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Modification of film structure by plasma potential control using triode high power
pulsed magnetron sputtering
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We have designed a new triode configuration in a magnetron sputtering apparatus to control the plasma
potential of the discharge. An additional chimney electrode was introduced above the conventional sputter
gun to apply a positive voltage. The discharge power was provided by a pulse power source to achieve
high power pulsed magnetron sputtering operation. We confirmed that the plasma potential increased with
increasing positive electrode voltage. Copper films with substantially flatter surfaces could be obtained on
a water-cooled and electrically grounded substrate at an Ar gas pressure of 5 Pa.

High-power pulsed (or “impulse”’) magnetron sputtering (HPPMS/HiPIMS) is an ionized physical
vapor deposition (IPVD) technique that has recently attracted significant attention.! This technique
is based on the application of target power as pulses with low repetition frequency and very small
duty ratio. By this technique, it is possible to generate the high-density plasma required for IPVD
while avoiding heavy thermal load to the target. The HPPMS technique was initially proposed by
Kouznetsov et al.” in 1999. By using this technique, they obtained a good trench-filling performance
without voids, which was ascribed to the high ionization fraction of sputtered particles. Alami and
coworkers have also shown that HPPMS is effective in obtaining densified structures of Ta® and CrN”’
films.

It is well known that the structure of sputtered films depends on the preparation conditions. A
widely accepted zone diagram by Thornton® includes substrate temperature and sputtering gas pres-
sure as parameters. More recently, Anders® has proposed another structure zone diagram that consists
of a “generalized energy”, brought by the impinging particles on growing surfaces, instead of the gas
pressure. According to these diagrams, a structure with voided defects and a rough surface (Zone I
structure) grows at a low substrate temperature and a low kinetic energy (high gas pressure). When
a denser film structure with a smoother film surface (Zone T structure) is required, a high substrate
temperature and/or a high particle kinetic energy are necessary. When a low substrate temperature is

strongly desirable (e.g., deposition on plastic substrates), the particle energy should be high enough.
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This can be achieved if appropriate acceleration potential is introduced in conjunction with the high
ionization rate of IPVD/HPPMS.

In our previous study,'” we have attempted to modify the target voltage during the pulse-off period
(Vp) in HPPMS. When films were deposited on water-cooled and electrically grounded substrates, a
higher V;, (+50 to +100 V) resulted in more flattened film surfaces and compact cross-section SEM
images. With the plasma diagnostic that made use of a Langmuir probe, it was observed that the plasma
potential became higher when the negative target voltage was switched to positive at the end of the
pulse-on period. It was considered that the space potential of the afterglow plasma increased so that
it could shield the plasma from the positive target voltage, and the ionized species within the plasma
impinged onto the substrate with higher kinetic energy, reflecting the potential difference between the
plasma and the grounded substrate. However, this method has a drawback in that the plasma potential
during the pulse-on period is not high. Therefore, the advantage of the high ionization rate of HPPMS
is not fully harnessed.

In this study, we have attempted to introduce an additional electrode in the sputtering apparatus
in order to configure a triode system. The additional electrode was positively biased to increase the
plasma potential for both on and off periods of the HPPMS operation to promote further energetic im-
pingement of ionized species. To understand the function of this additional electrode, a DC discharge
experiment was performed as well. By applying different electrode potentials, Cu films were prepared
by the DC and HPPMS discharges. We also conducted probe measurements to confirm whether the
plasma potential increased following the introduction of the additional electrode, for both pulse-on
and pulse-off periods. Usually, a negative bias voltage is applied to the substrate to generate a po-
tential difference between the plasma and the substrate. However, if the positive plasma potential is
achieved, the substrate can be grounded. We believe that doing so increases the design flexibility of
the sputtering system.

The experiment was conducted with the same sputtering chamber as that used in our previous
study;'? the chamber was a cylinder of 21 cm diameter and 25 cm height. The chamber was evacuated
by a turbo molecular pump to a pressure of 4 x 107> Pa. The sputter gun was located along the
symmetric axis of the chamber. A copper disk target (purity of 4N) with a diameter of 5 cm was used.
An additional chimney electrode, 1.5 cm high, was attached on top of the anode cap of the sputter gun,
as shown in Fig. 1. For the deposition experiments, Si substrates were set on a water-cooled substrate
holder. For plasma diagnostics, the Langmuir probe (Scientific Systems SmartProbe) was introduced,
replacing the substrate holder. After the evacuation, 20 sccm of Ar gas was introduced and the pressure
was set to 5 Pa by throttling the evacuation valve. A DC source (Advanced Energy MDX-1.5k) and

a custom-built pulse power source (Heiwa Dengen)'" were used as discharge power sources. In this
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Fig. 1. Experimental setup that includes the chimney electrode above the sputter gun. Left: before and
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after the introduction of the chimney electrode. Right: cross section of the electrode configuration.

