron emission yields as

1 1
Pgp = I sp Vo = (IAr+'YAr+,eff+ EIAr2+’7Ar2+,eff+ EIM2+'YM1+,eff> Vsn 9)

where Yar+ off = Yar+ mee(1 — 1) is the effective secondary electron emission yield for Ar*-ions bombard-
ing the target, and Ya.2 off = Va4 Mee(1 — 1) and Ve eff = Yy mee(1 — 1) are the effective second-
ary electron emission yields for doubly ionized argon and metal ions bombarding the target, respect-
ively, and €, represents the fraction of the electron energy that is used for ionization before being lost
from the discharge process [84]. The number of electrons that actually leave the cathode is reduced by
the recapture probability r, while a factor m (equal or greater than unity) accounts for ionization within
the sheath [84, 85]. We here assume that me. = 1. The factor 1/2 in front of the second and third terms
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Figure 10. Share of electron power absorption due to Ohmic heating of the electrons versus t,y1s. for different current densities.
The working gas was argon at pressure of 0.3 Pa and the target was 150 mm diameter chromium disk.

accounts for the fact that each M*™ and Ar’" ion carries a charge 2e. The sheath potential is given by
Vsh = Vb — Vir. In the IR the electron power absorption is due to Ohmic heating [81] given by

I
Ponm = LerVir = i~ IpVir (10)
D

where (I./Ip) ~ 1/2 is the volume average of the fraction of the discharge current in the IR that is car-
ried by electrons. At the cathode sheath edge the electron current is small, while at the boundary to the
DR the electrons carry almost the entire discharge current. The average electron current over the IR is
therefore on average I /2 (see Huo et al [81]). The share of the electron power absorption that is due to
Ohmic heating is shown versus pulse length for the different current densities in figure 10. We see that
the contribution of Ohmic heating is very high, in the range 75% — 93%, and it increases with increas-
ing pulse length and increasing peak discharge current density. Earlier, we had observed similar frac-
tion for the electron power absorption due to Ohmic heating for discharges with aluminum [34, 81] and
titanium [34] targets. In a more recent study of a discharge with a titanium target we found the share
of Ohmic heating to be lower or in the range of 70% — 60%, decreasing with decreasing magnetic field
strength [76].

5.5. Working gas rarefaction

As discussed in the introduction, Alami et al [22] observed significant working gas rarefaction when
operating a HiPIMS discharge with a chromium target, as they observed almost an order-of-magnitude
drop in the Ar® emission intensity towards the end of the pulse. The model results for chromium also
show significant working gas rarefaction. Several processes can lead to working gas rarefaction, including
momentum transfer from the sputtered species to the working gas atoms, momentum transfer from the
hot argon atoms to the working gas atoms, in both cases followed by removal from the IR (kick-out),
and ionization by secondary or primary electrons [40, 86]. The momentum transfer from high energy
species to the colder working gas atoms followed by removal from the IR is sometimes called sputter-
ing wind [87]. In figure 11 the various processes that contribute to the rarefaction of the working gas
within the IR are displayed for the three peak discharge current densities for a pulse length of 100 us. It
can be seen that kick-out of the argon atoms by the sputtered Cr atom is the main process leading to
working gas rarefaction, while the second most important process is electron impact ionization by the
bulk electrons. This agrees with what we have observed for high sputter yield target materials like copper
[40]. A detailed analysis of working gas rarefaction in HiPIMS discharges with varying targets, and how
the contributions of the various processes varies with the sputter yield of the target material, is given by
Barynova et al [40].

5.6. Species recycling

It is known that in HIPIMS operation the discharge current is large and this large discharge current is
driven by recycling of species [88]. In this work the peak discharge current density is in the range 0.4—
1.0 Acm™2. There is an upper limit on the discharge current density that corresponds to where all the
incoming argon atoms from the surrounding gas reservoir are ionized and drawn to the target. This
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Figure 11. Contribution of the various processes, kick-out by the Cr atoms, kick-out by the hot argon atoms Ar!l, electron impact
ionization by bulk electrons, and electron impact ionization by secondary electrons, to working gas rarefaction within the IR. The
argon working gas pressure is 0.3 Pa, the pulse length 100 s and the target a 150 mm diameter chromium disk.

upper limit defines the critical current density of Joi = 0.2Acm~2 at 1 Pa and Ty = 300K [88, 89].

This corresponds to Ju it = 60 mA cm ™2 for the discharges explored here, operated at 0.3 Pa. It is there-
fore clear that for all the cases discussed here, the discharges are operated well above this critical current
density limit and ion recycling has to take place to reach the high discharge current densities observed
[88]. As seen in figure 5 the singly charged chromium ions contribute most significantly to the discharge
current at the target surface, and therefore the discharge operates on self-sputter recycling.

6. Summary

We have explored the effect of shortening the pulse length in a HiPIMS discharge operated with argon
as the working gas and chromium target, both experimentally and by applying the IRM. Experimentally,
it is observed that for a given pulse length the deposition rate decreases and the ionized flux fraction
increases with increased discharge current density. The measured ionized flux fraction of the sputtered
chromium is found to be in the range 10% — 50%, highest for the highest peak discharge current dens-
ity, and the shortest pulse length studied.

The model study shows that the Cr™ ion is the dominant charged species at the target surface dur-
ing the pulse and the discharge operates mainly on self-sputter recycling. The model results also show
that the ionization probability of the sputtered species increases with increased peak current discharge
density, but increases at first with increased pulse length, reaches a peak and then decreases with fur-
ther increase in the pulse length. The back-attraction probability of the sputtered species decreases with
decreasing pulse length and with increasing peak discharge current density. The contribution of Ohmic
heating is found to be very high, in the range 75% — 93%, and its contribution increases with increas-
ing pulse length and increasing peak discharge current density. Furthermore, momentum transfer to the
argon atoms in the IR from the sputtered chromium atoms, followed by a removal from the IR (kick-
out), was determined to be the most significant contributor to working gas rarefaction, which agrees
with what has been seen earlier for high sputter yield targets, followed by electron impact ionization by
the bulk electrons.
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ABSTRACT

High power impulse magnetron sputtering (HiPIMS) discharges with a zirconium target are studied experimentally and by applying the
ionization region model (IRM). The measured ionized flux fraction lies in the range between 25% and 59% and increases with increased
peak discharge current density ranging from 0.5 to 2 A/cm? at a working gas pressure of 1 Pa. At the same time, the sputter rate-normalized
deposition rate determined by the IRM decreases in accordance with the HiPIMS compromise. For a given discharge current and voltage
waveform, using the measured ionized flux fraction to lock the model, the IRM provides the temporal variation of the various species and
the average electron energy within the ionization region, as well as internal discharge parameters such as the ionization probability and the
back-attraction probability of the sputtered species. The ionization probability is found to be in the range 73%-91%, and the back-attraction
probability is in the range 67%-77%. Significant working gas rarefaction is observed in these discharges. The degree of working gas rarefac-
tion is in the range 45%-85%, higher for low pressure and higher peak discharge current density. We find electron impact ionization to be
the main contributor to working gas rarefaction, with over 80% contribution, while kick-out by zirconium atoms and argon atoms from the
target has a smaller contribution. The dominating contribution of electron impact ionization to working gas rarefaction is very similar to
other low sputter yield materials.
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© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0003647

1. INTRODUCTION sputtered species that reach the substrate are mostly neutral atoms.
The ions bombarding the substrate are ions of the working gas.

