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Abstract

The presented habilitation thesis called Diagnostics of High Power Im-
pulse Magnetron Sputtering Discharge summarizes and comments on
the results obtained during my work at the Department of Physical
Electronics at the Faculty of Science of the Masaryk University to-
gether with the results attained in collaboration with colleagues from
Academy of Sciences of the Czech Republic in Prague, University of
Liverpool, Paris-Saclay University, National Institute for Optoelectron-
ics in Bucharest and University of Mons. Eight papers showing a view
on recent observation of the self-organization phenomenon in High
Power Impulse Magnetron Sputtering discharge and spatial and tem-
poral particle density evolution in the sputtering system were chosen
to be presented in this work.
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Introduction

The presented habilitation thesis called Diagnostics of High Power Im-
pulse Magnetron Sputtering Dischargaimmarizes and comments on
the results obtained during my work at the Department of Physical
Electronics at the Faculty of Science of Masaryk University. A sig-
ni cant part of the results was also attained in co-operation with
colleagues from the Czech Republic and abroad, namely from Bel-
gium, France, Romania, and United Kingdom. These works focus on
non-intrusive spectroscopic discharge characterization techniques. In-
situ non-intrusive discharge diagnostics is more favorable for precise
and explicit discharge characterization as the plasma remains unper-
turbed in this case. | have participated in all the work presented in
these studies, focusing on designing the experiments, methodology,
investigation, and sputtered process description.

The presented work is divided into two chapters. The rst chap-
ter deals with plasma self-organization in High Power Impulse Mag-
netron Sputtering discharge. In 2012, three independent groups, all us-
ing fast imaging techniques, have simultaneously reported on plasma
self-organization in this type of discharge. They observed that plasma
is not homogeneously distributed over the target under certain ex-
perimental conditions, but it is localized into zones with enhanced
ionization. Additionally, they discovered that these ionization zones
rotate inthe E B direction above the racetrack area of the cathode
(the racetrack being the area on the target with the highest erosion
induced by the sputtering) with velocities of several km/s. Similar
to moving regions of enhanced ionization observed in Hall thrusters
called spokesthe ionization zones are now also called spokes in the
magnetron sputtering community.

The second chapter is dedicated to determining the absolute num-
ber density of sputtered species in the discharge, one of the most
crucial plasma diagnostics tasks. Such knowledge is necessary, espe-
cially the time- and space-resolved dynamics of the sputtered species
in the ground state, to understand the plasma kinetics and chem-
istry. The absolute particle density could be used as input data to
model the discharge processes. Moreover, the particle uxes in the
discharge, which are essential for the thin Im growth process, can



Introduction

be estimated by knowing the sputtered species density and velocity.
The number densities of sputtered species are determined using the
e ective branching fractions method, laser-induced uorescence, and
atomic absorption spectroscopy.

Both chapters include commentaries of published papers. | com-
mented on the most important results obtained and the facts that are
not usually widely discussed in published articles, like the motivation
and issues. Note that the papers are not attached to this work because
they are not published in an open-access regime.
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1 Spokes in High Power Impulse Magnetron Sput-
tering

1.1 Introduction

High power impulse magnetron sputtering (HiPIMS) is a physical
vapor deposition technique utilizing a short high energy pulse (sev-
eral 10s of us) followed by a long o -time to deliver the power into
the discharge [1, 2]. It leads to dense plasma formation with a high
fraction of ionized species and consequently high ion ux towards the
substrate. In HIPIMS discharge, it was observed that in some cases,
the plasma is not homogeneously distributed above the target, but
it is concentrated in regions of enhanced ionization, called spokes
[3, 4, 5], see Figure 1.1. The spokes were observed only for a certain
combinations of experimental parameters such as discharge current,
operating pressure, target material, and working gas. The high-speed
camera made it possible to determine the spoke velocity of around
10km.s 1, the number of spokes, the transition between spoke modes,
and the di erent characteristic spoke shapes [6]. The same spoke ve-
locity and spoke rotation frequencies of several hundred kHz were
obtained using electrical probes and optical monitoring [5, 7].

