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Abstract. High power impulse magnetron sputtering (HiPIMS) is a deposition
technique where a metal magnetron target is sputtered in a high density plasma to
synthesize thin layers with superior properties on a substrate material. These plasmas
are characterised by short pulses in the range of 50 us to 200 ps and very high peak
powers in the range of several kW /cm? per target area. The understanding of these
dynamic plasmas is of upmost interest for the further development of this coating
technique. Fast camera measurements revealed the formation of localised ionisation
zones in these plasmas that propagate with a velocity of the order km/s. In the
case of a circular magnetron, the movement of these ionisation zones appears like the
movement of a set of spokes, which led to this common expression spoke to illustrate
the pattern formation in these high density plasmas. The analysis and understanding
of the spoke phenomenon is still a matter of an open debate, because the analysis and
the theoretical description is hampered by the inherent complexity of these plasmas.
In this paper, we review the experimental observations of the spoke phenomenon and
highlight several approaches for their theoretical explanation.
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1. Introduction

High power impulse magnetron sputtering (HiPIMS) plasmas belong to the class of
magnetron sputtering discharges that have been originally developed in the 1970s as
a deposition tool. Since the 1990s different variations of the power management of
these magnetron sputtering have been explored, such as bi-polar and unipolar pulsed
dc (pulsed dcMS), dual cathode mid-frequency pulsing and more recently high power
impulse magnetron sputtering (HiPIMS). The latter technique provides high plasma
power-densities at the target, in the range of kW /cm?, through the application of low
duty cycle voltage pulses of typical length of 50 us to 200 ps while maintaining a low
average power to avoid any overheating of the target. As a result, much higher ionisation
degrees up to 100% were achievable for plasmas operated at a duty cycle of 1% or
less. The coatings deposited by these techniques have shown excellent properties, which
generated an increased interest in these deposition methods and initiated fundamental
research on the nature of HiPIMS plasmas.

In magnetrons, the magnetic field is created by permanent magnets placed behind a
cathode (commonly referred to as target) generating a closed magnetic field arch above
the target. The strength of the magnetic fields of a magnetron is typically up to several
100 mT, which is sufficient to magnetically confine the light electrons, whereas the heavy
ions are not affected by the magnetic field. The confined electrons will experience several
drifts, such as an ExB drift, a gradient magnetic field drift (VB), a pressure (density)
gradient (diamagnetic drift), and a curvature magnetic field drift (curvature drift). A
typical magnetron consists of a circular target, which then also defines a cylindrical
coordinate system with an azimuthal coordinate ¢ along the perimeter of the target, a
radial coordinate r from the centre of the target to the perimeter of the magnetron, and
an axial coordinate z describing the distance normal to the target surface. Due to this
confinement, a typical magnetron plasma consist of a torus above a circular magnetron
target. The intense sputtering causes local etching generating a so called racetrack as
the footprint of the magnetron plasma on the target surface. A typical configuration of
planar circular magnetron is shown in figure 1.

The high peak power during the pulse implies very bright plasmas that can be
recorded by ICCD cameras using acquisition time of tens of nanoseconds only. Three
groups have simultaneously and independently reported plasma inhomogeneities above
the cathode in HiPIMS plasmas [2, 3, 4] that rotate in the ExB direction with velocities
in the range of km/s. These patterns were similar to the so called rotating spokes
observed in Hall thrusters [5]. Based on this similarity, the emission patterns are now
also coined spokes in the HIPIMS community.

In general, dc magnetron plasmas fall into the category of low § plasmas (5 | 1%),
where (3 is the ratio of kinetic (py=n*kz*T) to magnetic pressure (p,, = B?/2u0). Low
[ indicates that the plasma density and temperature are low enough that the electrons
are still considered magnetically confined. Also in HiPIMS, the 3 value for the plasma at
locations directly in the target vicinity is of the order of 1%, but can reach values close
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Figure 1. Cross section of planar circular magnetron with indicated static magnetic
field lines and electron Hall current, adopted from [1].

to 100% in the region of the expanding plasma towards the substrate, where the plasma
density may still be high, but the magnetic field weaker. This automatically leads to
unstable modes triggered by electrostatic instabilities. Self-organisation patterns or non-
uniformities are commonly observed in those plasma discharges. Such self-organisation
patterns in the form of striations of the positive column have been observed already in
the early investigations of a simple dc discharge [6], and since then have been observed
in many different plasma configurations [7]. The development of non-uniformities is
typically associated with a specific instability mechanism. In a plasma, a single particle
might oscillate under the influence of external forces leading to the propagation of waves
with an amplitude that may rise indefinitely - an instability occurs. All instabilities are
characterised by their dependence on plasma quantities, such as density, electromagnetic
fields, or pressure.

The spoke phenomenon belongs to the class of ExB instabilities propagating in
the ExB direction in the presence of a density and/or a magnetic field gradient. The
spoke phenomenon is a large scale low frequency instability that may be triggered by
the Simon-Hoh mechanism [8, 9]. The Simon-Hoh type instability results from the
relative motion of electrons and ions in a crossed electric and magnetic field and causes
a phase shift in the response of ions and electrons to the perturbations of the electric
field in azimuthal direction Ey4. These instabilities may also lead a cross-B field electron
transport that has been found to be a factor of 5 larger than classical Bohm diffusion
[10].

Despite this general connection of the spoke phenomenon to the large class of known
plasma instabilities, the analysis and understanding of the spoke phenomenon is still
an open debate due to the complexity of the system. The spoke phenomenon may also
be influenced by the neutral gas dynamic and the gas rarefaction caused by the strong
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sputter wind, it may also be influenced by secondary electron emission, and it may
also be influenced by the strong Hall currents, which modify the static magnetic field
dynamically during a HiPIMS pulse, and it may also be influenced by any local target
poisoning in a reactive HIPIMS system. Since all these effects may contribute to the
spoke phenomenon at the same time their understanding by experiments and theory is
very challenging. For example, the spoke phenomenon is a true 3D plasma equilibrium,
which is in most cases beyond the capabilities of current computer codes. Any well
known plasma instability from classical textbook plasma physics such as the Simon Hoh
instability might not be applicable at the end, because either the perturbation is much
stronger or boundary effects from the target surface could be much more important
than gradient driven instabilities. A great help in resolving this puzzle, would be the
availability of experimental data on detailed plasma parameters inside these spokes.
However, due to the high power load, all diagnostics have to be non-invasive which
induces ambiguities in the interpretation. For example, there are still no robust values
for the plasma density inside a spoke available.

