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ARTICLE INFO ABSTRACT

Keywords: High power impulse magnetron sputtering (HiPIMS) is a promising physical vapor deposition technique with one
High power impulse magnetron sputtering of the main drawbacks being its relatively low deposition rate. In this article, a method was propose by using a
(HiPIMS)

positive ions extraction pulse (Uextract) Which would be immediately applied to the sputtering target after the
HiPIMS negative pulse to extract out the ions from the ionization region near the HiPIMS target. The Particle-In-
Cell/Monte Carlo Collision (PIC-MCC) simulation, experiments, and theoretical study were conducted to
investigate the ions extraction process. It is demonstrated that the higher potential moved from the target area to
the substrate direction and the peak ion density was driven to the substrate direction, after applying the positive
ions extraction pulse to the target. The measured ion-energy distribution function (IEDF) characteristics verified
that the jons extraction method works. The experimental results indicated that the Ti * ion flux dramatically
increased when the Uextract Was over 50 V. Good agreement between the experimental and simulation results was
obtained, validating the simulation conclusion. Finally, the microscopic mechanism of ions extraction is

ITons extraction method
PIC-MCC simulation
Microscopic mechanism of ions extraction

proposed.
1. Introduction of TiOz film sputtered from the Ti target by HiPIMS is 4-7 times lower
than that of DCMS. Ma et al. [17] also suggested that the deposition rate
As one of the most successful methods to increase ionization the of TiAlSiN coatings sputtered from the TiAlSi target by HiPIMS is about
degree of sputtered species, high power impulse magnetron sputtering 88% of DCMS using the constant average power.

(HiPIMS) has been the focus of research in the field of physical vapor
deposition over the last years [1]. It has found widespread application in
many industrial sectors due to its significant advantages, such as the
high ionization flux fraction (about 78% for Al [2], 70% for Cu [3], 68%
for Ti [2], 40% for TiAl [4], 30% for Cr [5]), ultra-dense plasmas with
electron density (the order of 10'8-10° m™3) [6-9], and high average
ion energy [10,11]. However, as deeper as the researches proceed, one
shortcoming of HiPIMS technology is exposed. When the process pa-
rameters and average power are comparable, the deposition rate of
HiPIMS is generally lower than that of conventional DC magnetron
sputtering [12-14]. For examples, Helmersson et al. [15] indicated that
when the same average power is used, the deposition rate of Cr, Al, Ta,
and Zr films synthesized by HiPIMS is only 29%, 35%, 22%, and 15%,
respectively, of DCMS. Davis et al. [16] observed that the deposition rate

1.1. Optimizing HiPIMS plasma sources through power supply and
magnetic field

The low deposition rate problem has led researchers to reconsider
the merits of HiPIMS technology. Many researchers, either theoretically
or technologically, have been paying attention to the physical mecha-
nism of this issue. Until now, the most widely accepted explanation of
this problem is that the high negative pulse target voltage takes part in a
double-edged sword role in the HiPIMS, as follows: the secondary
electrons generated by the Ar* bombardment in front of the target could
gain enough energy from the cathode sheath to promote the ionization
of the sputtered particles. However, it is extremely difficult for these ions
to escape from the ionization region in the target vicinity, as a result of
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Fig. 1. Ion extraction method to increase deposition rate, (a) schematic diagram of the initial program, (b) circuit diagram of the program.
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Fig. 2. The cross-section of the PIC-MCC modeled simulation geometry repre-
senting a cylindrical vacuum chamber with a circular magnetron and substrate

holder. The unit of the dimension is mm.

Table 1
Other parameters of the PIC-MCC calculation.
Items Value Unit
Grid 1x1 mm
Original plasma temperature 8 eV
Original ions and electrons density 4.0 10" m3
Number of electrons/ions per super-particle 108 -
Base pressure 0.4 Pa
The electron time step (ttep) 4 107 s
The 1st period Negative pulse voltage: Ugipmvis —800 \4
Negative pulse width 2.3 us
The 2nd period 1 Positive pulse voltage: Uextract 800 A%
Positive pulse width 48 ns
Substrate bias -100
2 Positive pulse voltage: Uextract 400
Positive pulse width 0.2 ps
Substrate bias 0 A

