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Plasma characteristics of a high-power impulse magnetron sputtering (HIPIMS) for copper deposition were investigated using a time-resolved
Langmuir probe to explore HIPIMS discharge physics. Various discharge frequencies and pulse widths were employed while operating the HIPIMS
in a constant current mode. Waveforms of the HIPIMS cathode current remained constant throughout the HIPIMS voltage pulse. It was found that
electrons exhibited a bi-Maxwellian energy distribution both during and after the HIPIMS pulse. After the HIPIMS pulse, plasma density built up to a
second peak while the bulk electron temperature quickly decreased. By examining the effect of pulse width and discharge frequency on the
temperature of hot electrons through Langmuir /=V curves, it is suggested that the hot electron ionization contributed to the occurrence of the
second peak. © 2024 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

1. Introduction

High-power impulse magnetron sputtering (HIPIMS) plasma
exhibits numerous interesting phenomena'~'? characterized by
its advantageous high electron density () and low electron
temperature (7.). However, the discharge physics of the
HIPIMS plasma has not been fully understood. Multiple peaks
observed in ion and electron densities of HIPIMS plasma are
interesting observations. When a HIPIMS pulse width (7,,,) is
terminated, we would expect a decay of the charged particle
densities. However, in addition to the initial density peak
observed during the pulse, there were instances where sub-
sequent peak(s) were observed after the pulse. These second
peak or multiple peaks have previously been associated with
jons™® and electron currents/densities'**”® after 7,,. The
pressure of argon working gas is a critical factor’™ influencing
the presence of the second peak of plasma densities in the
HIPIMS. Various theories have been proposed to explain the
second peak or long tail phenomenon, including the involve-
ment of the ion acoustic wave,"*” a backscattered wave,” and
reflection of neutrals by the chamber wall.” However, a
definitive conclusion regarding these second/multiple peaks
phenomena has yet to be reached. In practice, comprehending
the double or multiple plasma constitutes peaks in the HIPIMS
plasma could contribute to optimizing the deposition rate, and
even the production of a bi-polar HIPIMS plasma'® by
controlling the HIPIMS plasma parameters.

As is well known, metastable atoms are commonly found in
the HIPIMS plasma. The abundance of the metastable atom can
be similar to ions.>'> So the reserve of metastable atoms for
ionization within the HIPIMS plasma is plentiful. Hopwood
and Qian'® reported that Penning ionization dominates at low
electron densities, but electron-impact ionization becomes more
significant at higher electron densities. Their model assumed a
Maxwellian electron energy distribution function (EEDF).

Penning ionization refers to an atom ionized by a metastable
atom, in which the excitation energy of the metastable atom is
larger than the ionization energy of the first atom.'”

Anders'® mentioned in his review paper that electrons
have two different temperatures during the HIPIMS pulse
because there are high-energy secondary electrons emitted
from the target. However, the EEDF after the pulse is
terminated was not described. Thus, it is an important subject
to understand the EEDF in the HIPIMS plasma. Generally,
the EEDF can be obtained from the Langmuir /-V curve.
Usually, the Druyvesteyn method*” is used to determine the
EEDF, since this method may neglect the ion current
contribution to the probe current. However, it is not easy to
take the second derivative of the electron current against the
probe voltage in the high-energy region with a digital
method. Gudmundsson et al.* attempted to measure spatial
and temporal characteristics of the HIPIMS plasma para-
meters using the Druyvesteyn method*” and reported that
the observed EEDF comprised two electron groups. The
higher energy electrons have the so-called Druyvesteyn
distribution where high-energy electrons are truncated.
Pajdarova et al."” also reported that EEDF in the HIPIMS
plasma followed a Druyvesteyn distribution.

A Langmuir probe is a versatile tool for plasma
analysis.”? In this study, we carefully examined time-
resolved Langmuir /-V curves and EEDF of the HIPIMS
plasma under varying T,, and discharge frequencies (f). It
was found that high-energy electrons (hot electrons) co-exist
with bulk electrons during the HIPIMS pulse voltage and
after the HIPIMS pulse, that is, electrons have a bi-
Maxwellian energy distribution function.””