In this review, we discuss the current understanding of the spoke phenomenon
from an experimental point overview and describe several theoretical explanations put
forward in the community.
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2. Appearance of spokes

2.1. Plasma oscillations in DC magnetron sputtering plasma

The spoke phenomenon is triggered by an instability that occurs in a high density
plasma exhibiting gradients in density and/or magnetic field. Such instabilities are
most pronounced in high performance plasmas, but were already observed in traditional
low power dc magnetron sputtering plasmas before. A key feature of the magnetron
configuration is the presence of a non-uniform magnetic field in front of the cathode.
The magnetic field confines the electrons, thus sustaining the plasma operation at low
background gas pressures and low voltages. The transport of species in a magnetron
discharge is determined by electrons escaping the magnetic trap and crossing the
magnetic field lines, the so-called cross-B field diffusion. Semi-empirical estimates of this
electron cross-B diffusion by Bohm predicts higher diffusion rates compared to classical
diffusion. This led to the expression of anomalous electron transport in magnetron
plasmas.

The electron drift in azimuthal direction, perpendicular to the magnetic field, is
inherently unstable, as any deviation from the charge neutrality generates azimuthal
electric fields E, which causes second order F, x B drifts. Such instabilities are known as
gradient-drift or neutral-drag instabilities. In 1978, Thornton anticipated the existence
of a whole range of instabilities and considered a correlation between these instabilities
and the anomalous electron transport. He observed oscillations in a frequency range
from 50 to 500 kHz [11]. Later, Sheridan and Goree used Langmuir probes and detected
oscillations in DC magnetron plasmas at frequencies between 5 and 200 kHz, with
density fluctuations up to 5% [12]. They observed a scaling of the electron confinement
time with the mean square electric field fluctuations, however, they concluded that the
observed oscillations are probably not responsible for the cross-B transport.

The correlation between the fluctuations and the anomalous transport has been
investigated by Martines et al. [13, 14] by studying the electrostatic fluctuations in DC
magnetron plasmas. The fluctuations have been observed as a set of coherent modes,
propagating in the direction of the ExB drift. The power densities were in the range
0.5-6 W/cm?. They observed a dependence of these fluctuations on discharge power and
neutral gas pressure: (i) the fluctuation of the floating potential varies with the power,
increasing from 3% up to 20 %, (ii) the ion saturation current fluctuations vary up to
30% above the racetrack, rather independently from discharge power; (iii) by increasing
the neutral gas pressure to several Pa, a progressive transition towards a turbulent state
is observed; (iv) finally, the fluctuations are not simultaneously present at all times.
The authors attempted to explain these fluctuations as coupled oscillators, transferring
energy between different modes in a stochastic manner.
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2.2. Spoke in metal HiPIMS plasmas

The spoke phenomenon is most visible in HiPIMS plasmas. Due to their pulsing
nature, a HiPIMS plasma passes through three different stages in each pulse: (1)
ignition, (2) development, and (3) quasi steady state, if the pulse is long enough. The
HiPIMS plasmas are transient plasmas compared to the steady state plasma during DC
magnetron sputtering. Three groups have simultaneously and independently used ICCD
camera imaging facing the magnetron surface of HiPIMS plasmas and have reported
plasma inhomogeneities above the cathode [2, 3, 4] that rotate in the ExB direction
with velocities in the range of km/s.

Diffuse spoke

— Target edge
- Racetrack

E=1 Spoke

Triangular spoke

Figure 2. The shape of spokes for different target materials, and a sketch of the diffuse
and triangular spoke, adopted from [15]. Magnetron is 2” round planar magnetron

It has been observed that the shape of the spokes [15], i.e. the emission distribution,
strongly depends on the target material, as shown in figure 2. Two typical shapes of
spokes have been observed: the diffuse shape characterised by a pronounced emission
maximum with a diffuse leading and trailing edge, and the triangular shape with a
narrow leading edge and a broad and sharp trailing edge. The comparison of the light
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intensity along the racetrack and the ion saturation current measured at the magnetron
perimeter reveals that the plasma in such a spoke spreads over the racetrack in the case
of a diffuse shape, whereas the plasma is very much localised in the case of a triangular
shape . Based on this comparison, one can use the I[CCD images as a qualitative measure
of the electron density distribution.

The azimuthal distribution of the species emission in the spoke was recorded by
mounting bandpass interference filters in front of the camera lens [16, 17]. In the
following, the observation for an Al target are presented. For triangular spokes above an
Al target, the brightest region of the spoke is dominated by emission from Ar and from
target ions (Al"), whereas the emission of target neutrals (Al) is small. Furthermore,
the emission due to de-excitation of higher energy levels, especially for ion lines, was
also localised in the brightest region of the spokes. Outside of the spoke region, the
emission of target neutrals (Al) is dominant, while Ar ion and target ion emission is
very low. Based on the brightness of the spokes, one may conclude that the spoke region
is also a dominant ionisation zone consistent with observation of strong ion lines inside
the spokes. The emission from target atoms and ions originates mainly from a region
within less than 3 mm from the target surface, whereas emission from Ar atoms and
ions originates from a region further apart from the target surface.

The azimuthal distribution of sputtered neutrals (Ti) and ions (Ti") in the ground
state has been determined using laser induced fluorescence (LIF) for the case of a Ti
target [18]. In addition, the densities of Ar metastable are recorded. It was observed
that ground states of Ti neutrals as well as Ar metastables are significantly depleted
along the racetrack and no correlation between this depletion and the spoke patterns
could be established. However, the ground state of Tit ions was depleted inside a spoke
at the expense of higher excited states and multiple charged ions. This indicates the
occurrence of a very strong ionisation inside a spoke due to the presence of hot electrons.

Ni et al. [19] mounted a streak camera along the axial direction and observed the
expansion of the HiPIMS revealing complex structures of the spoke: the y axis of the
streak camera image refers to the azimuthal position of the plasma emission recorded
through a slit, while the = axis corresponds to the time. These streak camera images
revealed that spokes are moving along the targets racetrack in ExB direction but also
eject plasma flares in azimuthal direction. The flare velocity in axial direction was
determined to be about 20 km/s. The flare velocity was lower at the beginning of the
pulse when the discharge current was low and the plasma was less dense, compared to
later phases within the pulse. Such flares may indicate electrons leaving the closed drift
region.