back attraction or the returning ion effect [18-20]. The ions that
reached to the downstream substrate are most likely in a diffusion
mechanism [21]. To increase the ions flux towards downstream, as well
as the deposition rate, lots of approaches and means has been proposed.
In terms of power supply, the modulated pulsed power (MPP) magne-
tron sputtering has been developed [22-24] and the deposition rate of
MPP even exceeds the deposition rate of DCMS when preparing Cr and
Al coatings [25,26]. Pulse drive technology in which HiPIMS is

superimposed with DC [27,28] or mid-frequency (MF) [29,30] has also
been proposed that the deposition rate can be effectively increased.
Lattemann et al. [31] found that the deposition rate of DLC coatings in
the mixed HiPIMS and arc mode is 8 times higher than that of the
conventional HiPIMS. In terms of magnetic field optimization, Mishra
et al. [32] reported the deposition rate of the Ti coatings was increased
by a factor of 6 through a small reduction in the magnetic field strength
(33% at the target). Other studies have also reported that the deposition
rates of Nb [33] and V coatings [34] prepared by HiPIMS have increased
by a factor of 5 and 2.6, respectively, by reducing the magnetic field
strength. McLain et al. [35] found that by using the linear tripack
magnet pack the deposition rates of Cu coatings prepared by HiPIMS
could be equal to or greater than that of DC with a standard magnet
pack. Li et al. [36] observed that in the case of HiPIMS assisted by the
external electric field and external magnetic field simultaneously, the
deposition rates were approximately 73% higher compared to the con-
ventional HIPIMS.

1.2. Method for extracting ions using positive pulses

For optimizing the power supply to increase the deposition rate, in
addition to the MPP and HiPIMS together with the DC and MF voltage
approaches, applying a reverse positive voltage right after the primary
HiPIMS negative pulse may improve the deposited ion flux, as suggested
by Konstantinidis et al. [37] early. Later, Nakano et al. [38] found that
the plasma density could be increased by applying a positive target bias
voltage during the pulse-off period. From 2013, Li [39,40] also proposed
a method by using an auxiliary electric field, that is, a positive pulse,
which is used to extract out the ions from HiPIMS ionization region,
would be immediately applied to the sputtering target after the negative
HiPIMS pulse (Fig. 1). The positive pulse can be applied not only to the
sputtering target, but also to the anode cover, or to both the sputtering
target and the anode cover. The application of the anode cover can
optimize the ion diffusion and a detailed description can be found in our
earlier works [39,41]. To avoid the ions which may have had a velocity
to the target during the HiPIMS pulse, the transition time between the
negative HiPIMS pulse and the positive extraction pulse should be as
short as possible. This method is different from another approach sug-
gested by Nakano et al. [38,42], in which a positive potential is applied
to the sputtering target after the negative HiPIMS pulses to raise the
plasma potential and in this way to accelerate ions towards the growing
film. By considering that a DC or pulse-off positive voltage exerted on
the target can only increase the plasma potential in the whole chamber,
its effect would have not much difference with a more negative substrate
bias. In addition, a DC or pulse-off positive voltage may accelerate lots of
ions to bombard the vacuum chamber and lead to iron contamination,
possibly. In Li’s scheme, a positive pulse mode is proposed instead of DC
or pulse-off positive voltage mode, so that the plasma in the chamber has
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Fig. 3. The potential distribution in the model at different times. (a) t =0, (b) t = 2 x 108, ()t=12x10°%s,(d)t=23 x 10 %s.

enough time to lower its potential to the ground to facilitate ion
extraction in pulsed mode. With this intention, the related design of
power supply (as shown in Fig. 1(b)), theoretical plasma dynamics
research based on Particle-In-Cell/Monte Carlo (PIC-MCC) were carried
out, when applied to the National Natural Science Foundation of China
in 2016 [39,40]. Then the relevant confirmatory experimental research
were completed in Helmersson’s lab at Linkoping University. In fact, the
ions extraction method has been published by some other researchers
[43-52]. This method was named bipolar pulsed HiPIMS. The advan-
tages of using this method (such as increasing deposition rates [43],
controlling ion energy [46-50], improving film properties [51,52], etc.)
have been discussed in previous studies. Despite numerous studies
showing the benefits of this HiPIMS modification, in the ions extraction
method, the details of particle motion and evolution, the invitation
motive, and the microscopic mechanism of ions extraction are still
lacking.

