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Abstract: Delayed discharges due to electrical breakdown are observed in modulated pulsed pow er
magnetron sputtering (MPPMS) plasma of titanium. The delayed discharge, which is remarkable
with decreasing argon gas pressure, transforms the discharge current waveform from a standard
modulated pulsed discharge current waveform to a comb-like discharge current waveform consisting
of several pulses with high power. In addition, the delay times, consisting of statistical times and
formative times in the delayed MPPMS discharges, are experimentally measured with the help of
Laue plot analysis. The pressure dependence of delay times observed indicates that the delayed
discharge behavior matches the breakdown characteristics well. In the present study, the delayed
discharge dynamics of the comb-like discharge current waveform, which can be the origin of deep
oscillation magnetron sputtering, are investigated based on measurement of the delay times and the
characteristics of discharge current waveforms.

Keywords: magnetron sputtering; HPPMS; MPPMS; DOMS; delayed discharge; electrical break-

down; breakdown time; delay time; formative time; statistical time

1. Introduction

Starting from direct current magnetron sputtering (dcMS), magnetron sputtering has
progressed to a technique of overcoming target damage while increasing the power density
limit (PDL) that can be inputted. As a basic concept, the best way to achieve PDL expansion
is to introduce a pulsed power system. The history of such attempts is well represented
by a schematic diagram of pulsed discharges drawn as duty cycle vs. peak power density
depicted by Gudmundsson et al. [1]. The pulsed dcMS (PMS) used a not-so-small duty cycle
power pulse, and thus significantly increasing the PDL was not possible. For high power
pulsed magnetron sputtering (HPPMS), which can realize an even higher PDL, modulated
pulsed power magnetron sputtering (MPPMS) [2-10], which introduces pulse modulation,
and high power impulse magnetron sputtering (HiPIMS) [1,11-14], which enables the
highest PDL through an extremely small duty cycle, are two major techniques that are
being developed independently. These techniques, which have dramatically increased the
ionization degree of plasma, have attracted attention collectively as a new method, i.e.,
ionized physical vapor deposition (I-PVD) [11,15]. In recent years, both of these techniques
have achieved an improvement in film deposition rate by introducing multi-pulsing as
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a deep oscillation magnetron sputtering (DOMS) [16-24] technique with a large number
of pulses in MPPMS and as a multi-pulse HiPIMS (m-HiPIMS) [25-31] technique with
multiple bipolar pulses in HiPIMS. Improvements in the film deposition rate through
the introduction of multiple pulses are brought about due to the long-duration pulse
sputtering per cycle in the former and due to the reduction of the rearward attraction for
sputtered particle ions to the target in the latter. Discharge current waveforms consisting of
independent pulses in pulse discharge are indispensable in these multi-pulse techniques.

Deep oscillation magnetron sputtering is usually performed using a modulated pulsed
power (MPP) power supply. Whereas standard MPPMS is performed by a stepped dis-
charge voltage waveform, DOMS is performed by a discharge voltage waveform with
dozens of independent pulses. The comb-like discharge voltage waveform used in DOMS
is designed by adjusting the ON time and OFF time of the trigger pulse (micro-pulse) for
controlling the output power waveform. In this MPP discharge, if the OFF time setting
is short, then the discharge pulse waveform, which is similar to a rectangular waveform
or is a stepped waveform, is used for standard MPPMS due to the afterglow discharge.
Conversely, if the OFF time setting is long, then the DOMS waveform is formed by dimin-
ishing the effect of the afterglow discharge. Deep oscillation magnetron sputtering with
these discharge characteristics is beginning to be used for film formation of diamond-like
carbon [17,23] and optical semiconductors (TiO;) [16] as an arc-free, long-pulse MPPMS
suitable for low sputtering-rate sputtering such as sputtering of a graphite target and for
non-metallic sputtering mode for metal oxide and metal nitride materials [19-22].

In our study on optical emission spectroscopy (OES) in MPPMS, we describe the
evolution from the standard MPP discharge current waveform to a comb-like discharge
current waveform with decreasing argon pressure [32]. The comb-like discharge current
waveform with a significant delay discharge due to electrical breakdown consists of nar-
row time-width (approximately 10 us) pulses with a significant increase in peak power.
The plasma generated by the DOMS-like discharge current waveform consists of pulses
that provide high ionization efficiencies of gas/sputtered atoms. Pulses with a delayed
discharge have a large power equivalent to that of HiPIMS, resulting in the generation of
plasma having a high ionization degree.