The diffuse spoke shape is observed for target elements exhibiting low second
ionisation potentials, whereas triangular spokes are observed for target elements with
high second ionisation potential [15]. This distinction is surprising, but can be explained
by the nature of secondary electron (SE) generation at the target that sustains the
plasma: in order to generate a secondary electron upon impact of an ion from the
plasma, the ionisation potential of this ion has to be at least two times higher than the
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work function of the target material. This condition is not fulfilled for singly charged,
but for doubly charged metal ions (and Ar™ ions). At very high plasma powers, the
plasma gas Ar is significantly rarefied by the sputter wind so that secondary electron
generation can only be sustained by doubly charged metal ions. The leading edge of
the spoke is a region of stronger ambipolar diffusion of electrons and ions away from
the target that, as confirmed by probe data. The nature of the trailing edge of a spoke,
however, is governed by the balance between loss of plasma species and generation
of plasma species by secondary electrons: (i) target elements exhibiting low second
ionisation potentials (implying a low efficiency for SE generation) are characterised by
sharp ends of the spokes, being parallel to the magnetic field lines. Apparently the
plasma reaches open magnetic field lines and may travel towards the substrate - flares
are observed. This loss of plasma cannot be be compensated by plasma generation due
to the inefficient secondary electron generation at the target surface; (ii) target elements
exhibiting high second ionisation potential (implying a high efficiency for SE generation)
are characterised by diffuse ends of the spokes where the plasma may still reach open
magnetic field lines causing transport towards the target. But this loss at the trailing
end of the spoke is compensated by the efficient and continuous generation of plasma
by secondary electrons.

2.3. Spokes in reactive HiPIMS plasmas

As described in previous section, the spokes shape is closely correlated to the properties
of the species in the target vicinity, and their ability to generate secondary electrons
at the target. Addition of a reactive gas (N3 or Og) changes both the target surface
composition and the gas composition in the target vicinity, as described in great detail
elsewhere [20]. At very low concentrations of reactive gas, the discharge is considered to
be in a metallic mode (M). Increasing the reactive gas concentration, the target starts
to become coated by a compound layer due to the reaction of reactive gas species with
the target surface. At moderate reactive gas concentrations, the plasma is considered
to be in the transition mode (T), but enters in the so-called poisoned mode (P) if the
complete target is covered by the compound. This transition can be followed by optical
diagnostics as a transition from metal to reactive gas dominated emission [21].

It is interesting to note that a diffuse spoke is observed in the poisoned mode
irrespective of the chosen combination of target and reactive gas admixture (Al/Na,
Al/Oy, Cr/Ny, Cr/Oy, Ti/Ny, Ti/O3), with two examples shown in figure 3 [21]. This
finding is consistent with the secondary electron production at a poisoned target surface
in general that is much higher [22, 23] compared to a metal target. Thereby, the plasma
loss at the trailing edge of a spoke can be compensated and a diffuse shape emerges. The
transition to a poisoned mode also leads to a decrease of the discharge voltage required
to sustain the plasma at fixed current.
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Figure 3. Shape of the spoke in metallic mode M, transition mode T, and poisoned
mode P. a) Al target in Ar/Os gas mixture. b) Ti target in Ar/Ny gas mixture,
adopted from [21].

2.4. Spokes in HiPIMS plasmas on rectangular magnetrons

For industrial applications, rectangular magnetrons are commonly used. The ICCD
imaging of the spokes on a rectangular magnetron shows elongated spokes on the straight
part of the racetrack, and "bunching” of spokes in the curved parts of the racetrack, as
shown in figure 4. This observation can be correlated to the change in the magnetic field
configuration in the corners compared to the straight parts of the rectangular target.
Hnilica et al. have shown that increasing the magnetic field strength increases the spoke
mode number [24], which is consistent with the observation of the spoke ”bunching” in
the curved parts of the magnetron. An increase in plasma power may cause the length
of the spokes to become shorter in case of chromium or longer in case of titanium as
target material. An increase in pressure does not affect the shape of the spokes, but the
length of the spokes becomes shorter [25, 26, 27, 28].
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a) b) C)

Figure 4. The spokes on rectangular magnetron with Ti target for different peak
current densities: a) 0.2 A/cm?, b) 0.7 A/em?, ¢) 1.8 A/em?, ) 2.9 A/cm?, adopted
from [25]. Rectangular planar magnetron, 90 mm x 250 mm
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3. Properties of spokes

The spokes are characterised with respect to their rotation direction and velocity, and
their mode number (number of spokes along the racetrack).

3.1. Spoke rotation direction

The rotation direction exhibits a strong dependence on power density and pressure, as
measured by Yang et al. [29], illustrated in figure 5. The exact values of power and
pressure where the rotation direction changes depend on the geometry of the magnetron,
with the shape and magnitude of the magnetic field having the most significant influence.
In the following, the E x B direction is defined by the E-field in the pre-sheath pointing
towards the target and the B-field running in radial direction parallel to the target above
the racetrack.

The observed trends regarding the rotation direction can be separated into four
phases: Phase [ corresponds to the low current regime, where the spokes rotate in
the opposite direction to the E x B drift, i.e. retrograde E x B motion; Phase I
corresponds to a reversal of the spoke rotation from retrograde E x B motion to E X
B motion; Phase III corresponds to an E x B motion with a decrease in the spoke
velocity at high discharge currents; Phase IV corresponds to the disappearance of any
observable self-organisation patterns. The plasma becomes homogeneous.

At very low power densities below 0.1 W/cm? (current of ~ 10 mA at 2”7 planar
target), it has been observed that the spoke rotation direction alternates on time scales
of about 1 ms. In the power density range from 0.1 to 1 W/cm? (~ 10 mA - 100 mA
at 2” planar target), the spoke rotation direction is opposite to the expected electron E
x B drift (retrograde E x B rotation). At power densities between 1 W /cm? and 25
W/cm? (~ 100 mA - 1 A at 2”7 planar target), the plasma starts to oscillate, which has
been compared to breathing mode observed in Hall thrusters [29]. Further increasing
the power, the breathing plasma behaviour turns into disordered oscillations which are
characterised by a stochastic behaviour. At power density of about 250 W /cm? (~
10 A at 2”7 planar target) the plasma spokes reappear with a spoke rotation in E X
B direction. The threshold of the power density at which the transition takes place
depends on target material [17], pressure [29], and magnetic field configuration [30].
At peak power density above 2 kW /cm? (~ 70 A at 27 planar target) and for certain
combinations of target/background gas (in Ar: Cr, Au, Cu, Al, Ta, Mo, in Kr: Al, and
in gasless environment: Cu) the spokes disappear and the plasma becomes completely
homogeneous. In the homogeneous mode the system exhibits high impedance, as the
plasma is dominated by self-sputtering. In this mode, substantially higher ion fluxes
have been measured at the substrate [31, 32]. In reactive HiPIMS, the transition to
a homogeneous plasma has not been observed for any target/gas combination. The
transition to a homogeneous plasma at very high powers depends also on the target
element /background gas combination, and the pressure.
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Figure 5. Floating potential characteristic period contour for Au target, at Ar
pressure from 0.13 Pa to 2.7 Pa and current from 10 mA to 300 A. Modes are indicated
as regions separated by white dashed lines, adopted from [29]. Magnetron is 3” round
planar magnetron.

3.2. Spoke rotation velocity

The rotation velocity of the spokes has been determined by: (1) comparison of the
shift in the signal of two photomultiplier detectors, measuring light emission from two
positions along the racetrack [3]; (2) use of streak camera [33], and (3) measurements of
the floating potential shift on the azimuthally distributed flat probes [17]. One should
keep in mind that the observed spoke motion can be correlated with movement of the
ionisation zone (phase velocity), and it does not indicate the movement of the plasma
(group velocity).