In this work, the ion extraction method has a distinct feature that
distinguishes it from other bipolar pulsed magnetron sputtering: the ion
extraction positive pulse width is much wider than the HiPIMS’s nega-
tive one so that the ions have enough time to be driven to the substrate.
This work is organized as follows. The details of our simulation and
experimental setup were described in Section 2. In section 3, the simu-
lation result of the ions extracts out method was presented. The simu-
lation is by using a PIC-MCC method which is based on Kwok’s code [53,
54] and developed by Luo [55] by integrating Vahedi’s method [56].
The HiPIMS discharge process and ion extraction process were simu-
lated by the PIC-MCC method. After the positive pulse was applied to the
target, the evolution of plasma potential, ion velocity and position, and
ion density were simulated and calculated. Section 4 presents the
experimental results and discussion. In this section, the voltage and
current waveforms of the discharge, the ion energy distribution function
(IEDF), and the integrated intensity of the ion flux were explored. By
comparing the simulation results with the experimental results, the
microscopic mechanism of ion extraction is finally proposed finally.

2. Simulation and experimental setup
2.1. Simulation details

In this work, the PIC-MCC method [55] is used to simulate the

transport of atoms sputtered from the target in the presence of Ar
background gas. The PIC-MCC method is developed and described in
Ref. [55]. The simulation geometry is presented in Fig. 2 and its di-
mensions were provided in Fig. 2 as well. It comprises as follows:

(i) A cylindrical discharge chamber (blue color, outer dimension
®340 mm x 360 mm, the thickness is 20 mm).

(i) A circular target holder (Cyan color, ®124 mm x (108 + 52) mm)
in the center of the chamber. The upper side of the holder is a
cylinder chimney with a height of 52 mm.

(iii) A target (pink color) is located in the bottom and center of the
chimney with a diameter of ®100 mm x 5 mm.

(iv) A cylinder magnetic bar and a cylinder magnetic ring are beneath
the target (yellow color, height is 15 mm) and is 2 mm away from
the target holder.

(v) A circular substrate holder (red color, 180 mm x 20 mm) is
placed inside the chamber at a target-to-substrate distance of 190
mm, the working pressure is assumed as 0.4 Pa.

(vi) The gas inlet and outlet are neglected.

Because the simulation is so time-consuming process and to avoid the
error accumulations, the following simplified assumptions in the simu-
lation are used.

e Only one species of inert gas Ar is used in the simulation. That is, if
the Ar"™ bombed the titanium target, the sputtered out atoms are still
Ar atoms, so that the parameters such as the elastic collision cross-
sections remain unchanged. Because such assumptions can avoid
continuous judgment of species and frequent changes in the relevant
simulation parameters. It is reasonable because this assumption did
not affect the qualitative analysis of whether the ions are extracted
out. We only focus on the movement dynamics of the ions cloud
driven by the positive pulse within the ionization reign.

It is reasonable to assume that neutral excited states of Ar have the
same elastic collision cross-sections as the ground states. In the first
approximation, the density of Ar in this work can be regarded as the
sum of all neutral Ar under the base pressure. Of course, the intro-
duction of ionization and other processes would create reaction
pathways that are different for ground and excited states.
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Fig. 4. The potential distribution of an “extract pulse” applied to the target at
the end of the 2.3 ps HiPIMS “sputter pulse”, (a) t = 0 X tsep, (b) t = 600 X tgiep,
() t = 1200 X tyep, time step tyeep = 4x107 s,

e When the Ar " species sputter the target, the secondary electrons
would also be generated if the energy of Ar' is over the secondary
emission threshold. The secondary electrons emission current is ac-
cording to the secondary electron yield of the target, which is a linear
fit of the secondary electron yield as a function of ion velocity in this
study [57]. The generated electron original velocity is assumed as 0
at the beginning of the pulse.