The magnetron sputtering discharge'™ is a highly successful ; .
and widely used thin film deposition technique that belongs to the By applymg.hlgh voltage pulses ‘,)f IF)w duty cycle to the cath'ode
target, the discharge current density in the pulse can become high,

. ses 4
grouP 0fphys1§a.l v apor <flep0s1t10n methodsA. The source of the film- and therefore, a high electron density is created in the IR
forming material is a solid target out of which the atoms are released C .S . .
: . . . onsequently, a significant fraction of the sputtered atoms coming
by ion bombardment. The magnetron sputtering discharge is based

’ ; o : . off the target becomes ionized as they pass through the dense
on forming a dense plasma in the target vicinity by a static magnetic plasma of the ionization region. In this case, ions of both the

working gas and the target material bombard the target. This also
makes ions of the film-forming material available for deposition
onto the substrate. This variant of magnetron sputtering is referred
to as high power impulse magnetron sputtering (HiPIMS)." It is
one approach to create a highly ionized flux of the film-forming
material.”'* When the atoms of the film-forming material in the
deposition flux are ionized, the energy and direction of the ions

field that traps the electrons."”” This dense plasma is easily observ-
able and appears as a brightly glowing torus located adjacent to the
target surface. This brightly glowing region is referred to as the ioni-
zation region (IR). Ions accelerated from this dense plasma sputter
the film-forming material from the cathode target.

When operated as a dc magnetron sputtering (dcMS) dis-
charge, the ions of the working gas bombard the target and the

J. Vac. Sci. Technol. A 42(4) Jul/Aug 2024; doi: 10.1116/6.0003647
© Author(s) 2024
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bombarding the substrate can be controlled by biasing the
substrate.'”™"” Control of the ion bombarding energy means that
the need for external substrate heating can be significantly reduced
or even eliminated.'*™"* Furthermore, selective microstructural tex-
turing is made possible.'*™*"

Zirconium (Zr([Kr]4d?s?)) is a group-IV transition metal
element. The stable crystalline state of zirconium at room temper-
ature and ambient pressure is a hexagonal close-packed (hcp)
structure (a-Zr phase). With increased temperature, it transforms
martensitically into the body-centered cubic (bcc) structure (8-Zr
phase) at 1136 K.”' In comparison with other elemental metals,
zirconium in solid form exhibits good thermal conductivity, high
melting point, low thermal expansion, and good mechanical
strength. Furthermore, zirconium has a very low neutron scatter-
ing cross section and a high solid solubility of oxygen and hydro-
gen. Therefore, zirconium and its alloys in bulk and thin film
forms are widely used in the nuclear industry.””*’ Furthermore,
as zirconium has excellent corrosion resistance and acceptable
biocompatibility, titanium-zirconium (Ti-Zr) binary alloys have
been proposed for biomedical applications.”"*

Zirconium thin films with hexagonal close packed crystal struc-
ture (a-Zr) have been deposited by dc magnetron sputtering,”***
asymmetric  bipolar pulsed magnetron  sputtering,”””’  and
HiPIMS."”*’ Noteworthy is the work of Fankhauser et al.”’ which
deposited epitaxial Zr(0001) thin films onto Al,O3(0001) using dc
magnetron sputtering. When deposited by HiPIMS, at substrate tem-
perature in the range 300-873 K, Kuo et al.” find zirconium films to
be polycrystalline and exhibit predominantly [0 0 0 1] texture. The

discharge with a zirconium target and apply it to a few discharges
with experimentally determined discharge voltage and current
waveforms and measured ionized flux fraction. Zirconium has a
moderate atomic mass, lower than tungsten and higher than
copper, and a low sputter yield. Therefore, it is important to under-
stand a HiPIMS discharge with a zirconium target to provide a
piece of the puzzle on how working gas rarefaction, the deposition
rate, and the back-attraction probability depend on the atom mass
and the sputter yield of the target material.

The paper is structured as follows: In Sec. IT A, we discuss the
experimental setup. The basics of the ionization region model and
the addition of the zirconium reaction set are reviewed in Sec. II B.
Section III A discusses the experimental findings and Sec. III B the
results of the model studies. The findings of this work are summa-
rized in Sec. IV.

Il. EXPERIMENTAL APPARATUS AND METHOD
A. Experimental setup

The sputter target was a 2 in. zirconium disk mounted on an
unbalanced magnetron assembly. The base pressure was maintained
below 2 x 10~ Pa by a turbomolecular pump backed by a roughing
pump. The working gas pressure was set to 0.5 and 1 Pa by regulat-
ing the argon gas flow. A dc power supply together with a HiPSTER
6 pulsing unit (Ionautics, Sweden) was used to apply voltage pulses
to the cathode target. The peak discharge current was kept fixed and
an average discharge power (Pp) was maintained at 60 W by varying
the repetition frequency. The pulse was kept at a constant length of

