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High Power Impulse Magnetron Sputtering (HiPIMS) offers significant advantages over established sputtering
techniques such as DC, MF, or RF sputtering. Thin films deposited with HiPIMS exhibit improved properties
but often suffer from low deposition rates. In addition, reactive HiPIMS processes tend to arc. Superposition
of different plasma excitations may help to overcome these limitations. We investigated the superposition of
HiPIMS and RF on a single magnetron and studied voltage—current characteristics as well as the influence of

pressure on process stability and cathode voltage for the reactive and non-reactive deposition of Aluminium in
Ar/02 discharge. We found that superimposing RF onto HiPIMS allows for stable operation at lower pressures
and reduces arcing. Notably, the effect of the superimposed RF on peak current differs by mode: in reactive
sputtering, the HiPIMS peak current is increased, while in non-reactive mode, the peak current is decreased.
This is attributed to the different secondary electron emission in non-reactive and reactive mode.

1. Introduction

Magnetron sputtering is a widely used and well-established tech-
nique for depositing thin films for various applications [1]. High Power
Impulse Magnetron Sputtering (HiPIMS) is a variant that offers sig-
nificant advantages over established techniques such as DC, MF, and
RF sputtering. The extremely high peak currents and voltages during
a HiPIMS pulse, lead to high plasma densities and contribute to a
higher kinetic energy as well as to a higher degree of ionization of the
sputtered species [2-8].

Thin films deposited with HiPIMS exhibit improved properties such
as high density [9], smooth film surface, increased film adhesion,
resistance to wear, corrosion and oxidation [7,10-13] and enhanced
conformal coverage of non-planar substrates [2,7,14]. However, due
to a low duty cycle and self-sputtering effects [15], HiPIMS features
low deposition rates compared to conventional PVD methods for non-
reactive and many reactive deposition processes [9,16-20]. In general,
reactive sputtering is used for the deposition of compound materials
from a metallic target by adding reactive gases to the deposition cham-
ber. However, metallic targets tend to poison in a reactive deposition
process and therefore develop a dielectric film on the surface, which
can change the plasma potential and result in arcing, which in turn,
leads to the ejection of macro-particles from the target [21,22], creating
distinct coating defects [23]. Reactive HiPIMS may even switch to
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cathodic arc discharge [24]. Early works on HiPIMS sputtering of com-
pound films in a HiPIMS process, used an arc suppression system [25]
that detects arcs electrically and disconnects the power supply for a
short period of time. However, this approach does not address the root
cause of the instability of the HiPIMS process. Tiron et al. 2020 [26]
demonstrated, that arcing can be significantly reduced by applying
ultra-short pulses (below 5 ps) to the target. Another approach consists
of superposition of HiPIMS with a second kind of plasma excitation
which is not prone to arcing, e.g. bipolar DC-, MF- or RF-Sputtering
which is a frequently employed technology for the deposition of com-
pounds, due to the effective suppression of charge build-up on the
target’s surface. Superposition of different plasma excitations has been
realized by sputtering from multiple targets where at least one target is
operated in HiPIMS mode (Co-Sputtering). Hybrid HiPIMS/RF-Systems
have already been established in co-sputtering setups [27,28] where
one cathode is powered by a HiPIMS generator and another cathode
by a RF power supply. Other works succeeded to incorporate the
advantages of HiPIMS into hybrid deposition systems, superimposing
additional DC [29-31] and MF [19,32-36].

We present what is, to the best of our knowledge, the first study
of the electrical effects of a continuous superposition of a high power
pulses and RF power on a single magnetron target. Specifically, we
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Fig. 1. Wiring schematic of the HiPIMS/RF circuit, used in the experiments.
The low-pass-filter protects the HiPIMS generator from the RF signal. Voltage
and current of the individual HiPIMS pulses are measured between the HiPIMS-
generator and the RF filter, using a Melec measurement system (MS-1000-D)
and an oscilloscope.

investigate how the target voltage and peak current of the HiPIMS pulse
are affected by the addition of continuous RF power, and whether pre-
ionization from the sustained RF plasma can enhance the HiPIMS peak
current.