2. Experimental methods

Figure 1 illustrates a schematic of the experimental
apparatus.”” In a grounded vacuum chamber, a rectangular
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Fig. 1. Experimental apparatus. The Langmuir probe was subjected to

various applied probe voltages (V},) for conducting current measurement.>¥

pure copper target with a 0.038 m* surface area was installed,
and it had a racetrack area of 0.024 m?. The target had
permanent magnets attached to it. The north pole of the
magnetic field is aligned with the center of the target, while
the south pole to the edge of the target. A HIPIMS power
supply (TRUMPF, Hiittinger TruPlasma Highpulse 4001)
was connected to the copper target. The HIPIMS cathode
voltage was monitored by a high-voltage differential probe
(TECPEL, DP-25). A digital oscilloscope (GW Instek, GDS-
2102E) then collected and recorded the cathode voltage
signal from the differential probe. The HIPIMS power supply
directly logged the HIPIMS cathode current. A total of five
sets of power delivery parameters were employed in constant
current mode at 150 A for HIPIMS. These parameters were
purposely modified in relation to the values of f and T,,. The
parameters were (1) f =400 Hz, T,, = 75 us, (2) f = 400 Hz,
Ton = 150 us, (3) f= 400 Hz, T,, = 200 us, (4) f = 600 Hz,
Ton =75 ps and (5) f= 800 Hz, T, = 75 ps. Argon was the
working gas for the HIPIMS operations at a pressure of
0.16 Pa.

A home-made Langmuir probe was horizontally installed
within the vacuum chamber to take time-resolved HIPIMS
copper plasma measurements. The Langmuir probe was
situated at a 100 mm distance from the copper target. The
Langmuir probe was a tungsten wire with a diameter of
0.55 mm. The wire was shielded in an alumina tube, and the
alumina tube was held by an earthed stainless steel tube. A
5Smm segment of the tungsten wire was not covered to
establish contact with the copper plasma. On the other end,
the wire was connected to the floating output of a DC power
supply (IDRC, DSP-150-005HR) to enable adjustable DC
biasing voltage. The tungsten wire, DC power supply, and a
standard resistor were connected in series, forming a
grounded circuit. A 20 Q resistor was selected as the standard
resistor for the cases where the DC power supply gave a
negative voltage. Otherwise, under zero and positive voltage
conditions, the standard resistor was changed to 10 Q. The
voltage across a standard resistor (V) was captured by the
oscilloscope with 256-time averaging. Therefore, the
Langmuir probe current (I), which is equal to the current
though the resistor, is calculated from Vy and resistance value
(R). The applied probe voltages (V,,) were slightly different
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from the DC power supply voltage V}, by the Vg, thatis V,, =
Vv — Vr. When the V;, was at positive bias 40V, Vi had a
magnitude of less than 5 V.

3. Results and discussion

As is well known, HIPIMS discharges were operated at a
constant voltage mode by many researchers.>>%!~1% We
tried to produce a HIPIMS plasma at a constant voltage mode
using our power supply. Figure 2 is a typical waveform of a
HIPIMS discharge at a constant voltage of 800 V, where the
pulse width is 75 us and the discharge frequency is 400 Hz.
The waveforms of the discharge voltage and current are
similar to those in existing literature. However, we encoun-
tered a discrepancy in our experimental setup, while the
cathode voltage output of the HIPIMS power supply was set
at 800 V, the measured cathode voltage can only reach 550 V.
Moreover, when the discharge voltage exceeded 800 V, the
power supply shut off. This was because the sputtering target
with a large racetrack for production, which led to an
excessive discharge current. Therefore, we chose to employ
the constant current mode for our investigation into the
behaviors of a HIPIMS discharge plasma. Figure 3 illustrates
a waveform of the resulting HIPIMS discharge in the
constant current mode, with a T, of 75 us and f of 400 Hz.
As seen in Fig. 3, the discharge current varies around 150 A
during the HIPIMS voltage.

The study focused on analyzing the behavior of the
HIPIMS discharge by studying HIPIMS parameters at
different combinations of T, and f using the Langmuir
probe. Figure 4 is a typical Langmuir I-V curve at different
time points, where T, is 75 us and fis 400 Hz. These curves
were derived from / against time at various V;. A knee clearly
appears in the -V curves, enabling easy determination of
electron saturation current. Consequently, the electron den-
sity (n.), bulk electron temperature (7,.), and hot electron
temperature (Teh) were estimated over time by using the
observed I-V curves. The analysis demonstrates that when
the HIPIMS voltage pulse is applied, initially the electron
current quickly increases, and reaches a maximum at around
50 ps, and decreases afterward. The ion saturation current can
be found in the magnified section of Fig. 4. At 50 us, the ion
saturation current is —4.3 mA.
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Fig. 2. Typical waveform of HIPIMS operations at a constant voltage

mode, with a pulse width of 75 us and a discharge frequency of 400 Hz.
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 3. Waveforms of HIPIMS operations at a constant current of 150 A,
with a pulse width of 75 us and a discharge frequency of 400 Hz.
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Fig. 4. Langmuir /-V curves in time, where the pulse width is 75 ps and
frequency is 400 Hz. A negative applied probe voltage range of I-V curves is
enlarged to show ion current.