crystallite size is found to increase with increasing substrate tempera- either 50 or 100 us. For comparison, measurements were also made ®
ture during deposition.””"’ Kuo et al.”” also explored the influence of for a dcMS discharge at the same pressures and average power and a %
the pulse width and substrate bias on the properties of zirconium discharge voltage of Vpgavs = 255 V. S
films deposited by HiPIMS and showed that the predominant The flux parameters were determined using an ion meter, 3
texture can become [1 0 1 1] by synchronizing bias on the substrate  which consisted of a magnetic schielding, a grounded casing, and a &
and longer pulse lengths. Lustosa et al.” deposited Ti-Zr alloy using quartz crystal micro-balance (QCM) sensor which could be biased "
HiPIMS, exploring how the hardness varied with pulsing frequency. to achieve charge selectivity. The ion meter could measure either
The hardness decreased and lower contact angles and better hydro- the deposition rate from ions and neutrals or from neutrals only by
philic properties were observed when the alloy was deposited at varying the voltage applied to the biased top QCM electrode. The
lower pulsing frequencies. ion meter (or gridless QCM/m-QCM) and its design and operation
Here, we develop an ionization region model (IRM) of a  principles are described in detail elsewhere.'""” For the measure-
HiPIMS discharge with argon as the working gas and a zirconium ments, the ion meter was placed at distances of 3, 4, 6, 8, and
target. The model provides insights into the discharge physics and 10 cm above the racetrack and facing the target surface.
chemistry, notably the temporal evolution of the species densities
and the discharge current composition, a voltage drop across the B. lonizati . del
IR, the ionization probability, as well as the back-attraction proba- - lonization region mode
bility of the sputtered species.”' Earlier, the IRM has been applied The IRM of a high power impulse magnetron sputtering dis-
to study discharges with graphite,”” aluminum,”” titanium,”"" charge is a volume-averaged plasma chemistry model that provides
copper,”” and tungsten’®’” targets. These studies indicate that the the temporal variation of the various species densities and the elec-
process that dominates working gas rarefaction depends strongly tron energy. It is a semi-empirical model that requires experimen-
on the sputter yield and/or self-sputter yield,” with little depen- tally determined discharge voltage and current waveforms, the
dence on the mass of the target atoms, contrary to reports by other working gas pressure, the target and its dimensions, and the
authors.””" For example, rarefaction in a discharge with a tungsten dimensions of the ionization region as input. The IRM only covers
target, having a high atomic mass and a moderate sputter yield, the target and the ionization region, which is defined as an annular
behaves very similar to a discharge using an aluminum target, cylinder of width wry = r; — o1 positioned above the racetrack,
having a low atomic mass and a similar sputter yield to tungsten.” and a length L =z, — z;, extending from z; to z, axially away
Similarly, the back-attraction probability appears to depend on the from the target.
sputter yield of the target material.”” To fully disentangle the effect The IRM, originally described by Raadu et al.”’ in 2011, has
of mass and sputter yield, we here develop a model of a HiPIMS been under constant development ever since, and its main features
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are summarized by Huo et al.”' In the IRM, the temporal develop-
ment of the species densities and electron temperature is defined
by a set of ordinary differential equations.’"*"’ The electron density
is found by applying the quasineutrality 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.”' More recent modifications concerning the treatment of
the afterglow’* and updated reaction rates'” have been made, as
well as a modification to the term that describes the kick-out by
the sputtered species and contributes to working gas rarefaction as
discussed by Barynova et al.”® This last modification is needed to
analyze the contributions from electron impact ionization and
kick-out to working gas rarefaction. The updated IRM is applied
for this current study.

There are three free parameters or fitting parameters that are
adjusted in the IRM: (i) the ion back-attraction probability for the
metal ions B ;5. and gas ions By 5 (ii) the potential drop across
the IR, Vig; and (iii) the electron recapture probability r. In prac-
tice, ViR is determined using the ratio f = Vir/Vp, where Vp is the
discharge voltage.”’ For the cases presented here, we assume
r = 0.7, since it has been suggested by Buyle et al,'* based on a
Monte Carlo model calculations, that the electron recapture proba-
bility is typically between 65% and 75% for a planar magnetron
sputtering discharge. Note that for a metal target, the value of the
electron recapture probability r does not influence the model
results significantly. Furthermore, we assume S use = Bgpuise @5 in
previous studies.’"*>"* It has been argued, based on the direct sim-
ulation Monte Carlo calculation, that this may be a rough approxi-

As discussed above, the model results include the back-
attraction probability during the pulse from a potential drop across
the IR, Vig. This potential barrier prevents some of the ions in the
IR from reaching the substrate, lowering the deposition rate. This
potential barrier is eliminated when the pulse is shut off. Therefore,
we assume f; to be zero in the afterglow and consequently the
back-attraction probability is defined as™*

during the pulse,
in the afterglow.

Bt = {g‘vl’“‘“ @

After the pulse is switched off, the metal ions are assumed to have
a velocity that is similar to that of the sputtered metal species.

1. Species considered and reactions involving
zirconium

The discharge formed is composed of the argon working gas
atoms and ions, the sputtered zirconium species and their ions, as
well as electrons. The working gas species included in the model
for the argon discharge are cold argon atoms in the ground state
Ar€, metastable argon atoms [both Ar(4s[3/2],) and Ar(4s’[1/2]o)],
Ar" and Ar** ions, and warm Ar" and hot Ar'! argon atoms. The
latter two populations of argon atoms originate from argon ions
that bombard the target and then return to the discharge as neu-
trals. The hot argon population represents reflected argon atoms at
the target.””* They are assumed to have an average energy of 2 eV
as motivated by Raadu et al."’ The warm population Ar", which is