2. Method

We modified a sputter coater from FHR (Ottendorf, Germany) with
a CESAR 1325 RF Generator from Advanced Energy, a SPIK3000A-
EF-05 pulsing unit from Melec GmbH (Baden-Baden, Germany) and
connected both to the same magnetron assembly [37,38]. An industrial-
sized metallic Aluminium target with purity of 3N a size of 400 x 90 x
8 mm (360 cm?) was used in the experiments. The HiPIMS generator
is specified for a maximum pulse output voltage of 1000 V and pulsed
peak power of 500 kW. The electric wiring is shown schematically in
Fig. 1. A custom-built low-pass filter by Aurion Anlagentechnik GmbH
(Seligenstadt, Germany) was installed between the HiPIMS generator
and the target in order to protect the generator from potential damage
due to backreflections of the RF power. This configuration was utilized
in a similar manner in earlier works, in which RF was superimposed on
DC [39-41] and pulsed DC [42], but not on HiPIMS.

The vacuum chamber was evacuated to a base pressure of 8 % 1076
Pa. HiPIMS and RF have been superimposed continuously. The pressure
during deposition was varied from 0.02 to 1.4 Pa with a vacuum control
valve from VAT, using pressure control mode.

The resulting voltages and currents for the HiPIMS-pulse were
recorded using a Melec measurement system MS-1000-D and a digital
oscilloscope. The measurement probes are placed between the Low-
Pass-Filter and the HiPIMS generator. Therefore, the measurements
show the filtered HiPIMS pulses without superimposed RF. However,
the effect of the superimposed RF is directly recognizable in the offset
of the HiPIMS voltage due to the RF self bias (see e.g. Fig. 6). The
HiPIMS pulse on- and off-times, are adjusted for each experiment in
order to achieve stable plasma conditions, the values are given in the
figure subscripts.

For illustrative purposes, the voltage of the continuous superposi-
tion of HiPIMS and RF was uniquely measured directly at the mag-
netron assembly with a custom-build RF-sensing head. The result is
shown in Fig. 2, where the HiPIMS pulse is clearly visible. The apparent
’signal noise’ is due to the 13.56 MHz RF voltage.

3. Results
3.1. I-U-characteristics

Current-voltage characteristics (I-U) were measured in voltage con-
trol mode to isolate the intrinsic plasma response from generator
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Fig. 2. Voltage measurement of continuously superimposed HiPIMS/RF mea-
sured directly at the sputter source. The HiPIMS pulse appears “noisy” due to
the superimposed RF oscillation. 13.56 MHz corresponds to 13.56 wave cycles
within 1 ps. Voltage variation with frequencies lower than 13,56 MHz visible
in the inset are probably due to instrumental issues and sampling rates. The
HiPIMS pulse on-time was set to 20 ps.

control algorithms. For each data point, the voltage was set manually
and held constant while the resulting discharge current was recorded
after reaching steady state (typically 30-60 s). For the non-reactive (see
Fig. 3) and reactive mode (Fig. 4) the pressure was kept constant at
1 Pa. The voltage was incrementally increased up to the generator’s
maximum output of 1 kV. The plotted peak current density represents
the nominal current density, calculated as the peak current divided
by the total target area (360 cm?). Using the racetrack area for the
calculation of the current density would provide a more physically
meaningful measure, but is difficult to determine accurately, as it varies
with pressure and the total applied current [24].

The conventional DC magnetron I-U characteristics follow a power
law I = kU" with n up to 18 [43]. For HiPIMS, the exponent n
reaches low values down to 1 [3,43], indicating the transition to a pure
HiPIMS-regime with high flux densities. In this work, the exponent n
was determined by a linear regression fit of the I-U data at the lower
and upper end of the applied voltage range, as shown in Figs. 3 and 4.