The plasma process of pulse discharge consists of three stages: plasma build up,
stationary plasma, and decaying plasma [33,34]. In discharge using pulses of several
tens of microseconds, including DOMS, the plasma process progresses according to the
number of pulses. In other words, the first (or second) pulse corresponds to a plasma build
up (pre-sputtering process) that is mainly discharged by argon, and subsequent pulses
correspond to a stationary plasma that involves the sputtering process. In the operation of
DOMS, it is necessary to form an output current waveform in which the pulse intervals
are maintained according to the designed pulse train. However, since the breakdown
of pulse discharge always has a delay time that corresponds to the discharge conditions,
whether the DOMS current waveform can be obtained is determined by the delay time
and the time constant of the afterglow discharge. The electrical breakdown is a statistical
phenomenon [35-37], and its controllability also affects the stabilization/destabilization of
sputtering operations. In the HPPMS study, there are reports on the breakdown voltage
and breakdown time (i.e., the apparent delay time) [38—41], but only one study has reported
quantitative measurement of the true delay time given by the sum of the statistical delay
time and the formation delay time, which represent the statistical characteristics of the
pulse discharge [42]. Although the statistical time, which is closely related to afterglow as
media of the pre-ionization mode [11,42,43], which is important in the plasma build up
stage, is an important factor in pulsed discharge dynamics in HPPMS, the statistical time
has not been studied quantitatively.

In the present study, we report the evolution from standard MPPMS discharge current
waveforms to DOMS-like discharge current waveforms and the quantitative observation
of delay time in HPPMS plasma depending on the argon pressure and anode structure. We
discuss the relationship between the delay time characteristics and the delayed discharge
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current waveforms and present a design guideline for the formation of DOMS current
waveforms.

2. Materials and Methods

The experimental setup has been described in detail in previous studies [44]. The
vacuum chamber was pumped by a turbo molecular pump (Edwards, STP-A2203C) to
be a base pressure on the order of 107% Pa. Argon gas (99.999%) was introduced into the
chamber using a mass flow controller (Kofloc, CR-400). The operating pressure was set
to be in the range of 0.32 to 1.55 Pa. The argon flow rate for the pressure range was in the
range of 100 to 1200 sccm. A commercial circular unbalanced magnetron (Gencoa, Circular
VTech) as a sputtering source was equipped with a titanium target (diameter: 2 in.).

The anode shape of the sputtering source is an important factor to observe discharge
ignition and delayed discharge with sputtering. Figure 1 shows right-side cross sections of
the planar magnetron and electric potential distributions calculated by an axisymmetric
model as the sputtering source in the range of target voltage from 0 to 450 V using a
finite-element-method electromagnetic field analysis simulator (Mutec, p-Excel). Two
grounded anode shapes were examined by the simulator: a grounded anode shape with
a flat, ring-shaped shield (A) (Figure 1a) and a grounded anode shape without a flat,
ring-shaped shield (Figure 1b). As shown by the density of electric potential distributions
in Figure 1, the gradient of the electric field formed near the target for the sputtering source
without the anode shield was lower than that with the anode shield. The results of the
electric field analysis for the area from the target surface up to approximately 10 mm at
the erosion position of the target, as indicated by red arrows in Figure 1, suggest that the
electric field with the anode shield is approximately doubled compared to that without the
anode shield. As shown in Figure 1b, the ring-shaped shield of the anode was removed
from the sputtering source in the present study in order to minimize the density of electric
potential distributions.
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Figure 1. Right-side cross sections of a planar magnetron and electric potential distributions calcu-
lated by an axial target model using a finite-element-method electromagnetic field analysis simulator
(Mutec, p-Excel) as the sputtering source. Grounded anode structures (a) with a flat, ring-shaped
shield (standard type) and (b) without a flat, ring-shaped shield. The black and red arrows indicate
the target and the erosion position of the target, respectively. The calculated results exclude the
indication of the potentials of target and the magnetron for clarity.

A high-power pulse generator (Zpulser, Axia™) used as the power supply for the
MPPMS system was used to set a repetition rate of 20 Hz. The waveform of the micro-pulse
train, which is used to control the insulated gate bipolar transistor in the pulse generator
chopping the charging voltage, is shown in Figure 2. The micro-pulses and the segments
designed by pulse-on times and pulse-off times are summarized in Table 1.