mation and that the back-attraction probability for the ions of the assumed to have energy similar to the thermal energy of the ¥
working gas is close to unity. 7 This will not have much influence surface, with about 0.1 eV (~1000K),” is due to argon ions that %
on the overall findings reported in this current work. penetrate the target surface and then slowly diffuse back as atoms. §
We can lock the model and confine the two fitting parameters, The argon discharge, the reaction set, and rate coefficients can be 3
using the experimentally measured discharge current waveform found in recent publications.’**° &
and the measured ionized flux fraction as discussed by Butler For the zirconium discharge, we include zirconium atoms in ™
et al.." The ionized flux fraction onto a given surface facing the the ground state and the ions Zr* and Zr?*. The sputtered zirco-
discharge is related to the time-integrated total number of metal nium atoms enter the IR with a velocity corresponding to the
atoms and metal ions leaving the IR for the diffusion region (DR) energy of 1/2 X Ecohesive = 1/2 X 6.25eV = 3.125 eV, (p. 50),
during the discharge pulse through where Ehesive is the cohesive energy of the target material. We
note here that the cohesive energy of zirconium is almost as high as
~DR -1 that of graphite.”” For a HiPIMS discharge using a graphite target,
En\ Jp Ty (Ddt . . . ;i ;
Fiux = <1 + (7) T) , (1) we have partially attributed the low ionized flux fraction to the high
i/ [T (Odt cohesive energy of graphite, resulting in a low residence time of the
carbon atoms within the ionization region. Here, in the case of zir-
where fM(t) is the total flux of metal neutrals and I:Mf(t) is the conium, the velocity with which the atoms leave the target remains
total flux of metal ions into the diffusion region, T is the pulse moderate, as the mass of zirconium is high with 91m,,, where m,, is
period, and the collection of metal neutrals and ions on the given the proton mass. Therefore, the probability of ionization of zirco-
surface is described through the ratio of the transport parameters nium is expected to be higher than that of carbon. Consequently,
& /&y where & is the transport parameter for ions, and &, is the we expected a substantial density of both zirconium atoms and
transport parameter for neutrals, of the sputtered species’”" (see, ions in the discharge, in particular, late in the pulse.
in particular, Fig. 1 of Rudolph et al.’*). The transport parameter Due to this composition of the discharge, we need to calcu-
ratio has been determined experimentally for a HiPIMS discharge late and account for the collisional loss for each electron-ion pair
with a titanium target to be roughly &, /&; ~ 1.25 for a substrate created & for zirconium in the electron energy balance. For this
located 3 cm from the target surface and &, /&; ~ 2 for a substrate purpose, we use the electron impact ionization cross section cal-
located 7 cm from the target surface.”’ We use these values and culated by Deutsch et al.” with an ionization potential of 6.63 V.
assume a value of 2 for flux measurements made in the range Our calculations of the collisional energy loss also include the
7-10cm from the target surface and use a linear fit to determine seven lowest excited levels of the atom listed in Table II. As the
values for 4 and 6 cm distance. electron impact excitation cross sections for the zirconium atom
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are mostly unknown, we assume that each excitation cross section
follows the Thomson cross section’® (p. 71) with a peak at 1/5 of
the peak of the ionization cross section. If the electron impact
excitation cross sections are overestimated (underestimated), the
collisional energy loss per electron-ion pair created from Zr atoms is
overestimated (underestimated) slightly, and the Zr" ion density
and the electron density are underestimated (overestimated).
However, as we will see later that the Zr™ ion is not the dominating
ion in the discharge, so this assumption does not have much influ-
ence on the overall results. We assume the cross section for electron
elastic scattering on Zr atoms to be the same as for tungsten.”” For
electron energies above 50 eV, the total electron elastic cross section
agrees well with the elastic cross section for zirconium calculated
using the NIST Electron Elastic-Scattering Cross-Section Database
SRD 64.”° To find an electron impact ionization cross section for
Zr*t to create the doubly ionized Zr**, we use the cross section for
the first ionization of the zirconium atom from Deutsch et al.”” and
scale it down by a factor of 10 and shift the energy axis by the dif-
ference in ionization energy between Zr* and Zr’**. The reactions
and the rate coefficients for electron impact ionization of Zr and
Zr" by both primary (cold) and secondary (hot) electrons are listed
in Table III. The rate coefficients for electron impact collisions are
calculated assuming a Maxwellian EEDF. The fits are valid in the
range 1-7 eV for the cold electrons and in the range 200-1000 eV
for the hot electrons.

The sputter yield for Art and Zr* ions bombarding a zirco-
nium target was estimated using the TU Wien Sputter Yield
Calculator,” which is based on the empirical equations for sputter
yields at normal incidence developed by Matsunami et al.”’ The
calculated sputter yields were fitted using a power-law equation

Y = agl, 3)

where a and b are the fitting parameters. Here, a = 0.003538 and
b = 0.7936 for Art sputtering of zirconium and for self-sputtering of
zirconium a = 0.001896 and b = 0.9316.

For the secondary electron emission yield due to bombard-
ment of the target by argon ions, we use the fit given for clean
metals by Phelps and Petrovi¢.”" For the zirconium ions bombard-
ing the zirconium target, the secondary electron emission yield is
essentially zero. Furthermore, we neglect secondary electron emis-
sion due to the bombardment of the target by Zr** ions.

lll. RESULTS AND DISCUSSION
A. Experimental results

Figure 1 shows the measured ionized flux fraction vs the
discharge current density at a working gas pressure of 0.5 and 1 Pa.
We see that at 1 Pa the ionized flux fraction is in the range 25%-
61% and increases with increased discharge current density in the
range 0.5-2.0 A/cm?®. The ionized flux fraction was measured at
3 cm from the target surface, facing the race track, representing the
edge of the ionization region,” and 10 cm from the target surface,
representing a typical substrate distance. The ionized flux fraction
was also measured at 4, 6, and 8 cm from the target surface for
Jopeak = 1 A/cm?. All the measured ionized flux fraction values are
listed in Table I and shown in Fig. 1. We see that the ionized flux

fraction is slightly higher when measured at 3 cm from the target
than when measured at 10 cm from the target surface. This can be
understood from a larger ion sputter cone compared to the neutral
sputter cone.’*”’ The lower pressure (0.5Pa) delivers a slightly
higher ionized flux fraction as shown by the open circles in Fig. 1.
Furthermore, longer pulses (100us) also give higher ionized
flux fraction, except at the lowest peak discharge current density
(0.5 A/cm?). This contradicts the recent findings of Shimizu et al®”
that observed, while studying a HiPIMS discharge with titanium
target, that there is an increase in the ionized flux fraction for
decreasing pulse length for peak discharge current density
Jppeak = 1.1 A/cm? and that there is a small decrease in the ionized
flux fraction with decreasing pulse length for low Jp peax = 0.37 A/
cm?. In their study, the ionized flux fraction was measured to be in
the range ~20 to ~40% and increased with increased peak dis-
charge current density.

For comparison, measurements with a copper target find the
ionized flux fraction to be in the range of 31%-62% at the substrate
position (9 cm from the target) and increase with increased peak
discharge current density in a discharge operated at 1 Pa for a 50 us
long pulse and Jppea in the range 1-1.5 A/ecm?.°* For aluminum
and titanium targets, Lundin et al®’ measured the ionized flux
fraction to increase from about 20% to roughly 70% as the average
discharge current density Jp average Was varied from 0.5 to 2.0 Alem?,
for working gas pressure of 0.5 and 2.0 Pa, and 100us long pulses
4 cm from the target surface. Lower working gas pressure resulted in a
slightly higher ionized flux fraction, a trend that has also been
observed for a discharge with a copper target,” as well as titanium
and aluminum targets.”” This latter effect is also seen for the zirco-
nium target in Fig. 1.

The measured normalized deposition rate vs the peak
discharge current density is shown in Fig. 2. The measured normal-
ized deposition rate is 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 Fig. 2
that the measured normalized deposition rate decreases with
increased peak discharge current 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.””*"*>*° 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 Fig. 2 that the normalized deposition rate is slightly
lower for the lower working gas pressure (0.5Pa) (open circles).
The normalized deposition rate is also slightly higher for the longer
pulse length (100us). This again contradicts the findings of
Shimizu et al.”” 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 50 us at Jppeak = 1.1 Alcm?. In
general, for a fixed peak discharge current density, they found that
the deposition rate increases with decreasing pulse length and
reaches a maximum at around 25-50 us, a trend that had been pre-
dicted earlier using the IRM."" They also found that further short-
ening the pulse length decreases the deposition rate.”’