The n. can be determined from the -V curves. Figure 5
shows typical temporal behaviors of the electron density for
different pulse widths and frequencies.”” As shown in Fig. 5,
the second peak of the n, appears. The second peak of density
is comparable in magnitude to the first peak. Moreover, high
electron density persists after the pulse has ended. The ion
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Fig. 5. Temporal behaviors of the electron density n. under the different
HIPIMS conditions.*®
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density was also estimated from the ion saturation current of
the I-V curve, assuming that the dominant ions were Ar ions
and Cu ions.”” The second peak of the ion density appears at
the time when the electron density peaked. Note that the
second peak was observed at a low pressure of 0.16 Pa in our
case, while the second peak was observed at a higher pressure
in other studies.'**2%

Some attempts'~""*? were made to explain the occurrence
of a second peak of densities, and the second peak has been
regarded as the chamber wall reflecting the neutrals.” If this
explanation is correct, the second peak should be observed at
low pressures because the mean free path is longer at low
pressures. However, the second peak only appears at
relatively higher pressure.'>

In this experiment, we focused on examining an EEDF
using the I-V curves, as we believe that the second peak is
caused by electron collision ionization. Thus, we carefully
examined the I-V curves to verify if the EEDF follows a
Maxwellian distribution. Figure 6 shows typical semi-log
plots of the I-V curves during 7, and after T,,,, which clearly
demonstrate that a bi-Maxwellian EEDF is observed in our
experiments. The ion saturation current found in the I-V
curves (Fig. 4) is removed from the semi-log plots, presenting
a natural logarithm of electron current (/) on the y-axis.

It is commonly known that when the EEDF comprises two
Maxwellians with distinct temperatures, as observed in our
results, the two electron temperatures can be determined
through linear fits on the semi-log IV curve. Hoegy et al.*”
established the electron current of the probe, incorporating
the electron drift velocity. We assume that the electron drift
velocity is significantly smaller than the electron thermal
velocity. When electrons exhibit isotropic distributions,
specifically in the form of bi-Maxwellian with two electron
temperatures, the electron current (I,) is calculated as

. = (1/4)n.eAvy, exp (—eV /kT)

+ (1/4)nleAv) exp (—eV /kTM). (D)

Here, n. and n represent the density of bulk and hot

electrons respectively, while vy, and v denote the thermal
velocity of bulk and hot electrons. V represents the difference
between the plasma potential and the probe voltage and A is
the area of the probe. The derivation of the bulk electron term
of Eq. (1) can find*? for detail, the derivation of the hot
electron term is similar to the bulk one.

In general, obtaining the EEDF provides more comprehen-
sive results. However, as we have explained earlier, it is
challenging to obtain EEDF over a wide energy range using
the commercially available second derivative method. In fact,
many researchers measured the EEDF of HIPIMS plasma,
which consistently exhibits a Druyvesteyn distribution. This
result arises from the use of the commercial second derivative
method, which is only applicable within a narrow energy range.
Therefore, we believe that our custom-made probe is more
advantageous for measuring the parameters of HIPIMS plasma.

T, is calculated from the slope of the semi-log I-V plot,
where the slope is clear to be identified since T, at 20 us.
From approximately 50 us, the tail of the hot electron
becomes evident on the semi-log I-V plot. This tail sustains
for around 20 to 30 us after the HIPIMS pulse is off. The T,
values are calculated from the slope of semi-log -V plots

[Figs. 6(a)-6(c)] during T, is around 2 eV. At the same time,
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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high-energy electrons (hot electrons) co-exist, indicating bi-
Maxwellian electron energy distribution during the HIPIMS
pulse. Figure 6(d) shows that T after T, is very low (<1 eV)
and hot electrons co-exist, therefore, electron energy dis-
tributes bi-Maxwellian after the HIPIMS pulse. As mentioned
by Anders,'? the secondary electrons emitted from the target
due to ion bombardment have energy in the range of
hundreds of electronvolt. These secondary electrons contri-
bute to ionization and excitation in the HIPIMS discharge.
Since these secondary electrons lose their energy in the
plasma, they can be collected by the Langmuir probe.