Plasma 2021, 4

242

Output pulse I/0 (a. u.)

| S | S | 85| S3 IS[SslS¢l Sy | Sg I'Sq

Time (us)

Figure 2. Micro-pulse train waveform (blue bars) and segments designed based on the pulse-on times and pulse-off times

for the micro-pulses summarized in Table 1. The pulsed power is output based on the micro-pulse train waveform.

Table 1. Summary of on time and off time for segments in the micro-pulse train used in the present

study.
Segment On Time (us) Off Time (us) Number of Micro-Pulses
So 0 36 1
S 6 36 4
S, 6 24 1
Sy 6 14 2
Sy 6 12 1
Ss 8 12 1
Se 8 10 1
Sy 10 10 2
Sg 12 10 6
Sy 0 2 1

3. Results and Discussion

Figure 3 shows the waveforms of the discharge current and discharge voltage in the
working pressure range of 0.32 to 1.55 Pa. The pressure range in which the waveform
change can be observed is lower than 0.81 to 1.60 Pa. This is due to the replacement of
magnets that have been thermally damaged by maintenance of the sputtering source. The
new magnets are thought to have increased the density of magnetron electrons near the
target, enabling discharge even at lower pressures.

As shown in Figure 3a, the evolution of the current waveform revealed that the onsets
of current were remarkably delayed. This phenomenon is referred to as delayed discharge
and was observed prominently for the first time in MPPMS plasma of titanium. The
breakdown of discharge voltage was also observed with same timing for the rise of the
discharge current at the same gas pressure, as shown in Figure 3b. As the argon pressure
decreased, the current waveform was divided into several pulses, generating a comb-like
current waveform [32], and the current waveform then became a single pulse with a high
peak current at 0.32 Pa. The comb-like current waveform observed in the working pressure
range of 0.32 to 0.54 Pa was similar to the discharge current waveform in DOMS [16]. The
time interval between peaks of the comb-like current waveform was the same as that of
the micro-pulses of the MPP power supply. For the 0.41-Pa discharge, however, the pulse
interval (approximately 40 us) in the comb-like current waveform was several times longer
than the OFF times between micro-pulses (10 ps). This difference may be determined by
the electrical time constant inside the MPP power supply. In addition, a remarkable delay
(as long as approximately 500 ps), which corresponded to the power pulse width, was
observed with the increase of the discharge current at the lowest argon pressure.
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Figure 3. (a) Discharge current waveforms (blue lines) and (b) discharge voltage waveforms (red lines) in modulated pulsed

power magnetron sputtering (MPPMS) for the working pressure in the range of 0.32 to 1.55 Pa. The black dashed lines

indicate the cutoff time of pulsed power, which is output from a high-power pulsed generator. The short black lines on

the discharge current waveforms indicate the breakdown voltage Vs as a function of argon pressure. (c) Discharge current

waveforms (light blue lines) for MPPMS with an anode ring, as shown in Figure 1a.

The delayed discharge originates from the electrical breakdown (ignition). The onset
and voltage waveform of delayed discharges are shown in Figure 4 [36]. Whether electrical
breakdown occurs and the degree of the time lag from the applied point of charging
voltage are explained by Townsend'’s discharge theory formula. According to Townsend’s
discharge theory, the ionization coefficient « is given as follows [36,37]:

x = Apexp —% , (1)
(%)
where A and B are constant values, E is the electric field, and p is the pressure. As noted
in Section 2, the electric field E is approximately half that for the case without the anode
shield (as compared to the case with the anode shield), and as a result, the value of « is exp
(—2) = 0.14 times. From Equation (1), if the electric field is low under a constant pressure,
then the initial discharge is less likely to occur due to the small ionization coefficient. Thus,
the extent of the delayed discharge is strongly affected by the electric field in front of the
target and the ionization factor, which are sensitively dependent on the anode shape with
and without the anode shield. As shown in Figure 3c, the discharge with the anode shield
showed delayed discharges, but the observed delay time was as small as approximately
half that without the anode shield, and no comb-like discharge current waveform was
observed. As a result, sputtering sources without anode shields made it easier to observe
significant delayed discharges and comb-like discharge current waveforms as compared to
sputtering sources with anode shields. Therefore, the sputtering source without the anode
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shield, as shown in Figure 1b, was intentionally used in order to observe the sputtering
plasma with the delayed discharges in the present study.