Overall, we observe that the ionized flux fraction increases
(Fig. 1) and the normalized deposition rate decreases (Fig. 2) as the
peak discharge current density is increased. This is a manifestation
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TABLE I. Discharge parameters, the measured ionized flux fraction Fq,,, and the measured deposition rate normalized to the deposition rate in a dcMS, operated at the same
power and pressure, Fyqp, at the axial position zocy, and the internal discharge parameters ionization probability o, the back-attraction probability 4 and the peak in the
degree of working gas rarefaction derived from the modeling of HiPIMS discharges with zirconium target for 0.5 and 1 Pa pressure.

tpuise (us) Pressure (Pa) Jp, peak (Alcm®) Vi (V) zqom (em) @ (%) By puise (%) Bi (%) Fiuux (%) Faep (%) 1= nad/nan 0 (%)

50 1 1 550 10 86 73 71 45 23 72
100 1 1 549 10 85 68 67 48 27 78
100 1 0.5 485 10 73 76 75 25 43 49
50 1 0.5 485 10 75 73 71 31 39 50
50 1 2 575 10 91 79 76 59 13 80
50 0.5 1 488 10 88 70 68 54 21 85
50 1 1 548 10 88 78 76 46 23 72
50 1 1 538 10 85 76 74 43 22 67
50 1 1 535 8 85 74 72 46 - 68
50 1 1 534 6 86 70 68 53 —* 74
50 1 1 529 4 86 75 73 54 — 69
50 1 1 529 3 85 78 75 52 21 65
100 1 1 536 3 84 73 72 53 23 71
50 1 0.5 467 3 73 80 77 34 36 45
100 1 0.5 488 3 75 75 74 38 36 52
50 1 1 488 3 86 73 71 58 23 70
50 0.5 1 488 3 88 75 72 61 16 81

“No dcMS reference measurements were made.

of the HiPIMS compromise, which states that the increased ionized
flux fraction comes at the cost of a lower deposition rate.”’

from the target surface (the discharge parameters listed in the first ®

B. Modeling results line of Table I). The parameters that define the size of the IR were £
ot = = = 8

As discussed in Sec. 11 B, the IRM is a semi-empirical model seti 3133 fouo}”ﬁ' fr“ B 6fmm,'t (r;‘zoi/[)l K I}Illm’ Z ! 1__ Y2 ;nm, aland 5

and has three unknown fitting parameters: the ion back-attraction Z = 1omm. 1he igure of mert > SHOWRLIN FIg: 5, 1s calcl- o
s . lated as the weighted sum of square residuals normalized by the
probability, the potential drop across the IR, and the electron recap- ) 35 2
weighted total sum of squares (see Gudmundsson et al.”’). The &

ture probability. The last parameter is given a fixed value as dis-
cussed above. This leaves the (B, e f = Vir/Vp) parameter space
as the one to be explored through a model fitting procedure, where
we find the best fit to the experimentally determined discharge
current waveform. The best fit is determined using a fitting map
showing the fraction of the discharge voltage that drops across the
ionization region f, vs the back-attraction probability of an ion of
the sputtered species Sy during the pulse. The fitting procedure
is shown in Fig. 3 for one particular discharge with a zirconium
target for a 50 us long pulse with peak discharge current density

TABLE II. Lowest few excited states of the zirconium atom that are used to calcu-
late the collisional loss per electron-ion pair created.

Jopeak = 1 A/cm?, and working gas pressure of 1Pa, and the
ionized flux fraction used to lock the model was measured 10 cm

regions on the fitting 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/Vp and B, ;. Where the weighted square deviation of the
discharge current is the smallest. The ionized flux fraction is shown
as black contour lines. As this yellow zone is large, an additional
constraint from an experimentally determined quantity is neces-
sary. This is done by using the measured ionized flux fraction to
lock the model as suggested by Butler et al."® [see Eq. (1)]. We use
the ionized flux fraction measured (45%) at 10 cm from the target
surface over the racetrack to lock the model. The measured dis-
charge current waveform and the measured discharge voltage wave-
form are shown by solid lines in Fig. 4. The resulting best fit
determined by the IRM for the discharge current waveform and

Configuration Term Threshold (eV) the measured ionized flux fraction is shown with a dashed line
4d%5¢2 2 °F 0-0.15 in Fig. 4. The modeled discharge current matches the experi-
4d%5s2 a3p 0.52-0.54 mental discharge current very well.

4d3(*F)5s 2 °F 0.60-0.73 The temporal evolution of the species densities calculated
4d%5s2 2D 0.63 by the IRM for the discharge fitted in Fig. 3 is shown in Fig. 5, the
442552 a'G 1.00 neutral species densities in Fig. 5(a) and the ions in Fig. 5(b). As
4d3(*F)5s a'G 1.44-1.53 to be expected, the ground state working gas argon atoms domi-
4d%(G)5s alG 1.55-1.58 nate the discharge. The cold argon ground state density [denoted

Ar®(3p®) in Fig. 5(a)] decreases steadily to a minimum and then
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TABLE IIl. Reactions and rate coefficients used in the IRM involving zirconium determined for both hot and cold electrons. The rate coefficients are calculated assuming a
Maxwellian electron energy distribution function and fit in the range T, =1 — 7 eV for cold electrons and 200-1000 eV for hot electrons.

Reaction Threshold (eV) Rate coefficient (m>/s) Electron group Reference
(R1) e+Zr—>Zrt +e 6.63 1.69 x 10712 T exp( — 7.825/T.) Cold »
3.04x107° 218 x 107 x T, Hot
(R2) e+ Zrt > Zr* e 13.13 3.06 x 10" T2 exp( — 14.39/T) Cold
3.09x 10714 —221x 107 x T, Hot
(R3) Art + Zr - Ar + Zr* 2x 107" 02
(R4) Ar(4s’[1/2]g) + Zr — Ar + Zr* + e 53x107"
(R5) Ar(4s[3/2],) + Zr > Ar + Zr* + e 53%x107"°

rises slightly to the end of the pulse. The minimum in Ar®
density appears close to the maximum in the discharge current.
We see that there is an increase in the density of both the hot
(Ar) and warm (Ar%) argon atoms, during the pulse, followed
by a decay in the afterglow. Furthermore, the warm argon atom
density approaches the cold argon density during its minimum. We
also see in Fig. 5(a) that the zirconium atom density increases
rapidly early in the pulse and then decays slowly to the end of the
pulse, when the sputtering by energetic ion bombardment comes
to an end. In the afterglow, the density of the ground state zirco-
nium atoms decreases sharply at first and then slower. As seen in
Fig. 5(a) toward the end of the pulse the working gas is rarefied,
and the zirconium atoms pass through at high speed, while after
the pulse is off there is back diffusion of argon that shortens the