PIC-MCC simulation is used to simulate the HiPIMS plasmas and its
self-developed discharges. However, it is too complicated for the
collisions if all the possible collisions are considered. So in this work,
the collisions between ions and neutral species, and electrons and
ions are all neglected. Only the collisions between electrons and
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neutral species are adopted. That is, e + Ar—e + Ar, e + Ar—e + Ar*
and e + Ar—e + Ar' +e are taken into account.

To build up the collisions for the PIC-MCC simulation, an original
thin plasma with a density of 4.0 x 10**/m® was distributed evenly
in the simulation chamber (Fig. 2), which has been measured in the
normal HiPIMS discharge [58]. The sputtering pressure is 0.4 Pa, so
the original ionization rate is in the 10~° order and it is little enough
and would not affect the simulation results. Other parameters of the
PIC-MCC calculation were listed in Table 1.

The simulation was divided into two periods. The 1st period is to
simulate the HiPIMS discharge. In the 1st period, the negative pulse
voltage of —800 V with a width of 2.3 ps is applied to the target. The 2nd
period is to simulate the ions extraction procedure. In the 2nd period,
two different positive voltages of 800 V and 400 V were respectively
applied. The 800 V one is used to accelerate the electric field dynamic
change process. The 400 V one is to show the ions dynamic movement
tendency. By PIC-MCC simulation of the positive pulse applied to the
target immediately after the negative HiPIMS pulse, the plasma poten-
tial, ions velocities and positions, and ions density can be calculated for
different simulation times. It should be noted that only a very short time
of the positive pulse was used because as the calculation proceeding, the
particle propagated rapidly so that the calculation process becomes too
time-consuming.

2.2. Experimental details

The experiments’ detailed setup has been described in the reference
[49]. A ®220 mm x 300 mm cylindrical chamber was equipped with the
titanium sputtering magnetron target in the center of it. The target is 50
mm in diameter and is mounted facing upward. The cathode is con-
nected to a pulsing unit which is fed with negative, and ions extracting
out positive pulse potentials as programmed by a synchronization unit (a
HiPSTER prototype from Ionautics AB). The vacuum chamber was
evacuated to a base of ~10~7 Torr (~10~> Pa) for the sputtering
discharge. During sputtering an Ar flow (99.997% purity) of 50 sccm
and an Ny flow (99.995% purity) of 0.35 sccm are used. The total
pressure is maintained at 0.66 Pa using a throttle valve. A PSM003 mass
spectrometer (Hiden Analytical Ltd) capable of measuring ion energies
up to 100 eV is used for measuring the ion-energy distribution function
(IEDF) of Ar, Ar2+, Tit, Ti2+, N*, and N3. The sampling orifice, which
is aligned with the center of the Ti target at a distance of ~8 cm, has an
opening of 300 pm in diameter and is grounded during the measure-
ments. The energy step size is set to 0.1 eV while the acquisition per data
point is set to 200 ms corresponding to 140 pulses averaged per data
point. During the acquisition of the IEDF presented in this work the
positive ions extraction voltage (Uextract) Were set to 0, 10, 25, 50, 75,
100, and 150 V. The discharge current and voltage are recorded by
Tektronix TDS 2004C. The negative pulse (the conventional HiPIMS
pulse) has a length of 30 ps and is operated at a repetition frequency of
700 Hz.

3. Simulation results and discussions
3.1. The 1st period PIC-MCC simulation

The 1st period is to simulate the HiPIMS discharge to obtain the ions
and electrons distributions parameters for the 2nd period.

Fig. 3 shows the potential distribution at the first 2.3 ps of HiPIMS
discharge. From Fig. 3(a)-(d), it can be seen that the potential contour
lines were pushed to the target surface which is corresponding to the
HiPIMS sheath building up procedure, and this is consistent with many
HiPIMS discharge researches [59,60]. From Fig. 3(c) and (d), it can also
be concluded that above the racetrack region where the magnetic lines
are parallel to the target surface, the plasma potential was changed more
rapidly than other upper areas of the target. After 2.3 ps discharge, the
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Fig. 5. The ions density distribution at the time of (a) t = 2.30 ps (the time Ueyract are used), (b) t =2.34 ps, (c) t =2.38 ps, (d) t = 2.40 ps, (e) t = 2.44 ps, () t = 2.47

ps, (g) t = 2.48 ps, (h) t = 2.50 ps.