Applied voltage
!'p ................................... :

Breakdown point

—
—
—
=

T | (4}

/.

Figure 4. Typical breakdown and time lag under impulse voltage. Here, Vp and Vs are peak voltage
and minimum breakdown voltage, respectively, and tg and f are the breakdown time and the time
when the charge voltage exceeds Vs, respectively. Moreover, T, Ts, and T¢ are the delay time, the
statistical time, and formative time, respectively [36].
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Assuming that the applied voltage is V and the mean free path of an electron, which
corresponds to the electrode spacing of the MPPMS device before ionization collision, is 4,
then the electric field E in Equation (1) can be rewritten as follows using the relationship
E=V/d[36,37]

1%

According to Paschen’s law using the Townsend’s formula, the minimum breakdown
voltage V is given as follows [36,37]:

o= Apexp [—de} (2)

Bpd
In|42]

X

®)

Vs =

If the mean free path of electrons is longer than the mean free path between electrodes,
then d is the constant electrode gap. In contrast, if the mean free path of electrons is shorter
than the mean free path between electrodes, then d is the mean free path of electrons. The
former case may be applicable for lower pressure and voltage measurements, and the latter
case may be applicable for higher pressure and voltage measurements [38].

As shown in Figure 4, for the breakdown and delay time under the impulse volt-
age [36], the delay time T for electrical breakdown is written as [37]:

T= tB - tV/ (4)

where t3 is the time at breakdown and ty is the time at the minimum breakdown voltage
Vs. In terms of breakdown characteristics, the delay time 7 starts from the time for V
and is defined as the sum of the statistical time 75, which is the time until the first seed
electron appears, and the formative time 7¢, which is the time required for the electrical
breakdown to develop from the first seed electron in addition to the time required to wait
for the sheath formation and the discharge development [36,37,42,45]:

T="Ts+ T 5)

Therefore, in order to obtain T experimentally, it is necessary to observe Vs and then
determine the starting point of 7. Figure 5 shows (a) the non-discharge voltage waveform
at the highest charging voltage (Vset = 177 V) and (b) the discharge voltage waveform at



Plasma 2021, 4

245

the lowest charging voltage (Vset = 178 V) measured at 1.55 Pa by adjusting the charging
voltage (adjustment limit: 1 V) of the MPP power supply. Assuming that there is a true Vs
between the maximum voltages in each voltage waveform, —334 V for Vst =177 V and
—341V for Vet = 178 V, then Vs can be determined experimentally as the average of these
values. The maximum voltage difference observed was less than 10 V. Figure 6 shows the
value of Vs obtained as a function of argon pressure using this method.

] (@) Vjy =177V
g - e
) B
bﬂ 1
S !

o 1
>0 |
o : (b) Ve =178 V
< i
2 :
° ] X
I150v
0 500 1000 1500
Time (us)

Figure 5. Voltage waveforms measured to determine values of Vs in MPPMS discharged for two
different values of Vet at a working pressure of 1.55 Pa. The black dashed line indicates the cutoff
time of pulsed power, which is output from the high-power pulsed generator. (a) Maximum voltage
waveform with no observed discharge at Vet = 177 V. The blue lines on the voltage waveforms
depicted by red lines are the smoothed voltage waveforms for reading the maximum voltages. The
open triangle represents the maximum charge voltage in the voltage waveform. (b) Minimum voltage
waveform with observed discharge at Vet = 178 V. The solid triangle represents the maximum charge
voltage in the voltage waveform. The short black line indicates the time of electrical breakdown
occurring after the cutoff time of pulsed power. The value of V is approximately determined as the
average of the voltages indicated by the two triangles. The resulting Vs obtained in the present study
show a small change as a function of pressure as compared to the calculated values [41].
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Figure 6. Breakdown voltage Vs as a function of the working pressure in MPPMS for working
pressure in the range of 0.32 to 1.55 Pa.