have a directed velocity away from the target surface, have a similar
decay rate, while warm argon atoms that have lower velocity decay
slower in the afterglow. The temporal behavior of the densities of
the metastable argon atoms show an increase in the beginning of
the pulse a drop and a peak at the end of the pulse and then a
much slower decay in the afterglow, but the densities are much
lower. As mentioned, the temporal evolution of the neutral argon
density in Fig. 5(a) shows a significant drop toward the end of the
pulse. This is what is referred to as working gas rarefaction.
Working gas rarefaction is known to occur in magnetron sputtering
discharges”™*” and has been observed experimentally in HiPIMS
operation.”’”’* Note that the total neutral argon density within the
IR is the sum of the cold, warm, and hot argon atoms in the
ground state, and the two metastable states. Hence, working gas

mean free path of the zirconium atoms and slows them down rarefaction is not only the drop in the cold argon atom density ®
which appears as a slower decay of the zirconium atom density. shown in Fig. 5(a), it is the drop in the total neutral argon density. £
Recall that the zirconium atoms enter the IR with a velocity that is The calculated values for the degree of working gas rarefaction, $
directed away from the target surface and this dictates the decay including all the neutral argon atom populations, are listed in ;
rate in the afterglow. We note that the hot argon atoms, which also Table T for all the cases explored. 5
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FIG. 1. Measured ionized flux fraction vs the peak discharge current density. FIG. 2. Measured normalized deposition rate vs the peak discharge current
The working gas pressure was 0.5 Pa (open circles) and 1 Pa (solid dots), and density. The working gas pressure was 0.5Pa (open circles) and 1Pa (solid
the pulse length was 50 and 100 us and the ionized flux fraction was measured dots) and the pulse length was 50 and 100 us, measured 3 and 10 cm from the
3,4,6,8,and 10 cm from the target surface. target surface.
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FIG. 5. Temporal evolution of the (a) neutral particle densities and (b) the ion
17400 densities for a zirconium target, a 50 us long pulse, with peak discharge current
density Jp peak = 1 Alem?, working gas pressure of 1 Pa, and the ionized flux
0 = fraction used to lock the model was measured 10 cm from the target surface.
1720 The degree of working gas rarefaction is defined as
1. t
1o degree of working gas rarefaction =1— nL(), (4)
NAr0
% 0 0 0 a0 » o 10 s %0 100 where 7, is the total argon density at the start of the pulse and

t [ps]

FIG. 4. Measured temporal evolution of the cathode voltage (solid red line and
the right y-axis) and the discharge current (solid blue line and the left y-axis) as
well as the model fit (purple dash dot line and the left y-axis) for the discharge
current with a zirconium target, a 50 us long pulse, a peak discharge current
density Jppeak = 1 Alcm?, working gas pressure of 1 Pa, and the ionized flux
fraction used to lock the model was measured 10 cm from the target surface.

nar(t) is the temporal variation of the total argon density. The peak
in the degree of working gas rarefaction at p, =1Pa and
Jppeak = 1A/cm? for a 50us long pulse is roughly 70%, and at
Jppeak = 2 A/em?, it is roughly 80%. At 0.5Pa, the peak in the
degree of working gas rarefaction for Jppek = 1A/cm?* s
81%-85%. Lower working gas pressure and high peak discharge
current density leads to a higher degree of working gas rarefaction.
Keep in mind that the value of the degree of working gas
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rarefaction depends on the volume size of the IR, so the values
given are estimates.

In a separate study, we have applied the ionization region
model to determine the various contributions to working gas rare-
faction in HiPIMS discharges with several different cathode
targets.” This study revealed that working gas rarefaction is driven
by electron impact ionization by both primary (or cold) and hot
electrons as well as by kick-out by fast neutrals coming from the
target. The fast neutral species coming from the target can be
either the sputtered target species or hot argon atoms. Charge
exchange was found to have a negligible contribution to working
gas rarefaction for all the target materials. The role of kick-out
increases and the role of electron impact ionization decreases with
increased sputter yield of the target material. When comparing the
various contributions to working gas rarefaction for different target
materials, we observed that the sputter yield is the determining
factor regarding which process contributes the most to working gas
rarefaction in HiPIMS operation.”®

For the zirconium target, the contributions of the various pro-
cesses to working gas rarefaction in a HiPIMS discharge vs the
peak discharge current density are shown in Fig. 6. When compar-
ing the relative contributions of each of the processes to working
gas rarefaction, they are all determined by integrating the contribu-
tion of each term throughout the entire pulse and the afterglow.
We see that ionization by cold primary electrons is the dominating
process at all discharge current densities with a contribution in the
range of 63%-65%, while ionization by secondary electrons has
14%-19% contribution, the contribution of kick-out by Zr atoms

decreases from 16% to 12% and the contribution of hot argon
atoms decreases from 7% to 4%, with increasing peak discharge
current density in the range 0.5-2.0 A/cm?. In this case, the loca-
tion of the ionized flux fraction measurement used to lock the
model was 10 cm from the target surface. We see that the peak dis-
charge current density does not have much influence on the relative
contribution of the various terms. Zirconium has a rather low
sputter yield and, therefore, electron impact ionization is expected
to be the most important process.”® This confirms our expectation
that the sputter yield is the primary factor in determining the dom-
inating mechanism for argon gas rarefaction among the kick-out
mechanism and the ionization by the cold and hot electron
population.

The temporal evolution of the charged particle densities is
shown in Fig. 5(b). The Ar" ion is always the dominating ion and
the Zr™ jon has always a smaller density. The densities of the
doubly charged Zr** and Ar** ions are always more than an order
of magnitude smaller than the density of the singly charged ions.
The temporal evolution of the cold argon atoms and zirconium
atoms is also shown in Fig. 5(b) to ease comparison. For most of
the pulse duration, the density of Ar™ and Zr* ions surpasses the
density of zirconium atoms.

The temporal evolution of the discharge current composition
at the target surface is shown in Fig. 7. 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 Ar*" and Zr** ions
and secondary electron emission are smaller. The current composi-
tion is explored further in Fig. 8 where the current composition is

shown for three peak discharge current densities. We see that the ®
fractional contribution of Zr* and Zr** ions increases, and the~<i
5
7 ; . . . s
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6 | | Ionization hot J ———Art ~
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FIG. 6. Contribution of the various processes to working gas rarefaction within
the ionization region for a discharge with 2 in. zirconium target vs the peak dis- FIG. 7. Temporal evolution of the discharge current composition at the target
charge current density for argon working gas pressure of 1 Pa and pulse length surface for a zirconium target, for a 50 us long pulse, with peak discharge
of 50 us, and the ionized flux fraction used to lock the model was measured current density Jppeak = 1Alcm?, working gas pressure of 1Pa, and the
10 cm from the target surface. lonization cold and hot refers to electron impact ionized flux fraction used to lock the model was measured 10cm from the
ionization of argon atoms by the cold and hot electron populations, respectively. target surface.
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100 Another important internal discharge parameter is the back-
ol | attraction probability for the sputtered species after they have been
ionized within the IR. The back-attraction probability ; for an ion
XX 80f 4 species i relates the jon fluxes out of the IR toward the diffusion
= ol | region and the flux toward the racetrack during the pulse. The ion
.g flux out of the IR toward the diffusion region is calculated from the
g eof 1 flux toward the racetrack during the pulse,”"’”
=
£ sor .
9]
g | 1 S
- ~DR RT ~RT
g 30 ] J L (ndt = (77 1>S—J I, (ndt, (5)
bt T i DR JT
S 20t 1
10 1 ~RT
where [.T; (£)dt is the ion flux toward the racetrack which has a
0 ; -
0 0.5 1 15 2 25 surface area of Sgr and T is the pulse period, JT F?R(t)dt is the ion