3.1.1. Non-reactive deposition of aluminium

The I-U-characteristics of the non-reactive mode is shown in Fig.
3 where the HiPIMS pulse length was set to 40 ps. As expected from
earlier works (e.g. Magnus et al. 2011 [44]), the peak current in-
creases with increasing voltage. In pure HiPIMS mode, the peak current
increases in the range from 11 A at 460 V, up to 490 A at 1 kV.
This corresponds to a peak current density from 32 mA cm™2 to 1361
mA cm~2, resulting in the exponent » to start at roughly n = 11 between
400 V and 500 V and approximately n = 2.1 for voltage between
900-1000 V. A qualitatively similar behaviour has been observed by
Alami et al. [43] and Ehiasarian et al. [3] and will be discussed below.
A 500 mA cm~2 threshold is marked by the blue dashed line in the
I-U plots for better visualization. While this threshold is commonly
referenced in the literature as indicative of HiPIMS operation [45], it
should be noted that, in the absence of plasma ionization measurement,
it is meant as a visual guide only.

When adding 500 W of RF-power to the non-reactive HiPIMS pro-
cess, we have observed, that this results in lower peak currents, when
compared to pure HiPIMS. Especially at low HiPIMS voltages, the peak
current is significantly decreased and only starts to increase at voltages
above approximately 700 V. The peak current density varies in the
range of 20 mA cm™2 up to 1145 mA cm~2 at 1 kV, not reaching the
maximum peak current of the pure HiPIMS process. The value of the
power law exponent is approximately n = 1 for low target voltages,
significantly increases between 650 and 750 V and again decreases to
n = 2.4 at high voltages between 900 V and 1 kV.
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Fig. 3. I-U-characteristics for non-reactive deposition mode. The exponent n
is calculated by linear regression, assuming a power law I = kU". The peak
current density in pure HiPIMS is higher when compared to hybrid HiPIMS/RF
mode. Peak current density threshold of 0.5 A cm~2 plotted for reference.
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Fig. 4. I-U-characteristics for reactive deposition mode. Contrary to the non-
reactive mode, the peak current densities are generally lower in pure HiPIMS,
compared to hybrid HiPIMS/RF. 0.5 A cm~? threshold plotted for reference.

3.1.2. Reactive deposition of aluminiumoxide

For reactive deposition of Aluminiumoxide, we introduced 11 sccm
0, and 20 sccm Ar in the deposition chamber to keep the total gas flow
approximately constant. Based on preliminary recordings of hysteresis
curves (not shown), this corresponds to operation in poisoned mode.
The HiPIMS pulse on-time was reduced to 17 ps for the reactive process
to ensure stable operation and to minimize arcing. For many reactive
HiPIMS processes, one would expect higher peak currents than in
non-reactive mode, due to higher secondary electron emission yield
for many oxides and especially Aluminiumoxide compared to pure
metals [44,46-48]. However, in this case, the recorded peak currents
are in the same range as in non-reactive mode, but this is simply
attributed to the shorter on-time of the HiPIMS pulse. In pure HiPIMS
mode, the peak current increases in the range of 35 mA cm™2 at 325 V
to 1050 mA cm~2 at 1 kV.

Contrary to the non-reactive deposition before, in reactive mode,
the peak current is increased when 500 W of RF is added to the
process, especially at lower HiPIMS voltages. At 325 V, the reactive
HiPIMS process inexhibits a peak current density of 35 mA cm~2, while
the superimposed HiPIMS+RF process exhibits 125 mA cm~2. With
increasing HiPIMS voltage, the peak currents of both processes start to
converge until the maximum peak current of 1050 mA cm~2 (HiPIMS),
respectively 1100 mA cm~2 (HiPIMS+RF) is reached at 1 kV.

3.2. Effects of pressure variation

One important process parameter in PVD processes is the chamber
pressure, which is correlated to the mean free path of gas species in
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Fig. 5. Voltage and current during HiPIMS pulse measured for non-reactive
HiPIMS deposition of Aluminium. Black arrows indicate direction of pressure
decrease. The voltage and peak current increases with decreasing pressure,
while the current onset is delayed with decreasing chamber pressure. At 0.02
Pa the pressure was too low to successfully sustain a plasma.

the plasma and is related to the ionization probability of working gas
atoms. We investigated which pressure regimes are accessible in HiP-
IMS and superimposed HiPIMS+RF, expecting lower possible pressure
in superimposed mode due to preionization, as reported by Holtzer
et al. [27] for HiPIMS and RF co-sputtering from two magnetron
targets. For the pressure variations, HiPIMS power was fixed at 1 kW
in power-control mode, contrary to the conditions for the recording of
the I-U curves (voltage control mode).