experiment, the pulse power source was driven with a repetition frequency and a duty ratio of 200
Hz and 5%, respectively. The pulse-off target voltage was 0 V. During the pulse power discharge, the
waveforms of target current and voltage were monitored and recorded using an oscilloscope (Agilent
DSO 3062A). The discharge sources were driven in a constant current mode. Initially, the target power
source was set to apply the (time-averaged) power of 100 W with V¢ = 0, and later the voltage V¢
was increased up to +40 V. By doing so, the power that was applied to the discharge volume (from
the target source and the V¢ source) was nearly the same under all conditions. With the DC and
HPPMS discharges, copper films were deposited on HF-treated low-resistivity Si(111) substrates. The
substrate holder was electrically grounded and water-cooled to maintain it at room temperature. After
the deposition, the films were observed using a secondary electron microscope (SEM; JEOL JSM-
6510). In another experiment, in which the Langmuir probe was used, current-voltage characteristics
were obtained and analyzed using the method described by Chen,'? and plasma parameters were
obtained. When applied to HPPMS, the Langmuir probe was operated in a boxcar mode for time-
resolved measurements triggered by a timing signal from the pulse power source.

Plan-view SEM images of the Cu films deposited on Si substrates are shown in Fig. 2. The scale
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Fig. 2. Plan-view SEM images of deposited Cu films with different discharge sources (DC/HPPMS) and
different chimney electrode voltages (V) at an Ar gas pressure of 5 Pa. In HPPMS deposition, the repetition
frequency and duty ratio were 200 Hz and 5%, respectively. The target power was applied in a constant
current mode to achieve 100 W (see text for the detailed procedure). The scale bar at the right bottom
corner of each figure represents 1 um.

bar at the right bottom corner of each figure represents 1 um. These samples were deposited for 18 min.
The deposition rate was measured prior to the actual deposition using a quartz crystal microbalance
monitor and found to be 2.0 nm/s, independent of V¢ and of whether the power was DC or pulse.
Therefore, the thickness of these films was expected to be approximately 2 um. The target voltage in
DC sputtering was —390 V, and the pulse-on voltage in HPPMS was —550 V (both are at V¢ = 0).

Cu films that were deposited by a DC discharge at V¢ = 0 and 20 V appeared to have very rough
surfaces with large grains and voids, which reflected the columnar structure of Zone I. This structure is
specific to high gas pressures (low-energy particles) and low substrate temperatures. At V¢ = 40 V for
a DC discharge, the voids were rather subtle and the film roughness was slightly reduced. However,
the films still appeared to contain grains that were larger than 100 nm. On the other hand, in the case
of HPPMS, the film surface was already much smoother at V¢ = 0 than in the DC cases. The size of
a typical grain was reduced to 30-50 nanometers. We consider that this occurred because the HPPMS
yielded a higher ionization fraction, retaining a kinetic energy as high as 5-7 electron volts provided
by a plasma sheath. By increasing V¢ to 20 and 40 V, grains became finer and the film surface was
significantly flattened.

Figure 3 shows the results of the Langmuir probe measurement. In this measurement, the substrate

holder was removed and the probe was introduced along the symmetric axis. The end of the probe tip
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Fig. 3.
trode voltage V¢ in DC discharge. (b) Time resolved plasma parameters (electron density n, and plasma

(a) Dependence of plasma potential V,, and chimney electrode current /¢ on the chimney elec-

potential V,,) in HPPMS discharge with V¢ as a parameter.

was located 50 mm away from the target surface. The dependence of the plasma potential V), on V¢
in DC discharge is shown in Fig. 3(a) along with the dependence of the chimney electrode current /¢
on V. It can be seen that /¢ increases gradually and saturates at V¢ = 20 V. Before the saturation of
Ic, the increase in V), was rather modest, while past the saturation point it increased with a slope of
unity. This suggests that the chimney electrode becomes the anode of the discharge at V¢ > 20 V. The
electron density was (3 —4) X 10" m~3 and was almost independent of V.

The results of the time-resolved probe measurement in HPPMS discharge are shown in Fig. 3(b).
The origin of the horizontal axis denotes the ignition of the pulse voltage, which continues for 250 ps,
reflecting the pulse frequency of 200 Hz and the duty ratio of 5%. The electron density n, was mostly
independent of V; it increased initially and peaked at a density as high as 3x10'®m~3 at approximately
100 ps, and then decreased. The occurence of a peak in n, corresponded to that in target current,
which is commonly observed in HPPMS with modest pulse power.> !9 On the other hand, the plasma
potential V), showed a different dependence on V. It increased as high as V¢ in both pulse-on and
pulse-off periods as expected. It increased during the initial stage of the pulse-on period and became
almost stable after 100 ps, at which point the electron density became maximal. The smooth surface of
the Cu films that was obtained using the HPPMS with a positive V¢ is ascribed to the positive plasma

potential and effective bombardment of positive ions on the grounded substrate surface.
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The mechanism by which the plasma potential increases up to the most positive electrode poten-
tial is understood to be the dragging of electrons by the positive electrode that causes the plasma to
“charge up”, resulting in a positive space potential.'> In this viewpoint, the slight increase in V, at
the end of the pulse [Fig. 3(b)] can be ascribed to the termination of the supply of secondary electrons
from the target. The phenomenon can also be explained by the plasma-wall interaction.'” When the
wall voltage V), is much lower than the floating potential V¢, the current is mainly delivered by ions
and is not sensitive to V,,. On the other hand, when V,, > V¢, the electron current dominates and it
exponentially depends on the difference V), — V,, of potentials. Therefore, in order for the electrodes
to satisfy the current continuity conditions, the floating potential and hence the plasma potential must
approach the voltage of the most positive electrode unless a very large difference between electrode
areas exists.