The rotation velocity of the spokes depends on (1) power density, (2) pressure, and
(3) target material. At low powers, below 25 W/cm? (~ 1 A at 2” planar target), the
spokes rotate in retrograde E x B direction. In the range 0.1 W/cm? - 2 W/cm?
the velocity increase is proportional to the power density, reaching values up to 2
km/s, as shown in figure 6. From 2 W/cm? - 250 W/cm?, the spoke velocity exhibits
minor dependence on the power densities and is independent of the target material.
Consequently, the dynamic of spokes at low plasma powers is apparently governed by
the dynamics of the background gas. This conclusion is consistent with ICCD camera
images of a DC plasma for Ar and Ti species that showed in case of dcMS only emission
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from Ar neutrals [17, 34].
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Figure 6. Spoke angular velocity for Al, Cr and Ti targets as a function of discharge
current. Magnetron is 2” round planar magnetron. The half-filled symbols stand for
E x B rotation velocity for alternating mode at lowest discharge currents. Negative
velocities represent retrograde E x B motion. a) Current range 10 mA to 10 A, all
target materials on the same graph. b) Current range 0 to 140 A, The horizontal dashed
line denotes the critical ionisation velocity (CIV) for argon vcrv,ar, the horizontal
dotted line denotes the CIV for the corresponding metal atoms. Four different phases
I-IV denote the discharge current range for retrograde motion (I), direction reversal
(II), E x B motion (III), and homogeneous plasma (IV). For details see text. [17]

At peak power density above 25 W/cm? (~ 1 A at 27 planar target), the spoke
velocity starts exhibiting a strong dependence on the target material. At these powers,
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the density of the sputtered material in the target vicinity becomes comparable to the Ar
density, and it is reasonable to conclude that the sputtered material is responsible for the
change in the spoke dynamics. This is consistent with a transition from Ar dominated
sputtering to self-sputtering, typically observed in HiPIMS plasmas. The key properties
of the sputtered atoms influencing the spoke dynamics are ionisation potential, atomic
mass, sputter yield, and secondary electron generation. All values are listed in table
1. The influence on the spoke dynamics may occur via the ionisation potential of all
elements being lower than the ionisation potential of Ar so that ionisation becomes more
efficient due to the high abundance of low energy electrons [35]. In addition, the intense
sputter wind causes strong Ar gas rarefaction and secondary electrons enter the plasma
at high energies.

Element | First ionisa- Mass Sputter yield Sputter yield 7. from
tion potential (amu) (Ar at 500 eV) (SS at 500 eV) [37]
(eV) [36] [36]
Al 5.98 26.98 0.65 1.05 0.091
Au 9.22 196.97  2.46 1.96 0.057
Cr 6.76 51.99 1.39 1.19 0.091
Cu 7.72 63.55 2.46 2.10 0.082
Mo 7.09 95.95 1.05 0.70 0.130
Nb 6.75 92.90 0.79 0.52 0.130
Ti 6.83 47.86 0.63 0.52 0.114
Ar 15.75 39.94

Table 1. Characteristic parameter of individual target elements, 7. is for Ar ion
impinging on the target

The spoke velocities are at about 10 km/s, which is much larger than the spoke
velocity in deMS. The peak velocities reach about 15 km/s depending on the target
material and background gas pressure. A possible explanation for the spoke velocity is
the critical ionisation velocity (CIV) proposed by Brenning et al. [38]: if the kinetic
energy of the plasma species moving with respect to the resting neutral gas background
is above the ionisation potential of the neutral species, efficient ionisation at the leading
edge of a spoke can occur. Based on the simple picture, vory = 1/2eU/m, with U being
the ionisation potential of the atom and m the mass of the atom. The predicted vory
values for different target materials are shown in figure 6 as horizontal dashed lines. One
can clearly see that the spoke velocities are in the range of the voyy values only during
HiPIMS operation, but a significant discrepancy between the measured velocities and
Uory remains.

3.8. Spokes mode number

At powers below 25 W /cm? (~ 1 A at 2” planar target), during dcMS operation, only one
spoke has been observed above the racetrack of the 2”7 circular target [34, 17]. On larger
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magnetrons, with 10 cm diameter, spokes with mode numbers four and five have been
observed [39]. At powers around 25 W /cm? (~ 1 A at 2” planar target), during HiPIMS
operation, the plasma behaviour becomes stochastic with the spoke rotation changing
from retrograde E x B to E x B rotation. Increasing the power further, the spokes
appear again with a spoke mode number of typically four or five. A continuous increase
of the current causes the spoke mode number to reduce until one spoke covering the
racetrack is established. As mentioned earlier, for some target material /gas combination,
the spokes may also disappear completely at very high powers and the plasma becomes
homogeneous. We assume that this transition to a homogeneous plasma can occur for
all target material/gas combinations at sufficiently high plasma powers. However, this
has not been observed, as the maximum power is limited either by the onset of arcing,
by target melting, or by the limitations of the power supplies.

It is interesting to point out that the observed decrease in spoke mode number
with increasing power is not always observed. The dynamic of HiPIMS patterns can
differ from other self-organisation patterns from dielectric barrier discharge (DBD), gas-
discharge semiconductor system (GDSS), cathode boundary layer discharge (CBLD).
Benilov [40] postulated two competing mechanisms: electrostatic forces, favouring the
appearance of modes with multiple spots, and charged particle diffusion favouring the
appearance of modes with one spot. Due to their electrostatic nature, the multiple
spots exhibit a repulsive interaction and the number of spots scales proportional to the
voltage supplied.

The dynamic of the spoke mode transitions can be directly observed by monitoring
the plasma using probe arrays in real time [41]. Figure 7 shows a measurement obtained
by stacking the floating potential measurement of twelve azimuthally distributed flat
probes on two of each other to show 7 revolutions of a spoke pattern on a 2”7 target.
Two spokes are observed for discharge current from about 65 us (discharge current I; =
50 A) to 105 us (I; = 70 A). After 105 us the discharge current increases beyond 70 A
and two spokes merge with the trailing spoke reducing in size and accelerating until it
merges with the other leading spoke. After 120 us (I; = 80 A) only one spoke remains,
rotating along the racetrack. This merging of two spokes is explained by a competition
between local Ar rarefaction at the location of a spoke and the replenishment of Ar
behind the spoke along the racetrack: a spoke merger may occur with increasing target
current when the larger local current through a leading spoke results in an enhanced
local Ar rarefaction. In the wake of this larger spoke the Ar replenishment rate is reduced
and the trailing spoke behind encounters a reduced neutral density. Consequently, the
trailing spoke becomes smaller since fewer Ar neutrals are available to ionise and the
E x B drift velocity becomes larger due to less friction with the neutral gas (in analogy
to the spokes rotating faster at low pressures [3]). The trailing spoke, therefore, catches
up to the leading spoke and both merge [41, 30].