ions have accumulated to the upper area of the sputtering trace. The
densities of electrons and ions have reached the order of 10'” m~2 at this
time. For the HiPIMS discharge, the plasma density is generally in the
order of 107 m~3, which brings many challenges for a computer to
simulate a large discharge domain. In the present work, the negative
pulse duration (1st period) was set at 2.3 ps when the plasma density just
exceeds to 1 x 107 m™3, This timescale is long enough to generate a
HiPIMS plasma, as claimed in both experimental measurement [58] and
simulation [59]. With the increase of ions and electrons, the calculation
speed would be decreased rapidly. So the simulation with the negative
voltage of —800 V was ended at 2.3 ps. All the data obtained in the 1st
period simulation, such as the ion density, electrons density,
super-particles positions, and velocities, are all reserved and as initial
parameters for the 2nd period positive pulse calculation.

3.2. The 2nd period PIC-MCC simulation

Electric field characteristics when a positive pulse Uextract Was
applied to the target would determine whether the extract pulse takes
effect or not. So, in the 2nd period simulation, two different simulations
were taken up. (1) The Uextract = 800 V was calculated for 48 ns to speed
up the potential field’s variation. (2) The Ugxtract = 400 V was to show
the movement of the ions. The calculated results of the 1st period were
used as the initial parameters of the 2nd period calculation, which sig-
nifies that the positive pulse was applied to the target immediately after
the negative pulse without the dead-time.

3.2.1. Electric field characteristics with Ugxtracr = 800 V
The potential distribution results are shown in Fig. 4. The results at
time t = 2.3 ps meant that meant the calculation had finished the first
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tential above the racetrack (shown in dot line in Fig. 2).

calculation step and at the same time the target had a positive potential
of 800 V. The ion density, electrons density, and super-particles posi-
tions were still not changed, only the electric field was recalculated
because the target voltage had changed from —800 V to +800 V. It can
be seen that the highest potential area is not 800 V at the target. The
highest potential area is located at the upper space of the racetrack (the
ionization region, in red color). The positive potential reached as high as
1185 V. This should be due to the distribution of ions and electrons
which was obtained in the last calculation period. This is also evidence
that the ions cloud should have been formed at the end of the negative
pulse and that there is still a plasma sheath. It should be noted that only
a short time of 2.3 ps calculation was carried out to simulate the HiPIMS
discharge. The plasma sheath must be still in a dynamic state since the
ions density only reached to near the order of 10! m~3. So the high
potential area (in red color in Fig. 4(a)) is between y = 0.13 m (the
position of the target surface) and y = 0.18 m, which is much thicker
than the statistic plasma sheath.

From Fig. 4, it can be obviously seen that the higher potential moved
from the target area to the substrate direction. At the t = 600 X tsep =
0.024 ps (Fig. 4(b)), the highest potential reached to y = 200 mm (0.20
m) area. While at t = 1200 x tgep (Fig. 4(c)), it reached to 220 mm.

Not only the highest potential which is corresponded to ions distri-
bution moved to the substrate, but the potential between the target with
the substrate and even the potential in the whole chamber also increased
too. This indicates that the electrons are attracted by the target when the
ions are repelled.

3.2.2. Ions distribution character when Ugygrqee = 400 V

Fig. 5 shows the calculation results of ion density distribution be-
tween t = 2.3 ps and t = 2.5 ps. During this period, the Uextract Was a
positive one with a value of 400 V. Horizontal dotted lines were drawn
to compare the changes in the peak position of ions density at different
times. It can be clearly seen that the peak ion density (red color) was
driven to the substrate direction slowly. At the same time, the value of
the peak ion density would still keep increasing from 9.500 x 10'® m~3
to 3.430 x 10'” m~3. This denotes that further ionization was appeared
by using the following positive extraction voltage.