The average power was also calculated by integrating the product of
the time-dependent currents and voltages ( f I1(1)-U(r) dt). The resulting
values matched the power readings provided by the HiPIMS generator
software and are depicted in Figs. 5-8.

3.2.1. Pressure variation in non-reactive HiPIMS

For the non-reactive case, Ar flow rate was set to 8 sccm. The
pressure was decreased from 1.4 Pa to 0.02 Pa. The resulting temporal
evolution of voltage and current is shown in Fig. 5. We observed that
the target voltage increases from 575 V to 900 V with decreasing
chamber pressure. This is a direct consequence of the chosen power
control mode. Reduced pressure means less gas particles, therefore less
potential charge carriers and results in generally lower current. The
time needed to establish a stable voltage is prolonged with decreased
pressure. This is also reflected in the current onset, which starts later at
lower pressure. At p = 0.03 Pa, the real pulse duration is approximately
one third of the total set pulse time, due to the delay in current onset
of approximately 25 ps. In order to keep the average power of 1 kW
constant, the software increases the generator voltage to keep the time-
averaged product U = I constant. Paradoxically, this combination of
increased voltage and later current onset results in increasing peak
current with decreasing pressure. At 0.02 Pa the pressure was too low
to successfully sustain a plasma, the power supply ran into its voltage
limit of 1000 V, while the discharge current dropped to zero ampere.
Similar behaviour was also observed at higher HiPIMS power of 1.5 kW
but not further investigated in this work.
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Fig. 6. Voltage and current of HiPIMS pulse measured for non-reactive depo-
sition of Aluminium in superimposed HiPIMS/RF mode.

When superimposing 500 W of RF power to the non-reactive HiPIMS
process, the HiPIMS current is generally decreased (see Fig. 6). This
is expected from the I-U characteristics, as shown before. The current
starts to increase earlier in superimposed mode. This behaviour is
attributed to the faster stabilization of the HiPIMS voltage, especially at
lower pressure. This is counteracted by the generator’s control software
which again increases the voltage in order to maintain the set average
power of 1 kW as explained before. The combination of this competing
effects results in generally lower peak current density of the superim-
posed mode, while maintaining 1 kW of constant HiPIMS power (see
calculated average power, based on the product of the time-dependent
currents and voltages).

The superimposed RF induces a DC self-bias, not blocked by the low-
pass filter, and therefore visible in the time-voltage plots in Fig. 6 as
explained in the experimental section. The temporal suppression of the
DC self-bias during the pulse is attributed to a breakdown of the dark
space above the target’s surface and the accompanying potential drop.
After the HiPIMS pulse, the DC self-bias is restored within 10-60 ps.
The recovery time decreases with lower pressure. Compared to pure
HiPIMS, the HiPIMS+RF process can be operated at lower chamber
pressures, down to 0.02 Pa.

With decreasing pressure, the peak current is generally decreased.
This observation is in line with the I-U characteristics, investigated
before and also counteracted by the generator’s control software by
increasing the voltage in order to maintain 1 kW of average power. As
a result, the voltages in superimposed mode are generally higher when
compared to pure HiPIMS.

However, especially at pressures below 0.1 Pa, the set power of
1 kW could not be reached due to the generator’s voltage limits of 1
kv.

3.2.2. Pressure variation in reactive HiPIMS

The same measurements were conducted for reactive deposition of
Aluminiumoxide. The reactive gas flow was set to 6.3 sccm Ar and 5.5
scem O,. According to preliminary sputter hysteresis experiments (not
shown), this corresponded to sputtering in poisoned mode. To achieve
stable plasma conditions, the HiPIMS pulse on-time was reduced from
45 to 25 ps, while the frequency was increased by reducing the off-time
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Fig. 7. Voltage and current of HiPIMS pulse for reactive deposition of Alumini-
umoxide in pure HiPIMS mode. The voltage increases with decreasing pressure,
while the current onset is delayed with decreasing chamber pressure. At 0.03
Pa the pressure was too low to successfully sustain a plasma.

from 1700 to 775 ps in order to achieve approximately comparable peak
currents in the range of 150-200 A at 1 kW of average power in HiPIMS
mode.