As mentioned earlier, at peak power densities larger than 2 kW /cm? (~ 70 A at 27
planar target) the spokes disappear and the plasma becomes homogeneously distributed
along the racetrack. Such transition can be clearly observed in figure 8 [17] since the
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Figure 7. (a) Floating potential oscillations recorded using the 12-probe setup.
HiPIMS discharge with Cr target at 0.5 Pa. The light area emphasizes the transition
between spoke mode 2 and spoke mode 1. (b) Discharge current waveform, adopted
from [41].

floating potential oscillations due to the spokes passing by the probe disappear above a
certain threshold.
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Figure 8. a) An ICCD image observed at comparable discharge conditions showing
spoke mode 1 and homogeneous plasma. b) Probe 10 floating potential after EMD
subtraction. c¢) Transition between the spoke modes and homogeneous plasma. The
colour coding of the ICCD images and 2D floating potential map is different. d)
Discharge current waveform. HiPIMS discharge, Cr target, adopted from [17].
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4. Spoke induced transport

The spoke phenomenon and the dynamic of the HiPIMS plasmas are not only intriguing
from a fundamental point of view, but are of paramount importance for the transport
of the sputtered vapour from the target to the substrate as being at the core of many
magnetron plasma applications. The transport of species is governed by the forces acting
on them in three different regions: (i) atoms are sputtered at the target and enter the
sheath and pre-sheath. Some of the sputtered atoms are ionised and may be attracted
back to the target. This back-attraction may be enhanced by spokes due to associated
azimuthal electric fields F, that trigger an E, X B transport away from the target, but
also towards the target leading to redeposition; (ii) atoms reach the the bulk plasma,
where ionisation is dominant. The electrons are magnetically confined experiencing
various drifts related to the E x B configuration. Due to quasi-neutrality, the electron
and ion motion is bound by ambipolar fields. Again, spokes invoke internal electric fields
E, that may lead to plasma flares and thus to anomalous electron transport; (iii) atoms
and ions that escape the magnetic confinement region may arrive at the substrate. The
energy and the flux of these species contributing to film growth depends directly on the
plasma dynamic at the target and in the bulk plasma. All three regions are discussed
in more detail in the following:

4.1. Transport at the target

The transport of plasma species close to the target is influenced by the electric fields
surrounding a spoke and spoke rotation. The transport of plasma species along the
racetrack is dominated by the E x B movement of the electrons. This transport,
however, is modulated by the azimuthal electric fields £y surrounding each spoke. These
azimuthal fields affect species transport threefold: (i) electrons that enter or leave a
spoke along the racetrack become accelerated or decelerated; (ii) ions generated in a
spoke are accelerated by these azimuthal fields E, to the perimeter of the plasma; (iii)
an additional E, x B movement of the electrons my lead to transport towards the target
at the trailing edge and towards the substrate at the leading edge of a spoke. Ions, will
follow this electron transport due to ambipolar electric fields. As a result, the ions may
become re-deposited along the racetrack in the vicinity of a spoke.

The plasma density modulation associated with rotating spokes in HiPIMS has
been investigated at the target surface using flush mounted inserts in the target at the
racetrack position to monitor the local current density [42, 43, 44]. The travelling spokes
that pass by such an insert cause regular perturbations in the local discharge current
density of about 25% modulation are observed. It is interesting to note that the current
at the target in between the spokes never reaches zero. Even though the emission
patterns sometimes exhibit almost no emission in between the spokes (for example,
figure 2d)) there are still charged particles present in between two spokes.

From the current density measurements, the plasma density at the sheath edge can
be estimated assuming a collisionless and non-magnetised sheath [44]. Both assumptions
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are valid for sheath thickness in the range of 100 pm, which is much smaller than the
mean free path and the gyro-radius of electrons (and especially smaller than the gyro-
radius of the ions). The sheath thickness in HiPIMS discharge was also calculated using
Child-Langmuir law, yielding values of about 100 pum for target voltages corresponding
to a power density above 250 W/cm? (~ 10 A at 27 planar target). This estimate
is corroborated by a benchmark experiment using an optical inspection of the sheath
thickness that yields values between 50 ym and 100 pm [42, 44].

Assuming a rather constant electron temperature of 3 eV, it is possible to estimate
the plasma density at the sheath edge from the Bohm velocity yielding values up to
9%10' m~3. This corresponds to a very high ionisation degree of 75%, if one compares
it to the cold background Ar density of 12x10' m~=3. Such an estimate is only correct
within 50 %, because Estrin et al. [43] showed that electron temperature may still vary
between 2.1 and 3.9 eV.

The target atoms sputtered from the target are ionised in the cathode pre-sheath,
and subsequently accelerated back to the target. Due to spoke rotation, some of the
atoms or ions might be transported azimuthally by the spoke dynamic, and re-deposit at
a distance with respect to the location where they were sputtered at the target surface.
Layes et al. [45, 46] investigated this re-distribution of species using a marker technique:
small inserts of Cr were embedded in an Al target at the racetrack position on a circular
magnetron and exposed to a HiPIMS plasma. The HiPIMS discharge and the target
surface composition were characterised in parallel for low, intermediate, and high power
conditions, thus covering both the Ar-dominated and the metal-dominated HiPIMS
regimes. The target surface composition was investigated intermittently by transferring
the complete target in-vacuo to an adjacent photoelectron spectroscopy setup. The re-
deposition of sputtered species from the inserts was markedly more effective for Cr atoms
than for Al atoms at all powers, with the target material predominantly transported in
the E x B direction, irrespective of the presence of spokes. However, when spokes are
present, an enhanced transport in the opposite E x B direction was observed. That
was linked to the azimuthal electric fields F, at the sharp trailing edge of the spoke
that may induce a stronger amiboplar E, x B transport of plasma species back to the
target.

4.2. Transport in the bulk plasma

The transport of species in the plasma bulk is governed by the magnetic confinement
of the electrons. In order to conduct the current, the electrons have to travel across
the magnetic field lines, which in classical representation is caused by electron-atom /ion
collisions. Such cross-B diffusion is characterised by the so-called Hall w.7 parameter
(wee - electron cyclotron frequency, 7 - electron neutral collision time) yielding values
around 16 for simple DC magnetron plasmas consistent with Bohm diffusion. However,
in HiPIMS plasmas, it has been observed that the Hall parameter is in the range of only
2-5, indicating a much faster diffusion of electrons across the magnetic field, referred to
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as anomalous diffusion.