3.2.3. Temporal evolution of plasma potential when Ueygrqcr = 400 V

Fig. 6 is the temporal and spatial evolution of the plasma potential
calculated after the Ugtract (+400 V) is exerted. They are the calculated
results at the axial direction, along the dotted line shown in Fig. 2, and
the plasma potential plotted at different delay times. From Fig. 6 it can
be found, just at the beginning (time = 0+), there would be a high
voltage which is higher than the Uexiracr and less than U= Uegxtract
—Ugipivs- This can be explained by considering that the ion sheath still
has a higher net ion density in front of the target at the end of the HiPIMS
negative pulse and the “overshoot” phenomenon. The “overshoot”
phenomenon is caused by the strong magnetic field in front of the target
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blocking the movement of the electron flow towards the target [61]. It is
also coincided with Velicu’s experimental results [62] from two points.
Firstly, at the earlier time, near the target, there would be a high po-
tential plasma. Second, as the time elapsed, the collapse of the sheath
and the downstream movement of ions lead to an increase in the plasma
potential far away from the target. This corresponds to the phenomenon
that the peak of ion density (red) in Fig. 5 is slowly driven to the di-
rection of the substrate. One difference is that the potential increasing
speed and double layer structure of the plasma are not so obvious. This
can be explained by the fact that the parameters, such as the width of the
HiPIMS pulse and the magnetic field used, in our calculation are
different from theirs. We believed that higher potential near the target is
the motivity of the ions to be extracted out.

4. Experimental results and discussions

Fig. 7 shows the discharge voltage (Fig. 7(a)) and current (Fig. 7(b))
pulse waves applied to the target with and without the following
extraction voltage pulses Uextract (Uextract =0V, 10 V, 50 V, 100 V or 150
V, U = 0 V is marked as R-HiPIMS), respectively. A discharge current
wave (Uexract = 0 V) in the dashed line was also shown in Fig. 7(a), to
sign the discharge current and voltage synchronization. The HiPIMS
negative pulse width was 30 ps and the following ions extraction posi-
tive pulse width was 200 ps with a dead time of about 2 ps at a repetition
frequency of 700 Hz.

From Fig. 7(b) it can be found that the HiPIMS discharge current
amplitude could be affected by the following extraction positive pulse.
Without the extraction pulse, the maximum HiPIMS discharge current is
—13.5 A. While it increased with the increasing of the extraction pulse
voltage and reached to 16.3 A when the extraction pulse is 150 V (see
zoom in Iin Fig. 7(b)). This indicated that the extraction positive voltage
applied to the target could increase the electric conductivity of the
HiPIMS system at a repetition frequency of 700 Hz. The positive Uextract
would attract electrons to the region near the target surface. However,
these electrons were trapped into the archy magnetic field above the
target surface and would keep the inspiral-like movement and vibrating
near the target. This may increase the ionization of the background gas
and Ti atoms, leading to an increase in the discharge current. Thus, the
extraction pulse increased the plasma disappearance time and higher
positive voltage makes the conductivity of the rare background gas in
the chamber better.

Fig. 7(b) shows not only the negative HiPIMS current pulse but also
the positive current during the extraction positive pulse applied to the
target. In Fig. 7(b), the zoom in II picture shows the detail of the positive
current at the beginning of the Uextract pulse. It can be seen that at all
extraction pulse cases, the positive current with the maximum magni-
tude of 0.6 A was much higher than that of the R-HiPIMS one in which
no extraction pulse was used. The maximum positive current was only
about 0.06 A in the R-HiPIMS case. The increase in positive current may
be due to additional heating or reverse discharge of electrons [63,64],
which is consistent with the simulation results of an increase in peak ion
density (Fig. 5). Similar results have also been reported in Refs. [44,46,
64] where the positive currents were observed during positive pulses of
bipolar HiPIMS discharges.

The IEDF of Ar', Ti*, and, N* ion species gained by the PSM003 ion
mass spectrometer were shown in Fig. 8.Fig. 8(a)-(f) show the IEDF of
Art, Ti", and N ion species, respectively. It should be noted that the
PSMO003 ion mass spectrometer can only measure the ion energies up to
100 eV. So all the IEDF curves are the section within +100 eV. The IEDF
curves for HiPIMS with Ugyract have a number of characteristic features
similar to Ref. [46] that has been detailedly described by Ulf Helmers-
son, where the nitrogen was not fed. For the Uextract = 100 V and 150 V,
the IEDF only showed the first 100 eV section.

The typical characters of the IEDF are as follows:
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III.