The delay time T can be obtained as the interval time between the times of Vs and
the breakdown point by plotting the measured Vs on the observed discharge voltage
waveforms, as shown in Figure 3a. Furthermore, the two components (75 and 7¢) of the
delay time T can be determined from a Laue plot for the delay time [35]. The delay time
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follows the statistical law of change. For the total number of trials N, if the number of
trials for which the measured delay time is longer than the statistically true delay time 7 is
written as 7, then the cumulative frequency n/N (%) is expressed as a function of delay
time as follows [35,36]:

% = 100- exp [t TSTf } ®)

A typical example of a Laue plot for the discharge at the working pressure of 0.41 Pa
is shown in Figure 7. The t, required to determine the delay time T was the time at which
Vs = =528 V as measured in the experiment. As a result of fitting of the experimental
data to the function of n/N (%) = 100-exp[—(t [us] — X)/Y], the parameters X and Y
were determined to be 91.4 us and 5.51 ps as a major discharge component and 94.0 us
and 1.44 ps as a minor discharge component for N = 25, as shown in Figure 7. In both
discharges, it was experimentally confirmed that 15 was approximately 10% of the 7. The
ratio between the lengths of these delay times is consistent with the trend of general electric
breakdown.

1007 T\‘ 0.41 Pa
;: 7{major) ."
2 z{minor) .,
we
2 4
® o
2 \
? .
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1] °
6
54 ‘\
44 °
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T S
90 95 100

Delay time (us)

Figure 7. Typical Laue plot for the electrical breakdowns at 0.41 Pa for the working pressure and at
Vs = =528 V (red solid circles). The fitting results (1n/N [%]) = 100~ = 914 [us]) /551 [us] g 4 major

e~ (t =940 usD/144[1s] 35 3 minor discharge component for N = 25

discharge component and 61.5
are indicated by the blue and green dashed lines, respectively. The times (7¢) of major and minor

discharges are also indicated.

In addition, the origin of the major and minor discharges is due to discharge fluctua-
tions that occur within half of the pulse-off time (10 us) at the breakdown point, considering
the time difference (approximately 3 us) between two formative times. Figure 8 shows
Laue plots measured at several argon pressures at which characteristic discharge current
waveforms are observed: 1.55 and 0.72 Pa, at which typical MPPMS current waveforms
are observed; 0.44 Pa, at which a current waveform consisting of five pulses is observed;
0.41 Pa, at which a current waveform consisting of four pulses is observed; 0.38 Pa, at
which a current waveform consisting of three pulses is observed; 0.36 Pa, at which a current
waveform consisting of two pulses is observed; and 0.32 Pa, at which a current waveform
consisting of a single pulse is observed. This figure shows that ¢ strongly depends on
argon pressure, and that the 1.55-Pa Laue plot clearly jumps to the 0.72-Pa Laue plot in the
slower time region. The latter behavior is also explained as the discharge fluctuation for
the minor discharge.
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Figure 8. Laue plots for the electrical breakdowns of N = 25 in MPPMS for the working pressure in
the range of 0.32 to 1.55 Pa.

Furthermore, 7¢ and 75 for components of these major and minor discharges obtained
by fitting calculations for the Laue plots at each pressure are plotted in Figure 9 and
summarized in Table 2. These results also confirmed that 7; >> 74 in MPPMS, as mentioned
in a previous paper on HiPIMS [38]. Comparing the major and minor discharges as a
feature of 1y, the value of the major discharge was several microseconds shorter than the
value of the minor discharge. On the other hand, as a feature of 7, the value of the major
discharge was several microseconds longer than the value of the minor discharge. This
suggests that the after-glow plasma (i.e., pre-ionized plasma [11,42,43]) made by major
pulsed discharges shortens time 7, of the minor discharges [41]. It has been reported that
Ts is lower than 2 ps in HiPIMS of copper [42]. T4’s in the major and minor discharges of
titanium were the same-order value to 75 of copper. This is because the secondary electron
yields of these target metals (copper and titanium) are the same order value [46,47].
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Figure 9. Formative times 7¢ (solid circles) and statistical times 75 (open circles) in MPPMS discharge
as a function of argon pressure in the range of 0.32 to 1.55 Pa. The major and minor components
are colored blue and green, respectively. Maximum breakdown voltages V, (black solid circles),
minimum breakdown voltages Vs (gray solid circles), and the voltage factors given by these voltages
(red open circles) in MPPMS discharge as a function of argon pressure in the range of 0.32 to 1.55 Pa.
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Table 2. Summary of delay times observed in the present study.