JD.pcak [A/sz]

FIG. 8. Discharge current composition within the ionization region vs the peak
discharge current density for a discharge with 2 in. zirconium target for argon
working gas pressure of 1Pa and pulse length of 50 us, and the ionized flux
fraction used to lock the model was measured 10 cm from the target surface.

fractional contribution of Ar" ions decreases, with increased peak
discharge current density. At Jppeax = 0.5 A/cm?, the Ar" ion con-
tribution is roughly 74%, at 1.0 A/cm? it is about 60%, and roughly

flux toward the diffusion region, and Spg is the surface area of the
ionization region facing the diffusion region. Here, i denotes the
ion, which can be Ar*, Zr*, Ar?*, or Zr**. A significant fraction of
the ion flux onto the racetrack is made up of ionized zirconium as
can be seen in Figs. 7 and 8. These are zirconium atoms that were
sputtered off the target and ionized within the IR and then return
to the target. For the target material, we write t as a subscript.
Figure 9(b) shows the target metal ion back-attraction probability
B, vs the peak discharge current density for a HiPIMS discharge
with a zirconium target. The back-attraction probability during the
pulse is found to be in the range B; s =~ 68%-80%. The overall

45% at Jp peak = 2 A/cm?. The Zr* ion contribution is 20%, 27%, back-attraction probability S, is somewhat lower or in the range E
and 32%, and the Zr** contribution increases from 2% to 6.6%, to 67%-77%. There is clearly some uncertainty or scatter in the calcu- <i
about 15%, as the peak discharge current density is increased. The lated back-attraction probability values. This uncertainty is at least §
contribution of secondary electron current is always much smaller partially due to the uncertainty in the values of the transport z
than the current carried by each of the ions. There is an upper parameters, used in Eq. (1) to determine the flux of ions and neu- &
limit on the current density that corresponds to where all the trals, to lock the model. Recall that we used values that were deter- ™
incoming argon atoms from the surrounding gas reservoir are mined experimentally for a discharge with titanium target over a
ionized and drawn to the target. This upper limit defines the criti- limited range.”’ The back-attraction probability B, for zirconium is
cal current density of Ji ~ 0.2 A/cm? at 1 Pa and Ty =300 K7 highqr than for copper, which was found to be in the range 44%-
For all the cases discussed here, the discharge operates well above 50%, ~ but lower than for titanium target which was determined to
this limit and ion recycling has to take place to reach the high dis- be 83%-87%.”" For the sputtered tungsten, the back-attraction
charge current densities observed. As both argon and zirconium probability 3, decreases from 87% to 67% with increasing discharge
ions contribute significantly to the discharge current at the target voltage or increasing discharge current density.”
surface, the discharge operates on a combination of working gas Figure 10 shows the fractional potential drop over the IR
recycling and self-sputter recycling.”” f = Vir/Vp vs the peak discharge current density. The fractional
The IRM calculations provide, in addition to the temporal var- potential drop is in the range 10%-16% of the applied discharge
iation of the species densities, various other information and dis- voltage. The fractional potential drop is slightly lower at 0.5 Pa than
charge parameters. This includes the internal discharge parameters at 1Pa and appears to decrease slightly as the peak current
such as the ionization probability ¢, the back-attraction probability density is increased. The fractional potential drop reported here
B> and the voltage drop across the IR. Earlier, we applied the IRM for a discharge with zirconium target is higher than what was
to study a HiPIMS discharge with 75 mm diameter tungsten target determined for a discharge with tungsten target which was in the
as the discharge voltage was varied.”® There, the peak discharge range 6%-8%, decreasing with increasing peak discharge current
current density Jppea increases in the range 0.33-0.73 A/cm?, with density.”® For a copper target, the fractional potential drop was
increased discharge voltage in the range 500-800 V. For the sput- found to lie in the range 14%-17%," and for a graphite target it
tered tungsten atoms, the ionization probability was found to was found to be 14%,” for a working gas pressure of p; ~ 1 Pa
increase with increased peak discharge current density and be in and Jp peak ~ 1 A/cm?.
the range 54%-75%. For a titanium target, the ionization probabil- Figure 2 shows how the measured normalized deposition rate
ity was found to increase from 45% to 84% as the peak discharge decreases as the peak discharge current is increased. Earlier we
current density was varied from 0.15 to 1 A/cm?.' " have defined the sputter-rate-normalized deposition rate, which is
J. Vac. Sci. Technol. A 42(4) Jul/Aug 2024; doi: 10.1116/6.0003647 42, 043007-9

© Author(s) 2024

137



OO o e e o e e e e

[ (a) 1

] ° 3
ey 80F 50 ps-3cm
= r 50 us -4 cm
S) 70F 50 us -6 cm
[ 50 us-8cm ]

[ 50 ps - 10 cm ]

60:_ - ‘100us-3cm_:

F -@ 100 ps - 10 cm A
50'....|....|....|....|....'
0 0.5 1 1.5 2 2.5

Jp.peak [A/cm?]