IV. For Ar", the Art energy distribution curves had similarities and
differences as compared to the Ti" fluxes. There is also a narrow
and sharp low-energy wave (below 4 eV) whose peak is centered
at 1.2-1.5 eV. The low-energy wave also decreases gradually in

For Ti', there was a narrow and sharp low-energy wave (within
4.5 eV) whose peak centered around 1.5-2.1 eV (Fig. 8(a)). The
low-energy wave magnitude decreases gradually with increasing
Uextract While the peak position (energy) decreased from 2.1 eV
(R-HiPIMS) to 1.5 eV (Uextract = 70 V) firstly and then increased to counts with increasing Uexgract (Fig. 8(c) and (d)).

1.7 eV (Uextract = 150 V) (Fig. 8(b)). V. For Ar™, there are also new equally-narrow and sharp waves at
For Ti', a new equally-narrow and sharp wave appeared at the higher energy when applying the Uexract- However, new waves
position of ion energy = 12.9 eV, 28.8 eV, 54 eV, 78.6 eV, for could be split into three sub-waves and were more notable for
Uextract = 10 V, 25V, 50 V, 75 V, respectively. higher Uextract- The peak position was listed in Table 2. Unlike III
For Ti™, to the right of this peak there was a shoulder and a long (Ti™), the shoulder to the right is not presented and the curve
energy tail, similar to the standard HiPIMS [46]. The shoulder count descends quickly to the right especially for the R-HIPIMS,
counts increased with the increase of the Uexyact especially 10V, and 25 V Upgxtract cases. Similar results also were reported in
notable as the Uextract > 50 V. Similar results also were reported in Refs. [46,48]. For 50 V and 75 V cases, there was a slight rise in

Ref. [48].
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Fig. 8. The time-averaged ion energy distribution functions measured at the substrate position during bipolar HiPIMS sputtering of Ti in Ar/Ny.

Table 2
Peak position of split sub-waves of Ar™.
Extraction voltage(V) 0 10 25 50 75
Sub-waves abscissa position(eV) - 11 12.6 23.8 28 28.6 48.9 53 54.1 61.2 77.5 78.8
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Fig. 9. The integrated intensities for Ar", Ti*, N* ion flux curves.

higher energy, and another peak seems to appear at the higher
energy position.

VL. For N, there There is also a narrow and sharp low-energy wave
(within 4.1 eV) whose peak is centered around 1.9-2.3 eV (Fig. 8
(e) and (f)). The low-energy wave magnitude decreased gradually
with increasing Uextract While the peak position (energy)
decreased from 2.3 eV (R-HiPIMS) to 1.9 eV (Uexiract = 75 V)
firstly and then increased to 3 eV when Uextract = 150 V (Fig. 8
().
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VIL. For N, there are also new equally-narrow and sharp waves at
higher energy when applying the Uextract- The new wave peak
position was at 13.2 eV, 29.1 eV, 54.4 eV, 79.1 eV for Uextract =
10V, 25V, 50 V, 75 V, respectively.

VIII. Whatever with or without the Uextract, there was a hump between
40 and 85 eV in any case, and when Ugxtract = 75 V, a wave would
appear whose peak position is at 61.7 eV, 61.2 eV, 61.8 eV for
Ti", Ar', and N, respectively. If the Ueyqact Was applied, the
intensity between the first sharp wave and the new wave would
increase. This was conspicuous for Ar" because its right shoulder
and high-energetic tail nearly disappeared.