The rst chapter of this habilitation thesis focuses on studying the
spoke phenomena in High Power Impulse Magnetron Sputtering. In
the rst paper AP1, we described the investigation of the oscillations
on the cathode voltage and the discharge current, which emerged
suddenly and simultaneously during a HiPIMS pulse. Simultaneous
measurement of both oscillations and spokes was conducted to nd
mutual correlations. Paper AP2 determined the spoke shape, number,
and velocity for a broad range of experimental conditions in three
magnetic eld con gurations employing a high-speed camera. Addi-
tionally, the spokes were investigated by optical emission spectroscopy.
Paper AP3 was focused on simultaneous measurements by a high-
speed camera and strip probes embedded in the target. Such a dual
diagnostics system provides for gaining information on spokes tempo-
ral and spatial behavior in HIPIMS plasmas. A correlation between the
optical emission image of an individual spoke and the current deliv-
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1. Spokes in High Power Impulse Magnetron Sputtering

ered to the target by the spoke has been made for a range of magnetron
operating conditions. Additionally, merging and splitting of spokes

as they rotate has been studied. Paper AP4 investigates quasi-stable
spoke con gurations evolution during the HiPIMS pulse by simultane-
ously using six embedded strip probes evenly distributed in the target
and by simultaneous observation by a fast camera. This experimental
arrangement tracks the changes in the spoke con guration.

Figure 1.1: Image of the spoke: (left) original grey-scale image from
high-speed camera, (right) image converted to (false) color.

1.2 The link between the oscillations of voltage and current
induced by spokes

Several HiPIMS discharge investigations showed oscillations on both
the cathode voltage and the discharge current at the later stages of the
HiPIMS pulse, where the highest discharge current occurs. Figure 1.2
demonstrates an example of such oscillations on cathode voltage and
discharge current waveforms. In the literature, the oscillations were
detected at various pressures at later stages of the HiPIMS pulse: i)
on the cathode voltage for Ta target [8], ii) discharge current for Ti
target [9], iii) on cathode voltage and discharge current on Nb [10],
LaBg [11] and Ti [12] targets. Those oscillations manifest only if a
certain target current threshold is reached. This is in line with direct

12



1. Spokes in High Power Impulse Magnetron Sputtering

Figure 1.2: Example of oscillations on (a) cathode voltage and (b)
discharge current waveforms for the pressure of 1 Pa and titanium
target.

observations in the literature, where spokes are only seen above a
certain current level for Ti targets [7] and Cr, Cu, Nb, Mo Ta targets
[13].

Our investigation aimed to verify whether oscillations are con-
nected to the generator electronics or the spokes. Coincidentally, most
examples of oscillations mentioned above were detected, when a com-
mercial HiPIMS power supply made by Melec GmbH company was
utilized in the experiments. Because the HiIPIMS generator (model
SIPP 2000) made by Melec GmbH company was available in our lab,
we wanted to carry out the experiments with two di erently electron-
ically designed power generators. Therefore, experiments were made
in collaboration with dr. Hubifka and dr. fada from the Institute of
Physics of the Czech Academy of Sciences in Prague, who supplied a
custom-made power generator.

Simultaneous measurement of the cathode voltage and the dis-
charge current oscillations and spoke formation were conducted to

nd mutual correlations and presented in paper AP1. The relation
between the cathode voltage, the discharge current oscillation fre-
quency, and the spoke frequency was investigated. A sputtering system
equipped with a 20 cm circular titanium target was used. Two di erent
HiPIMS generators (Melec GmbH and custom made) were employed
to drive the HIPIMS discharge. The Melec generator utilized a coil in
the arc protection circuit, while the custom made generator used a

13



1. Spokes in High Power Impulse Magnetron Sputtering

resistor. A high-speed intensi ed charge-coupled device (ICCD) cam-
era PIMAX 3 was applied for discharge imaging. The camera worked
in dual-image feature mode, enabling the capture of two snapshots
during one HiPIMS pulse with only a 3 ps between them. In these and
further experiments, we could determine the spokes shape, number,
and rotation velocity using the PIMAX 3 camera working in this mode.

We wanted to nd the conditions where we observe the cathode
voltage and the discharge current oscillations. First, we wanted to nd
out if the oscillations are caused only by the electronics of the power
generator. Therefore, we did not connect power generators to the depo-
sition chamber but specially designed electrical measurement circuits,
and we monitored the V-I characteristics. We did not detect oscillations
in any set conditions covering all the conditions we used in the real
sputtering process. Next, the power generators with the electronics
measurement circuits were connected to the deposition chamber, and
the HiPIMS discharge was ignited. The oscillations were detected only
when an inductance provided by a coil ( > 3.2uH) was a part of the
electrical circuit, and the discharge was sustained. We concluded that
the electronics do not cause the oscillations, but the oscillations are ex-
cited in the plasma and ampli ed by the electrical circuit in the power
supplies. We found experimental conditions (working pressure and
discharge current) where the oscillations appeared and determined
their frequency.