The Hall parameter in HiPIMS was evaluated experimentally by comparing the Hall
current and the discharge current [17]. In first approximation it is assumed that the
ratio of these currents is comparable to the Hall parameter. Increasing the power from
DC to HiPIMS plasma, the Hall parameter decreases to values of only 5, when the power
density is increased beyond 0.5 kW /cm? (~ 20 A at 2” planar target). The ICCD images
showed stochastic plasma emission below 0.5 kW /cm?, but self-organisation patterns
above 0.5 kW/cm? . If we assume that the charged particles diffuse within a spoke,
being close to the target at the leading edge of the spoke, and being most distant to
the target at the edge of the confinement zone at the trailing edge of the spoke, one can
estimate the particle diffusion constants within a single spoke. Comparing the diffusion
in the spoke and the average value of the Bohm diffusion coefficient one can estimate
again a ratio of about 5. This correlation implies that the dynamic of the plasma
diffusion within a single spoke may in fact be correlated to the observed anomalous
diffusion.

The plasma oscillations due to the presence of spokes exhibit typical frequencies
in the range 100-400 kHz. In addition, oscillations in the MHz range have also been
observed [1]. Lundin et al. [47] have associated these MHz oscillations with a modified
two-stream instability (MTSI). The MHz oscillations observed by Tsikata et al. [48]
using coherent Thomson scattering have been associated with the electron cyclotron drift
instability (ECDI). They have associated the presence of a MHz, mm-scale instability, to
a mm-scale electric field within the large-scale structures (spokes). The MHz oscillations
have been correlated with the presence of collimated, axial electron density fluctuations
at electron Larmor radius scales [48]. In addition to the observed large scale electric field
structures, magnetic fluctuations have been found as well. The magnetic fluctuations
are in the frequency range of 100 kHz, similar to the frequency of spoke rotation on 2”
circular magnetrons. This relates the spoke phenomenon to also magnetically fluctuating
structures that can grow with increasing  parameter [49].

4.3. Transport in the vicinity of the substrate

Plasma species may escape the magnetic confinement region and travel towards the
substrate. The electric and magnetic fields are very weak in this region and diffusion of
the species is governed by collisions with the background gas and thermalised sputtered
particles. The spoke dynamic may, nevertheless, influence the background plasma
between the confinement region and the substrate, because, for example, the background
plasma density may be enhanced by flares being ejected from the spokes.

At low powers typical for dcMS, spokes are Ar dominated and the plasma densities
are in the order of 10'® m™3, the ion energy distribution function (IEDF) of metal and
Ar ions arriving at the substrate are similar, comprising low energy peak of thermalised
species and a tail up to 10 eV [50]. At high powers typical for HIPIMS, spokes are
dominated by sputtered metal species, and the plasma densities in the spoke reach up
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to 8x10' m=3 [44]. The IEDF of metal ions consists of two main peaks at low energies
(LE) as well as at high energies (HE) [51]: if the power density is increases to very high
values so that the plasma becomes homogeneous again, the HE part of the metal ion
IEDF does not change, but the LE peak is shifted by several eV to higher energies. This
has been attributed to a reduction of low energy Ar particles in the target vicinity as
the homogeneous plasma is considered to be a sign of full self-sputtering regime.

The IEDFs are also measured for ions ejected in radial direction to the HiPIMS
plasma showing a difference in E x B compared to the retrograde E x B direction
[52, 53]. The low energy peak stays constant but the number of ions within high energy
tail of IEDF measured in E x B direction is always higher compared to IEDF measured
in retrograde E x B direction. Measurements performed at dcMS conditions also show
a pronounced asymmetry in the target plane, suggesting that similar mechanisms may
be applicable when the discharge is continuously operated, even though the rotation of
the spokes is in retrograde E x B direction.

The IEDF measurements for conditions with and without ionisation zones,
measured for ions ejected radially to the magnetron [54], revealed that ion energies are
generally lower and the pronounced azimuthal asymmetry disappears when ionisation
zones are absent.

Finally, the ion-to-metal-flux-fraction (IMFF) in the growth flux arriving at the
substrate has been measured by Biskup et al. [55] using a combination between a
retarding field analyser covering a quartz microbalance. It was shown that the growth
rate per invested power significantly decreases with increasing HiPIMS pulse power
due to the return effect close to the target. However, this decrease in growth rate
was mitigated, when spokes form in the HiPIMS plasmas. This can be explained by
the additional electric fields surrounding the spokes that support the transport of ions
towards the substrate. The IMFF values continuously increased with increasing peak
power density up to values close to 80%, indicating film growth by incident ions only at
very higher powers.



Spokes in high power impulse magnetron sputtering plasmas 22

5. Spokes as regions of high electrical potential

The theoretical description of the origin of spokes is very challenging due to the
complexity of the phenomenon involving gas rarefaction, secondary electron generation
and instabilities in the strong gradients of magnetic field and plasma density. Especially
the observation of very specific energies of ions arriving at the substrate led to the
hypothesis of the spokes in high power impulse magnetron sputtering being regions of
a locally enhanced electrical potential. This has been postulated by Maszl at al. [56] in
relation to the potential hump hypothesis by Anders et al. [57]. Such potential structures
can explain the disruption of the confined electron trajectories, the formation of plasma
flares, the relatively high energy of ions at the substrate, and the difference of ion energy
distribution functions for radially ejected ions when the E x B is compared to the -E
x B direction. The existence of an enhanced electrical potential at the location of the
spoke is corroborated by several observations:

e (i) Measurement of the plasma potential distribution above the target in dcMS
plasmas: spokes are also observed in low power dcMS magnetrons where the
plasmas are accessible by Langmuir probes. Cold and hot emissive probes have
been used to measure the electric fields and net space charge distributions travelling
with the spoke along the target racetrack by Panjan et al. [58], as illustrated in
Fig. 9. The leading edge of the spoke is characterised by an electric double layer,
energising drifting electrons, which can further cause ionisation and excitation.
Before crossing the double layer, electrons are at a low electrical potential, while
within the spoke beyond the double layer, they are at a high electrical potential.
Consequently, electrons created in the plasma are capable of gas ionisation once
they cross and obtain energy from the azimuthal electric fields E, surrounding a
spoke. The electrical potential is very asymmetric, showing a steep rise at the front
edge and then a gradual slope towards the trailing edge. Electrons drifting in the E
x B direction from the denser plasma of the ionisation zone into a region of lower
plasma density cause a slight imbalance of charge, with an increasingly negative
net charge forming. A large charge imbalance around the leading edge of the
ionisation zone is sustained by a strong azimuthal electric field E, that accelerates
the ions in lateral direction, but also towards the target or the substrate when the
follow by ambipolar fields the additional E; x B movement of the electrons. The
space charge and related field structure can explain many observations, including
the ionisation zone motion and the asymmetry in the IEDF's of the radially ejected
ions. The authors claim that although these measurements and their interpretation
are related to dcMS, many of the features may also be associated with spokes in