As observed before in non-reactive deposition, the voltage increases
with decreasing pressure (see Fig. 7), to compensate for reduced current
at lower pressure and maintain the constant averaged power of 1 kW.

When the additional 500 W RF power is superimposed to the
reactive HiPIMS process, the voltage of the HiPIMS generator decreases.
This behaviour is assigned to the generator’s control software attempt
to maintain 1 kW of power and is in line with the earlier investigated
reactive I-U characteristic (Fig. 8), where it was observed, that a
superimposed RF power results in higher currents.

The application of superimposed RF power results in a DC self-bias
(see Fig. 8), consistent with observations in the non-reactive mode.
However, the DC self-bias takes noticeably longer to recover at lower
deposition pressures, which contrasts with the faster recovery observed
under equivalent conditions in non-reactive processes.

The voltage is generally lower than in non-reactive deposition
mode, while the peak currents are generally higher and not as much
affected by changes in pressure as in non-reactive deposition. This is
an expected behaviour due to higher secondary electron emission in
reactive mode as described by Magnus et al. 2011 [44]. The onset
of current is delayed with decreasing pressure. The peak currents in
the reactive HiPIMS+RF-mode are lower, when compared to the pure
HiPIMS. This behaviour might appear counter-intuitive at first sight
(especially when compared with reactive I-U characteristics) but is
attributed to the earlier stabilization of voltage in HiPIMS+RF mode,
resulting in an earlier increase of the current and therefore increased
current-time integral (average power) in the chosen power control
mode.

Fig. 9 summarizes the aggregated peak currents from Figs. 5-8 for
the four operational modes (note that in Figs. 5-8 not all recorded
I-U-curves are plotted for the sake of clarity). Both, non-reactive and
reactive HiPIMS+RF process can be operated at lower pressures, when
compared to pure HiPIMS.
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densities in non-reactive mode are lower, compared to reactive mode. Fur-
thermore, in the power controlled mode, the peak currents of the hybrid
HiPIMS/RF are generally lower, compared to pure HiPIMS.

4. Discussion

Effect of RF superposition on peak current: In non-reactive mode,
the superposition of RF power was expected to enhance pre-ionization,
facilitate plasma ignition and thus increase the peak current of the
subsequent HiPIMS pulse. Contrary to this expectation, we observed
a suppression of the HiPIMS peak current when RF was superimposed,
particularly at lower HiPIMS voltages. Such anti-assistance effects of an
additional plasma on HiPIMS somewhat resembles earlier publications
e.g. Anders et al. 2009 for a constricted MF plasma source [49]. While
DC-excitation is mainly based on secondary electrons from the cathode
surface, RF charge carriers are generated due to electron oscillations in
the plasma bulk [40-42,50]. Taking also into account that the vicinity
of the target surface is depleted of electrons [51], due to the RF-induced
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dark space, this might explain for the observed drop in HiPIMS current
in superimposed HiPIMS+REF.

In the reactive case, the I-U characteristics for HiPIMS and superim-
posed HiPIMS+RF are very similar. Contrary to the non-reactive case,
we have observed that the HiPIMS current in reactive deposition is
increased, when RF power is added to the process.

The increased HiPIMS current in reactive HiPIMS+RF may be at-
tributed to the significantly increased secondary electron emission
coefficient (y) for aluminium oxide (which has already formed on the
target surface prior to the HiPIMS pulse) compared to pure aluminium
(y = 1.2 instead of y = 0.1, see Corbella et al. [48]), leading to a
high concentrations of electrons in the target vicinity and dominance
of the HiPIMS discharge. This is somewhat similar to the observation of
Bender et al. [41], where they superimposed RF and DC and observed a
significant decrease in the discharge DC-voltage (power control mode)
when only a small portion of RF-power was added.