The triode sputtering concept was proposed during the very early years of the sputtering method
(see Chopra’s textbook!? for examples). However, in those systems, the third electrode was a
thermionic electron source that helped the low-gas-pressure discharge. More recently, a triode sput-
tering system for discharge plasma control has been proposed by Fontana and Muzart,'® which was
fabricated by inserting a grid between the target and the substrate; however, this system does not di-
rectly aim to control the plasma potential. An increase in the plasma potential achieved by introducing
an additional grid electrode was reported by Jung et al., but the effect was rather limited because
it utilized a DC sputtering apparatus.'” The plasma potential control using the triode configuration
and the high ionization rate of HPPMS were crucial for the effective bombardment and film structure
modification.

Note that the V), in this experiment was considerably lower than that used in our previous study. 10)
In our previous experiment, the plasma potential was raised by icontrolling the target voltage only
after the high power discharge was cut off. Hence, a pulse-off period target voltage of +100 V was
necessary to obtain a smooth surface such as that obtained by HPPMS and a V¢ of +20 V in Fig. 2. In
the present experiment, therefore, it is considered that a large part of ion bombardment occurred during
the pulse-on period and that the energy deposition on the growing surface by accelerated ions became
more effective following the addition of the chimney electrode. Another approach to preparing a Zone
T structure at low substrate temperatures is to reduce the discharge gas pressure so as to prevent the
deceleration of the initial energy of sputtered particles by collisions with ambient gases.® However, the
reduction in gas pressure promotes negative side effects, e.g. super high-energy reflected neutrals.'®
At least in some applications, it is desirable to stop those high-energy particles while bombarding the
growing film surface at controlled energy.

In summary, we have developed a triode HPPMS system and studied the effect of an additional
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electrode on the plasma and growing film structure. In accordance with the increase in the additional
electrode voltage, the plasma potential increased and a flatter surface structure was obtained. This

suggests a more effective impingement of ionized species onto the growing film surface.
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7/8



Jpn. J. Appl. Phys. BRIEF NOTE

References

1) J. T. Gudmundsson, N. Brenning, D. Lundin, and U. Helmersson, J. Vac. Sci. Technol. A 30,
0308101 (2012).
2) D. Lundin and K. Sarakinos, J. Mater. Res. 27, 780 (2012).
3) A. Anders, Surf. Coatings Technol. 205, S1 (2011).
4) K. Sarakinos, J. Alami, and S. Konstantinidis, Surf. Coatings Technol. 204, 1661 (2010).
5) V. Kouznetsov, K. Macék, J. M. Schneider, U. Helmersson, and 1. Petrov, Surf. Coatings
Technol. 122, 290 (1999).
6) J. Alami, P. O. A. Persson, D. Music, J. T. Gudmundsson, J. Bohlmark, and U. Helmersson, J.
Vac. Sci. Technol. A 23, 278 (2005).
7) J. Alami, K. Sarakinos, F. Uslu, and M. Wuttig, J. Phys. D: Appl. Phys. 42, 015304 (2009).
8) J. A. Thornton, J. Vac. Sci. Technol. A 4, 3059 (1986).
9) A. Anders, Thin Solid Films 518, 4087 (2010).
10) T. Nakano, N. Hirukawa, S. Saeki, and S. Baba, Vacuum 87, 109 (2013).
11) T. Nakano, C. Murata, and S. Baba, Vacuum 84, 1368 (2010).
12) F. F. Chen, in Plasma Diagnostic Techniques, ed. R. H. Huddlestone and S. L. Leonard
(Academic Press, New York, 1965) p. 113.
13) D. L. Smith, Thin-Film deposition: Principles and Practice (McGraw-Hill, New York, 1995)
p. 465.
14) M. A. Lieberman and A. J. Lichtenberg, Principles of Plasma Discharges and Materials
Processing (Wiley, Hoboken, NJ, 2005) 2nd ed., Chap. 6.
15) K. L. Chopra, Thin Film Phenomena (McGraw-Hill, New York, 1969) p. 37.
16) L. Fontana and J. Muzart, Surf. Coatings Technol. 107, 24 (1998).
17) M. J. Jung, Y. M. Chung, J. Houska, P. Baroch, J. Vlcek, J. Musil, K. Nam, and J. G. Han, Surf.
Coatings Technol. 200, 421 (2005).
18) Y. Takagi, Y. Sakashita, H. Toyoda, and H. Sugai, Vacuum 80, 581 (2006).

8/8