100 ————————————————————

] (b) ]

9 .
— 80F .
SR ]
= 70F ]
60 F .
50:|..-I....I....I....I---.:

0 0.5 1 1.5 2 25

JD,p(‘,ak [A/sz}

FIG. 9. (a) lonization probability ¢ and (b) the back-attraction probability 5 vs
the peak discharge current density determined by the IRM for a discharge with
a 2 in. zirconium target for argon working gas pressure of 0.5 Pa (open circles)
and 1Pa (solid dots) and pulse length of 50 and 100 s and the ionized flux
fraction measured 3, 4, 6, 8, and 10 cm from the target surface was used to
lock the model.

given by’

Fo = (1 — ) + (E—“)w ~ B, (©)

where & is the transport parameter for ions and &,,, is the transport
parameter for neutrals of the sputtered species.’””’ Equation (6)
can be approximated to become

FDR

Fpu =1 — a3, = e (7)
0

30 P —————

[ 50 us-3cm 3

25F ® 50ps-4cm 4
® 50 pus-6cm
—20F ® 50 pus-8cm
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~ o p
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=~ 10F [ J -
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FIG. 10. Fractional potential drop over the IR f = Vir/Vp vs the peak dis-
charge current density. The working gas pressure was 0.5 Pa (open circles) and
1Pa (solid dots), the pulse length was 50 and 100 us, and the ionized flux frac-
tion measured 3, 4, 6, 8, and 10 cm from the target surface was used to lock
the model.

for the special case when &; = &,,.”%”” This is the ratio of the flux
of sputtered species (ions and neutrals) out of the IR toward the
DR TP and the total flux of atoms sputtered from the target T’y
(atoms/s). Keep in mind that Eq. (7) does therefore not take into
account ion focusing (or spreading) en route toward the sub-
strate.”>'"" This equation states that the sputter-rate-normalized
deposition rate is reduced as the ionization of the sputtered mate-
rial increases.”’

The relative ion-to-neutral transport factors &; /&, in Eq. (6)
describe 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 roughly
&i/&m =~ 0.8 for a substrate located 3 cm from the target surface
and &;/&, ~ 0.5 for a substrate located 7cm from the target
surface.”’ A value of &;/&, < 1 indicates a larger spread of metal
ions compared to metal neutrals, which is explained by larger scat-
tering cross sections of ions compared to neutrals and by ions
being subjected to electric fields.”* The sputter rate-normalized
deposition rate calculated using Eq. (6), using the measured relative
ion-to-neutral transport factors for titanium,”’ shows roughly the
same behavior as the experimentally determined normalized depo-
sition rate but there is a slight difference in the value. This can be
seen in Fig. 11 where the sputter rate-normalized deposition rate
Fipyt vs the measured normalized deposition rate Fgep, is shown. We
see that when the normalized deposition rate and the ionized flux
fraction are 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 flux parameters mea-
sured at 3 cm are used to lock the model Fipy is slightly higher
than the measured Fgep. When the flux parameters measured at
10 cm are used to lock the model, we find the average value of the
ratio Fyep/Foput to be 0.93 with a standard deviation of 0.17, while
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FIG. 11. Sputter-rate-normalized deposition rate Fpy: calculated using Eq. (6)
vs the measured normalized deposition rate Fue, for a discharge with a 2 in.
zirconium target for argon working gas pressure of 0.5Pa (open circles) and
1Pa (solid dots) and pulse lengths of 50 and 100 us. The dashed line has a
slope of 1.

the measured values at 3 cm are used to lock the model we find it
to be 0.71 with a standard deviation of 0.15.

The sputter rate-normalized deposition rate Fgpye and
the experimentally determined normalized deposition rate Fgep
are related through the relative differences in the sputter rate
Copucnipivs/Tsputdems and the neutral transport parameter ratio
between HiPIMS and the corresponding (same pressure and
average power) dcMS discharge &, mipivs/Eindoms Needs to be
taken into account as well or

FoputHipIMs SnmipiMs F

Fdep = 'sput> (8)

1—‘sput, dcMS 5tn,ch5

3 4,77
where’ "

Z,‘ $:Yi(zi Vp mirims)
Yar-—z:(Vb dems)

Copugmipivs — Vbdems

&)

Coput, dems Vb HipIMs

and Vpuipivs and Vpgeus are the discharge voltages for the corre-
sponding HiPIMS and dcMS discharges, respectively. The sum is
taken over all the ions Ar", Zr", Zr**, and Ar**, which have sputter
yields Y;, and {; is the fraction of the ion current at the target
surface that is carried by a particular ion i and z; is the charge state
of that ion. The parameter Y, ¢;Yi(zi Vp mipivs)/ Yar -2 (VD dems)
in Eq. (9) is fairly constant and does not vary much with the varying
ion fractions and pulse voltage. The average value is 1.67 with a stan-
dard deviation of 0.07. Due to a higher voltage, the average sputter
during the pulse higher in HiPIMS than in dcMS. As mentioned,
Eq. (8) relates the measured normalized deposition rate Fy, and the
sputter rate-normalized deposition rate Fypy. This information can
be used to estimate the unknown neutral transport parameter ratio.”*
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FIG. 12. Ratio of the neutral transport parameters in a HiPIMS discharge to
deMS discharge &, vipivs /Sindems VS the peak discharge current density deter-
mined by the IRM for a discharge with a 2 in. zirconium target for argon
working gas pressure of 0.5Pa (open circles) and 1 Pa (solid dots) and pulse
lengths of 50 and 100 us.

The ratios of the neutral transport parameters in a HiPIMS discharge
to dcMS discharge &, yipnvs /Eindams> estimated from the measured
Foput, and the calculated Fgpy, are shown vs the peak discharge
current density, for argon working gas pressure of 0.5 and 1 Pa and
pulse lengths of 50 and 100us, in Fig. 12. It can be seen that the
ratio &, yipivs/Emdovs decreases slightly with increased peak dis-
charge current density for a given pulse length and distance from the
target surface. We see that the ratio &, rpivs/Eindavs 1S slightly
higher if the flux parameters measured at 10 cm from the target
surface are used to lock the model, compared to when they are mea-
sured 3cm from the target surface. The ratios are smaller if we
assume &; = &, and use Eq. (7) to calculate the sputter-rate normal-
ized deposition rate Fgpy: (not shown). Earlier we estimated the ratio
Enmipivs/Sindams to be roughly 1.9 for discharges with titanium
target and justified this value by a simple estimate involving the dif-
ference in argon gas temperature in HiPIMS and dcMS operation
that influences the mean free path of the sputtered Ti neutrals.”*
Note also that working gas rarefaction due to ionization losses in the
HiPIMS process will add to this factor.

IV. SUMMARY

We have explored experimentally the effect of the peak dis-
charge current density on the ionized flux fraction and normalized
deposition rate in a HiPIMS discharge with a zirconium target. The
ionized flux fraction increases and the normalized deposition rate
decreases as the peak discharge current density increases, in accor-
dance with the HiPIMS compromise. The measured discharge
current and voltage waveforms were fed into the IRM to determine
the temporal evolution of the plasma parameters and the internal
discharge properties, the ionization and back-attraction probabili-
ties. At a working gas pressure of 1 Pa, the jonization probability
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was found to be in the range 73%-91% and the overall back-
attraction probability to be in the range 67%-77% for a peak dis-
charge current density in the range 0.5-2.0 A/cm?. We explored the
processes contributing to working gas rarefaction and found elec-
tron impact jonization to be the main contributor to working gas
rarefaction, with over 80% contribution, while kick-out by zirco-
nium atoms and argon atoms has a smaller contribution.
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