HiPIMS.

o (ii) Measurement of the plasma density at the target sheath, and at 15 mm above the
target surface: Measurements using circular inserts in the target showed that the
plasma density increases linearly with power density, exhibiting a 25% modulation
induced by the travelling spokes [44]. The average plasma density was in the range
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Figure 9. Plasma potential (color) and electric field (vector) distributions in the n-r
plane for different axial distances from the target surface (z = 2.540 mm), adopted
from [58]. Magnetron is 3” round planar magnetron.

of 10 m~3. At 15 mm above the target, spokes have also been monitored by Estrin
et al. [43] using probes. They observed that the spokes have a higher electron
densities and lower electron temperatures at their leading edge (n, ~ 2.0 x 10
m~3, T, ~ 2.1 eV), but lower electron densities and higher electron temperatures
at their trailing edge (n. ~ 10" m=3, T, ~ 3.9 eV). A calculation of the plasma
potential V,, based on the floating potential Vy and 7, measurements showed that
the spokes correspond to a positive potential of up to + 9 V relative to the electrical
potential in between the spokes. However, the regions of high electrical potential
are slightly shifted with respect to the region of maximum electron density n..
Azimuthal electric fields Ey4 of the order of 1 kV/m are deduced from the electrical
potential gradients along the ractrack.

e (iii) Ion enerqgy distribution function (IEDF) of metal ions with an peak at energies
in the range 15-25 eV: As an example, the ion energy distributions in HiPIMS
using a Ti target have been measured by Maszl et al.[56]. The IEDF of Ar ions
consists of a low energy (LE) peak and a tail stretching up to 10 eV. The IEDF
of Ti™ ions consists of a low energy (LE) peak and, at high power densities where
the metal dominated spokes are present, an additional peak at high energies (HE)
in the range 15-25 eV is observed. The position of the HE peak increases with
target power density. This observation can easily be explained by assuming that
the HE group of ions originate from the high electrical potential in the spoke.
These ions are accelerated in the electric fields surrounding a spoke and travel
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towards the substrate. Additionally, it was found that doubly charged ions exhibit
approximately twice the energy of singly charged ions, indicating the validity of an
electric acceleration mechanisms.

e (iv) High diffusion coefficients: The observation of cross-field electron diffusion a
few times higher than the Bohm diffusion indicates that ions from the spoke are
accelerated by the potential structure away from the target. Therefore, in the
rotating spoke, the electric field of surrounding a spoke acts as a plough displacing
ions in all directions [17].
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6. Explaining the spoke phenomenon

The theoretical description of spokes is still a matter of debate. One may distinguish
either phenomenological single particle descriptions, fluid descriptions based on plasma
equilibria, kinetic simulations, or equivalent simulations for Hall thrusters:

e (i) phenomenological single particle descriptions: a phenomenological explanation
of the spoke phenomenon corresponding to a hump in the electrical potential
surrounded by double layers has been postulated by Anders et al. [57]. According to
this description, the electrical fields surrounding a spoke cause an acceleration and
deceleration of electrons that enter or leave this region. Depending on the ionisation
rates, a local variation in electron density occurs. Since the E x B drift of the
electrons is 10 times faster than the actual spoke movement, the drifting electrons
that enter a spoke are deflected towards the target and become reflected at the
sheath potential. These reflected electrons are energised as they enter a region of
higher electrical potential. This enables a feedback mechanism for maintaining and
amplifying the ionisation in the spoke. An enhanced electrical potential results
from the inertia of ions that are left behind as a fraction of electrons escapes from
the ionisation zone. Since inelastic collisions of energetic electrons are the origin
for light emission, the observation of bright spokes is an indication for high electron
energies locally.

e (ii) fluid descriptions: plasma instabilities fall into to two classes of fluid and
kinetic instabilities. The spoke phenomenon belongs to a low frequency instability
where the fluid description is still appropriate. Based on the topology of a
magnetron plasma and the gradients in electron density and magnetic field, the
spoke phenomenon can be related to the Simon-Hoh instability [9, 8], that occurs
above a specific density gradient for a given magnetic and electric field. Since the
spoke phenomenon is associated with strong plasma density gradients locally, the
triggering of these instabilities is very likely. The propagation of the corresponding
drift waves depends then on the direction of the density gradients and the directions
of the magnetic and electric fields. Since the electric field surrounding a spoke
may point towards the target in the magnetic pre-sheath, but also towards the
substrate in the region between spoke and substrate, the group velocity of the
spokes phenomenon may point either clockwise or counter-clockwise on a circular
target, depending whether the E-field towards the target or the FE-field towards
the substrate dominates the driving E x B motion [59]. This may resolve also the
mystery regarding the -E x B rotation at low plasma powers: the retrograde motion
is defined with respect to the Epc_speqn-field in the pre-sheath pointing towards the
target. If, however, E, ¢_schatn 1s not dominating the transport, but rather the field
Eqpore pointing in the opposite direction from the spoke to the substrate, a reverse
of the rotation direction results. Such a motion is an ordinary E x B motion,
only dominated by FEgp.k rather than by Ep.c_sheatn. A conclusive description
is, however, not yet possible, because the linear instability analysis following the
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Simon-Hoh scheme is based on small perturbations, whereas the experiment show
density modulations of at least 25%. In addition, fluid description do not capture
secondary electron effects or gas rarefaction which may have also an influence on
the spoke phenomenon.

o (iii) kinetic descriptions: A self-consistent kinetic simulation has been presented
by Boeuf et al. [60] showing the evidence of the formation of a rotating ionisation
front (spoke) that describe experiments related to the veory very well. The rotating
structures in the simulations originate from a current that is driven across a uniform
magnetic field by an applied voltage. The plasma is azimuthally separated into two
regions at different electric potentials, with a sharp potential drop in between that
defines an azimuthal ionisation front (spoke) that propagate in the direction of
the higher electrical potential. The E x B electron current is subject to a two-
stream instability. The net transport of the electrons is assured in a region of
lower electrical potential where the azimuthal electric field E4 induces a Ey x B
drift towards the substrate. These results provide a new insight in the physics of
plasma transport in cross-field devices and suggest that the rotating instabilities
observed in the relatively complex and high-current plasma experiments designed
in the context of CIV studies, should also be observed in much simpler conditions
such as those of low current cylindrical magnetron discharges.

In a follow up paper, Boeuf et al. [61] studied the electron transport in three
typical but simplified E x B configurations of low temperature plasma sources
on the basis of results from PIC-MCC simulations. Electron vortices are observed
in the simulations for low pressure magnetron discharges (typical of Penning or
magnetron gauges), as well as rotating spokes and azimuthal electron-cyclotron drift
instability (ECDI). Especially the ECDI can only be capture in kinetic simulations
and constitute a high frequency phenomenon, which contribute significantly to the
anomalous transport of electrons through a magnetic barrier. Fully 3D kinetic PIC
simulations, however, are still difficult to realise, because the simulation of very
large plasma densities as being typical for HiPIMS is still beyond the capabilities
of the computer hardware.