T¢ (us) Ts (us)
p (Pa) : . : :
Major Minor Major Minor
0.32 135 142 36.4 3.21
0.36 128 130 8.07 1.98
0.38 102 107 5.10 0.743
0.41 914 94.0 5.51 1.44
0.44 73.4 74.9 531 2.29
0.72 67.8 73.6 3.72 112
1.55 57.3 69.9 4.63 2.19

Although the breakdown time of HiPIMS [34], its discharge voltage dependence [38,39],
and its working pressure dependence [38] have been reported, there has been no report on
the gas pressure dependence of the delay time in both HiPIMS and MPPMS. Assuming
that pd < 1 in the low-pressure condition, the delay time 7 is approximated as [38,48]:

2
TR )
(pd)"AV

where a is a constant, and AV is the overvoltage for the breakdown as given by AV =
Vp — Vs. The obtained result also shows that the statistical time is much smaller than
the formative time (7s << 7¢). Therefore, the delay time 7 is approximately equal to the
formative time T ~ T because the formative time accounts for most of the delay time.

However, assuming that 4 is constant, Equation (7) cannot be optimized for 7¢ (major),
especially in the pressure range over 0.6 Pa. On the other hand, pd is assumed to be constant
in Equation (7), because d is considered to be the mean path of electrons that are inversely
proportional to p in higher-voltage measurements [38]. Thus, the following equation is
obtained:

Vi
AV

As shown in Figure 9, the experimental data was fit to the formula (7 [us]) = (AV,AVT
[V]), wherein the value of parameter A was determined to be 2.35 x 10~2. The fitting
results were good enough, except at 1.55 Pa. This result means that the voltage factor
(Vs2/AV) in Equation (7) determines the delay times in this MPPMS discharge.

Figure 10a shows the peak current and peak voltage in the working pressure range
of 0.32 to 1.55 Pa in the present study. In particular, the peak current increases with the
increase in accumulated charges that participate in the ignition due to the delay effect with
decreasing argon pressure. In addition, the formation of the comb-like discharge current
waveforms in Figure 3a steeply increases the average power density.

According to the duty-cycle diagram for magnetron sputtering depicted by Gudmunds-
son et al. [1], the peak power of the HiPIMS region is defined as exceeding 0.6 kW /cm?.
Finally, the peak power densities for observed discharge current and voltage waveforms
were plotted on Gudmundsson’s diagram as shown in Figure 10b. The optional plot, except
for the first pulse, which is less involved in sputtering, as shown in the OES study [32],
also shows that the power waveform to the comb-like current and voltage waveforms
exhibits high peak power densities. Figure 10b, which summarizes the results extracted
from the power waveform in our study, shows that the peak power density shifted from
the MPPMS region to the HiPIMS region with delayed discharge, and that the duty ratio
steeply dropped according to the number of pulses and from the point where the comb-like
power waveform used in DOMS was formed. This result may be a minor aspect of plasma
manipulation using MPP power supplies.
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Figure 10. (a) Average power density (blue solid circles) and peak power density (red solid circles)
and (b) classification for discharge characteristics in magnetron sputtering in MPPMS for a working
pressure in the range of 0.32 to 1.55 Pa. The duty cycle is plotted with respect to the peak power
density at the target. The red solid circles and blue circles show the data corresponding to the
full power waveforms and the partial power waveforms, except for the first pulse, in Figure 3a,b,
respectively.

However, as reported in our study on OES of comb-like discharge current waveforms,
the pulses with large power contained in the comb-like power waveform formed by adjusting
the argon gas pressure have a technical potential in order to increase the flux of ionized
sputtered particles and generate MPPMS plasma with a higher ionization degree [32]. The
findings obtained in the present study provide a new perspective in modulated pulse
design for I-PVD using DOMS.

4. Conclusions

The delayed discharge behavior observed using a sputtering source without an anode
shield in MPPMS plasma of titanium was investigated through argon pressure dependence
for discharge current waveforms. We have found that the discharge current waveform
changes from typical MPPMS discharge current waveforms to comb-like DOMS discharge
current waveforms containing several pulses as the argon pressure decreases. The MPP
discharge dynamics based on the measurements of true discharge delay times (7¢ and Ts),
which would be the key to the formation of DOMS discharge current waveforms, were
reported in the present study.
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