Additionally, we made a model of the real HIPIMS arrangement, in-
cluding the generator circuit and the discharge. The oscillation source
was added to the equivalent electrical circuit representing the dis-
charge. It was found that the model results agreed well with the mea-
sured data. Thus, the model con rmed that the source of oscillations
is in the HIPIMS plasma.

The fast camera was utilized to capture the spokes for wide range
of experimental conditions. From the images we estimated number of
spokes and rotation velocity of the spoke. We also derived the spoke
rotation frequency from the spoke rotation velocity and racetrack
diameter. In our case, the oscillation frequency was one order of mag-
nitude higher than the rotation frequency of the spokes. Moreover,
the oscillation frequency and the rotation frequency of spokes showed
di erent evolution with pressure and the discharge current. Thus, a
direct connection between the rotational motion of spokes and the

14



1. Spokes in High Power Impulse Magnetron Sputtering

oscillations on the cathode voltage and the discharge current was not
found. Nevertheless, we observed that oscillations always accompa-
nied the spokes because we never detected the oscillations without
spokes.

1.3 Study of spoke properties in broad range of experimental
conditions

The results in the literature on the spoke shape [13, 14, 15, 16, 17], num-
ber [3, 5, 7], and rotation velocity [5] suggest that the spoke behavior
depends on the experimental con guration. Therefore, comparing
the results obtained from two di erent laboratory devices is di cult,
even if the conditions, such as pressure and discharge current density,
are similar. We realized this issue while writing the previous article
APL1. Therefore, paper AP2 aimed to look at the e ect of experimental
conditions such as working pressure and discharge current density on
spoke appearance and behavior, emphasizing the role of the magnetic
eld strength.

We used a 7.6 cm circular titanium target and intended to cover
broad range of experimental conditions. The working pressure was
investigated in the range of 0.1 5.0 Pa. It covers the whole range of
pressures used for sputter depositions. The applied discharge current
density was up to 10 A/cm 2, which was the limit of the power supply.
In this work, three di erent magnetic eld strengths were applied.
Such investigation was inspired by previous works [18, 19], where the
weakening of the magnetic eld strength led to a signi cant increase
in the deposition rate, which was explained by the decrease of the
backward ux of ions to the target [19]. The change of the target
thickness modi ed the magnetic eld strength at the surface, see
Figure 1.3. The PIMAX 3 high-speed camera with dual image feature
enabled us to determine the spokes shape, number, and velocity.

Until now, most reports described only the triangular and di u-
sive spoke [16]. We captured thousands of plasma emission images
with a fast camera. All images were processed manually, and several
spoke shapes were recognized. Therefore, developing a methodol-
ogy to distinguish di erent spoke shapes was necessary. The criteria
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1. Spokes in High Power Impulse Magnetron Sputtering

Figure 1.3: Magnetic eld con guration map with depicted positions
of the targets with di erent thicknesses.

for determining spoke appearance were developed semi-empirically
using dual images focusing on spoke shapes and spoke motion:

1. Non-recognizable spoke plasma emission is homogeneously
distributed without plasma self-organisation.

2. Stochastic spokes the plasma is self-organized into the rotating
spokes without noticeable periodicity, and well-de ned spoke
borders.

3. Triangular spoke a narrow trace progressively expanding in
width and intensity until a sharp drop of emission signal termi-
nates it. Spokes are uniformly distributed over the racetrack.

4. Di usive spoke spokes are elongated and dispersed, with a
narrow trace start, the broad middle part of the spoke, and a
narrow trailing edge observed. Spokes are uniformly distributed
over the racetrack.

5. Round spoke spoke exhibits round shape with neither the
sharp end in plasma emission as triangular spoke nor elongated

16



1. Spokes in High Power Impulse Magnetron Sputtering

dispersed appearance as di usive spokes. The spokes are uni-
formly distributed over the racetrack.

The typical image of di erent spoke shapes is shown in Figure 1.4.
For each magnetic eld, a map was created relating the spoke shape
occurrence with the discharge conditions. In literature, we can nd
contradicting results, i.e., an increasing number of spokes [3] as well
as the decreasing number of spokes [7] with increasing discharge
current. Thus, we decided to investigate this issue and nd out what
was correct. The answer is that both previously reported results are
right. We revealed that both the increase and the decrease of the
number of spokes with increasing the discharge current could be
reached by variation of experimental parameters. Additionally, we
reported that the spoke rotation velocity decreased by increasing the
pressure and the magnetic eld strength. Thus, the number of spokes
and spokes velocity were found to strongly depend on the discharge
conditions.

Figure 1.4: Images of characteristic plasma emission.