Finally, Revel et al. used Pseudo3D modeling [62] to analyse the nature of spokes
by invoking a fixed spoke region on a linear section of a rectangular magnetron. the
simulation of the dynamic of this given spoke region reveals electron excursions near
the racetrack, spoke self-polarisation, and a non-uniform ionisation within spokes.
Such pseudo3D approaches may be the basis for more advanced phenomenological
models.

e (iv) kinetic and fluid descriptions of Hall thrusters: many of simulations are
performed to model Hall thrusters which exhibit a similar magnetic field topology
compared to HiIPIMS magnetrons. These simulations simplify the geometry and
focus on the instabilities in the plasma that develop due to plasma motion in
crossed electric and magnetic fields. Janes et al. [5] investigated correlations
between density and electric fields in connection to the observed anomalous cross-B
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diffusion. They concluded that the effective electron diffusion can be attributed to
the lowest frequency component such as spoke rotation.

Similar conclusions were reached by Janhunen et al. [63] who used particle-
in-cell simulation in 1D3V to study the electron-cyclotron instability driven by
the electron E x B current. The electron-cyclotron instability (ECDI) is based
on the interaction of the electron cyclotron mode with ion plasma oscillations.
The simulations have shown that the ion-sound like regime of the ECDI (with
fully demagnetised electrons) does not occur for plasma parameters relevant for
magnetron and Hall thruster operation. Their simulation showed further that
electron dynamics and the anomalous current is dominated by long wavelength
and low frequency modes (the lower hybrid range and below). This is consistent
with the experimental observations of spoke induced transport in Hall thrusters
[64].

A similar conclusion was presented by Lakhin et al [65] who used a two-fluid model
with finite electron temperature in an inhomogeneous magnetic field. They showed
that the electron inertia and finite Lamor radius effects act as a stabilising factor of
the short-wavelength fluctuations. In some cases they have found that such effects
completely suppress the high-frequency short-wavelength modes leaving only the
long-wavelength low-frequency modes unstable.

Koshkarov et al. [66] investigated current flow instabilities and nonlinear structures
in dissipative two-fluid plasmas. The current flow instability occurs due to a positive
feedback between the electron and ion current coupled by quasi-neutrality. This
type of instabilities occurs for modes propagating along the direction of the current
flow, without requiring a density gradient that is needed for Simon-Hoh instabilities
[8, 9]. They concluded that the current flow instabilities play a dominant role in
breathing oscillations.

Numerical analysis of azimuthally rotating spokes in a crossed-field discharge
plasma and comparison with other simulations have been performed by Kawashima
et al. [67]. The comparison of their modelled phase velocities with predictions
of Esipchuck [68] and Frias [69] showed comparable results within 10 %. The
corresponding dispersion relations are both based on the drift instability resulting
from gradients in plasma density and magnetic field. Thus, it has been concluded
that the drift instability is the driving mechanism of rotating spokes. Kawashima
et al. separated the development of the instability in three stages: (i) at the
beginning, the plasma is homogeneously distributed in azimuthal direction, with a
small plasma wave propagating in E x B direction. The amplitude of the plasma
wave grows linearly due to the gradient drift instability. The linear growth results
in fluctuations of plasma density and potential; (ii) the azimuthal fluctuations in
the plasma density causes non-uniformities in the ionisation rate and the neutral
atom density, which in turn enhances the non-uniformity of plasma density. The
non-uniform ionisation profile propagates also in axial direction; (iii) after a certain
time, non-uniformities in the azimuthal electrical field £, and neutral atom density
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no longer grow, due to the boundary conditions of a fixed electrical potential at
the cathode and anode as well as a limited neutral atom flow rate. Finally, the
instability saturates and the non-uniformity of the plasma constituents becomes
fully developed. A coherent structure of an azimuthal wave pattern is formed
and propagates in the azimuthal direction with a constant phase velocity. After
the gradient drift instability saturates, the propagation velocity of the coherent
structure is close to the phase velocity of the gradient drift instability. This indicates
that the azimuthal transport of the coherent wave is driven by the gradient drift
wave, whereas the non-uniform ionisation plays an important role in the wave
amplication and the transport of plasma in the axial direction towards the substrate.

Summarizing, one may state that the theoretical explanation of the spoke
phenomenon is still challenging because all approaches so far have their limitations: the
phenomenological models depend on assumptions regarding the topology of the spoke
structure and the surrounding fields as well as regarding the magnitudes of ionisation
and drifts, the fluid models do not cover gas depletion and secondary electron generation,
and the kinetic simulations can only model rather low density plasmas. Nevertheless,
all these descriptions already provide very valuable insight into the spoke phenomenon
and the quantitative description and prediction of the spoke phenomenon seems to be
in reach within the next years.
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7. Conclusion

Over the recent years, great progress in the understanding of the spoke phenomenon in
HiPIMS plasmas has been achieved in the scientific community. Based on experimental
data using Langmuir, emissive and floating probes at the perimeter of the rotating
spoke, oscillations in the plasma potential by 10 V have been monitored. By using
inserts in the target of a magnetron plasma, the electron density at the sheath edge
had been determined in the range of 10?° m™ with fluctuations in the range of 30%.
By using optical emission spectroscopy, the emission patterns of the spoke phenomenon
was used to characterise the main parameters such as spoke movement with velocities
in the range of km/s and a direction which reverses with increasing plasma power. The
shape of the spoke depends on the target material and on the state of target poisoning.
From ion energy and mass spectrometry measurement the occurrence of an extra group
of energetic ions, at energies around 20 eV at the substrate position has been observed.
Such energetic ions are also observed in radial direction to the magnetron target.

On the basis of all this experimental evidence, a robust and at least
phenomenological model of an electrical potential maximum in the region of the spoke
has been identified. The local maximum in the electrical potential implies electric
fields surrounding this spoke, which accelerate the ions and which may dominate the
direction of the drift waves and thus the movement of the spokes. Any quantitative
and more direct information about the inside of a spoke is still difficult to achieve due
to the incompatibility of probe diagnostics with the high thermal load inside a spoke.
In addition, non-invasive emission spectroscopy, as an alternative, is also difficult to
interpret due to the complex plasma topology, which would require extensive collisional
radiative modelling. The theoretical modelling and simulation is also hampered by the
limited capability of 3D PIC codes, which, at the movement, can only model rather low
density plasmas. However, all these challenges will be mastered in the coming years
so that, based on a better and quantitative understanding, the design and thus the
performance of HiPIMS plasmas can be significantly improved in the future.
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