The obtained IEDF waves characterized with a low-energy wave
accompanied by a new higher energy wave were the direct evidence to
show that the ions extraction method works. The formation of the high
energy wave is due to the ions accelerated by the elevated plasma po-
tential during the positive pulse [45,46], which is consistent with the
simulation results of plasma potential (Figs. 4 and 6). To evaluate the
ions extraction efficiency, Fig. 9 shows the integrated intensities of Ar™,
Ti", and, N™ ion flux curves with an Uegtract of +10'V, 25V, 50 V, and 75
V applied respectively. Because the ion mass spectrometer can only
measure the ions with energies below 100 eV, so it is underestimated for
the Uextract = +50 V, +75 V cases. From Fig. 8, it can be reasonably
deduced that there should also be a long tail to the right (>100 eV), the
ions whose number of positive charges could be over 2, and the ions
whose energy was over 100 eV were neglected. From Fig. 9, It can be
seen that with a lower Ueygract of 10 V and 25 V, the ions total Ar™ and Ti"
fluxes even have a tendency to decrease, however, if the Uextract reached
to 50 V or more, the total Ti* and Ar" fluxes would increase. Especially
for Ti" flux, though the ions with energy over 100 eV were not included,
the Ti * ion flux dramatically increased when the Uexract Was over 50 V.
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Fig. 10. Illustration of ions extraction mechanism.
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That is the ions were successfully extracted out. At low positive pulse
voltage, the reason for the decrease of the ion flux of Ar" and Ti* may be
due to the plasma potential being higher than the vacuum furnace wall
and the increase of ion diffusion to the chamber wall. At high positive
pulse voltage, the reason for the increase of the ion flux of Ar' and Ti"
may be due to the additional heating of electrons or reverse discharge
[63-65], and the driving effect of the high electric field strength be-
tween the target and the substrate. The distribution and the peak posi-
tion of ion density at different times in Fig. 5 is a piece of evidence.
However, the increase of N ions and Ar ion flux has not the same ten-
dency as that of Ti ions. By considering the simulation result of Fig. 5, a
possible mechanism for this phenomenon, that is, the ions extraction
mechanism is illustrated in Fig. 10.

In Fig. 10, at the time Ty, the target voltage was grounded. The
HiPIMS discharge has not started. So there were Ar atoms in front of the
target. At the time T;, a high negative voltage Uyipivs was applied to the
target. The glow discharge began at this time, and Ar* ions were created
in front of the target and were attracted by the negative target. So the
magnetron sputtering was triggered and the target metal atoms (Ti
atoms in this case) were sputtered out. At the time of T, the metal self
sputtering becomes dominated. The target metal ions (Ti ions in this
case) were constantly increased, and these ions occupied the area in
front of the target. The gas rarefaction becomes obvious, and the sta-
tionary sheath would be formed at this time. At the time Ts, the Uextract
was applied to the target, the electrons near the target are collected by
the target and the ions were repelled. Because the mobility of ions was
much less than that of the electrons, there should just be net charge
particles which are the difference of positive ions number and electron
number in front of the target. That is the reason why the simulation
result shown in Fig. 4 indicated that there is a positive potential area
higher than the positive pulse voltage Uexyrqcr- Just like the simulation
result shown in Fig. 5, the ions would be repelled away from the target,
which is the reason why the highest ions density area becomes farther
and farther from the target. As the metal ions extracted out of the target
surface area, the gas atom of Ar (as well as the Ny, not shown in Fig. 10)
would be breathed in the target near the surface area. So the ions were
extracted out, and the Ar gas was breathed in, alternatively. At the time
Ty, if the Uextract pulse width is not enough, the ions clouds (or plasma
clouds) would drift to the substrate with the energy obtained by the
Uextract- At a certain moment in the process from T4 of the previous pulse
to Ty of the next pulse, the plasma will be extinguished and the chamber
will return to the state at T. This is a continuous cycle.

5. Conclusion

This paper provides a method to extract out the ions from the ioni-
zation region of the HiPIMS by using a positive ions extraction pulse.
The PIC-MCC simulation and experimental study were performed to
explore the ions extraction procedure. The simulation results indicated
that the higher potential and the peak ion density were gradually driven
to the substrate direction, with the application of an ions extraction
pulse to the target. Furthermore, the value of the peak ion density would
continuously increase from 9.500 x 10'® m~3 to 3.430 x 107 m~3,
when Uexract = 400 V. From the results of the experiment, the IEDF
charactered with a low-energy wave accompanied by a new higher en-
ergy wave directly certificated that the ions extraction method works.
When the Ueygract Was over 50 V, the Ti' ions flux significantly increased.
It can be concluded that the ions were successfully extracted out.
Comparison between the simulation and experimental results showed a
fairly good agreement. Based on the combination of simulative, exper-
imental, and theoretical studies, the microscopic mechanism of ions
extraction from the ionization region of the HiPIMS target was proposed
finally.
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