In this study, we estimated temporal behaviors of the
electron temperature from the semi-log Langmuir /-V curves.
The results are shown in Fig. 7, assuming Maxwellian
distribution for both 7. and 7.". During the HIPIMS pulse,
T, is found to be approximately 2 eV. When the pulse is off,
T. rapidly decreases to below 1 eV in microseconds. Figure 7
shows that both the frequency and the pulse width are
important parameters. When the frequency is increased, the
Th during the HIPIMS pulse decreases; T." is around 20 eV
at f equal to 400 Hz and decreases to around 6 eV at other

frequencies. In addition, 7.» depends on the pulse width as
well. These findings suggest that both the frequency and
pulse width play an important role in controlling the
discharge behavior of the HIPIMS. The detailed mechanism
is to be explained by conducting experiments and work in the
future. Carefully looking at Fig. 7, T." can raise to around
10eV, when the pulse width exceeds 100 us. T." becomes
not measurable after the pulse ended for about 20 us, which
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Fig. 7. Temporal behaviors of the electron temperature for different pulse
widths and frequencies. Solid lines and dash lines represent hot electrons and

bulk electrons, respectively.

coincides with the time of the second peak of bulk electron
density shown in Fig. 5. Consistently in this study, we have
observed the presence of the second peak. It is widely
recognized that the HIPIMS discharge produces a plasma
that is fully ionized. In general, high-energy electrons play a
significant role in the process of ionization. Further discus-
sion regarding the ionization phenomenon is presented in the
following paragraphs.

Figure 5 shows that when the HIPIMS pulse is off, the
electron density rapidly decreases before the second peak

appears. This suggests Penning ionization should occur”® at

© 2024 The Author(s). Published on behalf of
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low n.. Penning ionization was discussed in plasmas with
electrons exhibiting a Maxwellian energy distribution.'® In
our case, electrons have a bi-Maxwellian energy distribution.
Thus, we conclude that Penning ionization may contribute to
the formation of the second peak. Recently, simulations
about low-temperature plasma are in progress, so the
simulation for the HIPIMS discharge may be helpful for
clarifying the effect of Penning ionization on the second
peak.

The ionization rate constant K = (oyv.)'®*” is an important
parameter in plasma production, where o; is the ionization
cross section and v, is the electron thermal velocity. When
EEDF is Maxwellian, K is expressed in terms of the kinetic
energy € as,

(o = J8/mm T2 [ @) exp(-e/kDds ()

In the above equation, & is the Boltzmann constant and m,
is the electron mass. The rate constant K indicates that hot
electrons with energy higher than the ionization energy are
responsible for ionization. Lieberman and Lichtenberg”
calculated K for argon plasma. According to their result,
when T, increases from 2eV to 10eV, the rate constant at
10 eV is three-orders of magnitude higher than that at 2 eV.®
Thus, we can conclude that EEDF has a bi-Maxwellian
distribution that generates the second peak of densities.
Therefore, the second peak is a result of ionization caused
by the hot electrons. The HIPIMS plasma is produced at low
pressure, so electron collisions with neutral argon atoms are
negligible. As already reported by Anders,'® electron
Coulomb collisions dominate in the HIPIMS plasma.
Electrons accelerated by the cathode sheath contribute to
the HIPIMS discharge and lose their energy. However, some
high-energy electrons can exist due to fewer collisions and
their extended lifetime.”” High-energy electrons can be
analyzed by using an energy analyzer can be a future
investigation.

As already described in Sect. 1, the temporal behavior of
the HIPIMS plasma has been investigated by numerous
researchers using the Druyvesteyn method. Obtained EEDF
consisted of two groups of energy, and high-energy electrons
had a Druyvesteyn EEDF. On the other hand, we observed a
bi-Maxwellian EEDF during and after the HIPIMS pulse.
This difference is considered to be due to analyzing the
energetic region. We measured a probe current and voltage
with a digital oscilloscope that has better energy resolution.
Reported EEDFs were plotted against up to 10 V. However,
Fig. 6 shows that our measurements have a broad energy
region.

A bi-polar HIPIMS,'***=% applying a reverse positive
pulse at the end of the negative pulse during the HIPIMS
discharge, is gaining a great deal of interest. However, there
are few reports regarding the relationship between the reverse
positive voltage pulse parameter and the behavior of HIPIMS
plasma. As described, hot electrons have extended lifetime,
suggesting their potential role in producing the second peak,
which acts as a pre-ionized plasma during the positive
voltage phase. Therefore, the second peak may contribute
to the bi-polar HIPIMS plasma production.
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4. Conclusions

The HIPIMS plasma was examined through temporal mea-
surements using the time-resolved Langmuir probe, leading
to several findings:

(1) Electrons have a bi-Maxwellian energy distribution
function after the HIPIMS pulse on time as well as
during the pulse.

(2) Hot electron temperature depends on the discharge
frequency and the pulse width, suggesting HIPIMS
plasma parameters can be controlled through the
discharge frequency and pulse width.

(3) Hot electrons contributed to the production of the
second peak of plasma density after the pulse is
terminated.

In conclusion, the results reveal that electrons of the
HIPIMS plasma have a bi-Maxwellian energy distribution,
and the high-energy electrons (hot electrons) are responsible
for the occurrence of the second peak. To clarify the detailed
role of the hot electrons in the HIPIMS discharge, a direct
measurement of the hot electrons may be important and will
be considered as a future subject.
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