Effect of pressure on peak current: The observed ‘effect’ of lower
peak currents in reactive HiPIMS+RF mode, when compared to pure
HiPIMS is not a physical but mainly technical effect due to the applied
control mode as explained already in the results section and is again
more prominent for the non-reactive case. When the current onset is
delayed at lower pressures (Fig. 5), the time-integrated product of U*I
over the pulse duration decreases and is counterbalanced by an increase
of the voltage by the control software which, in turn, leads to very
similar peak currents.

I-U Characterization: The different exponents n of the power law
(I = kU™) which were observed in the I-U characteristic for the non-
reactive and reactive mode (Figs. 3 and 4) can be explained, according
to Ehiasarian et al. [3] and Alami et al. [43] with different sputtering
regimes. The exponent n = 11 for low current densities corresponds
to DC-like sputtering, low plasma impedance and allows for a strong
current increase at moderate voltage increase. One reason could be
that some electrons can reach the cathode due to the superimposed RF
voltage [52,53]. For current densities above approx. 500 mA/cm?, the
exponent n decreases to n = 2.12 which is attributed to a transition
into HiPIMS-like plasma with high flux densities. In reactive mode, the
plasma impedance is increased, resulting in generally lower values for
n.

Self-Bias recovery dynamics: A notable observation is the dif-
ference in DC self-bias recovery dynamics between reactive and non-
reactive modes. In the reactive process, the DC self-bias takes signif-
icantly longer (100 ps instead of 20 s, compare figs. 8 and 6) to
recover after the HiPIMS pulse at low pressures, which is the opposite
of what is observed in non-reactive processes This behaviour is also
tentatively ascribed to the higher density of secondary electrons in the
reactive case which effectively shunts the dark space, thus delaying
the formation of a potential drop above the target. First experiments
with a ZrY-target indicate a similar behaviour for this different material
and will be investigated in future works. Furthermore, the effect of an
externally applied regular DC pre-ionization should be investigated in
following works, in order to better understand the effects of RF induced
DC self-bias.

In Summary, the findings suggests that the overall discharge dynam-
ics are more complex than a simple additive effect, possibly involving
a competition between the formation of a dark space and the inherent
self bias in a RF-discharge, ionized particles and the generation of
secondary electrons in the target vicinity as main charge carriers in
pulsed processes like HiPIMS.

5. Conclusion

The present study provides new insights into the electrical be-
haviour and process stability of a hybrid HiPIMS+RF excitation scheme
applied to a single magnetron assembly, for both non-reactive (Al) and
reactive (AlO,) sputtering processes. Our results demonstrate that su-
perimposing RF power onto HiPIMS pulses alters the discharge charac-
teristics, with significant implications for plasma ignition, peak current
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behaviour, and operational pressure windows. While superimposing RF
can increase the peak current in reactive HiPIMS+RF, the opposite was
observed for the non-reactive process. The superimposed HiPIMS+RF
process enables stable operation at lower pressures for both, non-
reactive and reactive deposition, allowing stable plasma operation even
at pressures as low as 0.03 Pa. This is particularly advantageous for
the deposition of oxides and other compound materials, where low-
pressure operation can improve film quality. At the same time, the
suppression of peak current observed in non-reactive hybrid mode high-
lights the complex and sometimes counter-intuitive plasma interactions
present in these systems. This complexity points to the need for further
research, particularly in understanding the interplay of different plasma
excitation mechanisms, charge carrier dynamics and resulting effects
considering the properties of deposited thin films.

Future work will focus on plasma characterization, e.g. with time
resolved ion energy and spectroscopic measurements, to elucidate the
highly dynamical effects of the superimposed HiPIMS+RF mode and
differentiate it from individual HiPIMS and RF discharges. Also, ex-
periments with different target materials and different reactive gases
(nitrogen instead of oxygen) are in preparation to further clarify the
role of secondary electron emission yield and reactive gas ions. Simu-
lations [54] of the investigated processes will also be performed and
compared to experimental data.
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