Our experimental results contradicted the early reported hypoth-
esis [16] that titanium as the target material with the lower second
ionization potential should exhibit only a di usive spoke shape. Both
triangular and di usive spoke shapes were observed for the titanium
target in our case. The optical emission spectroscopy revealed that
triangular spokes correlated with the strong argon ion emission. The
round spokes presence was connected to the decreasing emission of

17



1. Spokes in High Power Impulse Magnetron Sputtering

a titanium ion with increasing discharge current due to the creation
of multiply charged ions. We proposed a model which describes the
spoke shapes based on these ndings. In our model, a triangular spoke
shape is formed due to secondary electron production induced by
argon ions from the spoke sides. The magnetic eld then traps these
electrons, forming a distinct trailing edge. Round spokes are created
by the secondary electrons generated within the spoke by the impact
of multiple ionized metal ions. Mapping the spoke properties led to
their systematic description, which had been missing until then. Addi-
tionally, we used newly gained information about spokes to improve
the spoke model used so far.

1.4 Spoke splitting and merging observed by high-speed
camera and strip probes

Group of prof. Bradley from Liverpool University detected periodic
oscillations in the local target current density by electrical isolated
(strip) probes embedded in the target and attributed these oscillations
to the presence of rotating spokes [20]. However, visual con rmation
of spokes presence was not possible in their arrangement. Since the
high-speed camera proved to be a powerful instrument for spoke in-
vestigation, we carried out joint experiments, where we wanted to
con rm that observed strip probe current modulations are indeed
due to spokes. Therefore, simultaneous electrical and optical measure-
ments in HIPIMS plasma were performed in a joint investigation with
prof. Bradley and his Ph.D. student in our lab.

In this study AP3, we employed a 7.6 cm circular niobium target.
The strip probes embedded in the target enabled us to observe a dis-
tinct modulation in the local target current density as the spokes pass
over a particular target region. Three strip probes, made of the target
material, were placed in machined slots at three angular positions
of 25 from each other around the target, see Figure 1.5. They are
always at the same potential as the target, which makes them indistin-
guishable for the plasma from the rest of the target. The strip probes
extended beyond the target edge to allow electrical connections to the
power supply. A thin layer of polyimide tape was wrapped around
three sides of the stripe probes to isolate them electrically from the
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1. Spokes in High Power Impulse Magnetron Sputtering

Figure 1.5: Experimental arrangement of the strip probes from the top
view.

rest of the target. This is tricky because the tape is very thin, and the
space between the probe and the target is tight. Additionally, the tape

should not rise up, and the strip probes should be at the same level as
the target to prevent arcing on the sharp edges. Note that discharge
current reached up to 240 A, i.e., 5.3 Alcm?. Thus, correctly placing
the embedded probes was critical to the entire experiment. Simultane-
ously, we detected the plasma emission from the top by high-speed
camera PIMAX 3 .

We revealed that high-speed camera imaging and embedded strip
probes in the target show identical pro les of passing spoke structures
with a sharp trailing edge, see Figure 1.6. Such a diagnostic system
allows us to get information about the discharge above the whole
target surface by camera imaging twice per HiPIMS pulse and simul-
taneously get data from three localized places above the target using
embedded strip probes during the same HiPIMS pulse. We utilized
this experimental setup consisting of the camera and strip probes
to investigate time-resolved spoke dynamics. We revealed that the
number of spoke changes during the single pulse. For the rst time,
we captured both the merging and splitting of a set of spokes as they
rotate. After merging or splitting events, the new spoke con guration
was not always stable in time. During these measurements, a large
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1. Spokes in High Power Impulse Magnetron Sputtering

spoke could be divided into two smaller spokes only to merge a short
time later. These observations con rmed that the spokes are a dynamic
phenomenon.

Figure 1.6: 2D plasma emission image (a) of the whole target taken by
high-speed camera at 191us with positions of the strip probes (red,
green and blue) and (b) the corresponding strip probe waveforms for
working pressure of 0.14 Pa. One spoke rotation period is illustrated
by the grey background.

Furthermore, we developed a simple phenomenological model,
which relates the stable con guration of spokes to their dimensions, ro-
tation velocity, and the background Ar gas atoms velocity. The model
estimates the number of spokes that can be sustained for particular
plasma conditions. The model still holds because no contradicting
report occurs in the literature. An in-depth study of the spoke con g-
uration was performed later and discussed in the text hereafter.

1.5 In-depth investigation of spoke con guration

The results in paper AP3 revealed that as the spokes rotate above the
target, their properties can change over time, with frequently occurring
splitting or merging. Applying our knowledge about spoke shape and
con guration gained from earlier experiments AP2, we further extend
all these investigations as we intended to study the changes in spoke
con guration more deeply AP4.
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