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Hybrid Plasma Generation Triggered by a Shunting
Arc Discharge Using a Positively Biased Electrode
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Abstract—The recent trend in thin film deposition is to prepare
ceramic films capable of enduring violent environments, such as
corrosive pollutant gases with high temperatures. Different kinds
of plasma species existing in the same space are advantageous in
order to facilitate a reactive deposition between the gaseous and
metallic species. In this paper, we study a carbon shunting arc
that triggers a gas discharge using a positively biased electrode.
An electrode with a positive voltage of up to 500 V was set nearby
the carbon shunting arc source. Nitrogen, methane, or argon was
used as an ambient gas. The induced plasma was generated with
a time delay from the moment of the generation of the shunting
arc. The electrical and optical characteristics of the discharge were
studied. The onset time of the induced plasma as a function of the
ambient gas pressure has a Paschen-like V-shaped characteristic.
The generated plasma includes both carbon and gaseous species.
At the surface of the positively biased electrode, both spectrum
emissions of carbon and gaseous species are observed, by which
the plasma is confirmed to be mixed. This is based on the spectrum
observation in addition to the change in the color of the plasma. A
shunting arc is an easy method used in generating a hybrid plasma
consisting of metallic (including carbon) and gaseous species. This
method promises to efficiently prepare ceramic films by reactive
deposition. This method is simple, and both plasma species, i.e.,
those of metal and gas particles, are easily mixed. The carbon
shunting arc plasma plays both the roles of supplying the carbon
species and triggering a gaseous plasma as an induced plasma.

Index Terms—Arc discharge, emission spectrum, hybrid
plasma, Paschen’s law, shunting arc discharge.

I. INTRODUCTION

/[ ETALLIC species have been used not only for ion
source applications but also for film deposition by phys-
ical vapor deposition or chemical vapor deposition [1], [2]. The
recent trend of the thin film preparation is to prepare ceramic
films to endure violent environments, such as a corrosive pol-
lutant gas environment with high temperatures. An efficient
reactive deposition system under a large volume of plasma is
desirable. There are advantages for a hybrid plasma consisting
of metallic and gaseous species to enhance the reaction between
these species to prepare functional films. In a plasma-based ion
implantation and deposition system, 3-D substrates are treated
for surface modification [3].
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A pulsed plasma may be desirable for nongas ion implan-
tation, because it becomes possible to suppress undesirable
surface deposition of the ions by employing a synchronized
pulse bias of the substrate. A metallic or a carbon arc is usually
triggered by a plasma produced between a pin electrode and
a cathode or metal evaporation by an electron beam [4]. No
triggering system is desirable for plasma production for the
simple construction of the plasma sources.

The shunting arc is one of the plasma production methods
for solid-state materials, including metal plasmas, without any
external trigger source. The shunting arc is ignited or triggered
by self-heating of the rod to increase the vapor pressure and/or
to emit thermoelectrons around a rod which is connected to a
stored capacitor. A series of articles concerning the shunting
arc discharge has been shown in [5]-[13].

Different kinds of plasma species existing in the same space
are advantageous for the facilitation of a reactive deposition
between the gaseous and metallic species. In this case, both
plasma species are activated. When a carbon shunting arc
plasma is generated in methane gas, the hydrogen content of
the prepared amorphous carbon films is controlled [13]. When
a metallic shunting arc is generated in a hydrocarbon gas,
the metallic species may be doped in prepared diamond-like
carbon films.

In this paper, the gaseous plasma was generated by the
shunting arc triggering using a positively biased electrode that
is set near a shunting arc source. It is expected that, by this
method, species both from the shunting arc discharge plasma
and from the gas plasma are mixed by a simple construction
of the system; that is, a positively biased electrode is set in the
process chamber to make a large potential difference from the
plasma source. This accelerates electrons toward the positively
biased electrode to induce a gaseous plasma. Thus, the species
of the solid materials (in the present case, carbon) are mixed in
the gas plasma, which results in making a large volume of the
plasma consisting of carbon and gaseous species.

This paper is focused on the electrical and light emission
characteristics of the induced plasma, where the ambient gas
pressure is varied. It is confirmed that a carbon shunting arc
generated in an ambient gas triggers a gaseous plasma in which
gaseous and carbon species are mixed.

II. PRODUCTION OF SHUNTING ARC

The shunting arc is a pulsed plasma source for metal or solid
materials, and the plasma is produced with a power source
which is identical to that used for heating a rod. The rod is set
in a chamber in a low-pressure gas or vacuum. Fig. 1 shows 2
schematic drawing of the shunting arc ignition which develops

0093-3813/$25.00 © 2007 IEEE



YUKIMURA er al.: HYBRID PLASMA GENERATION TRIGGERED BY A SHUNTING ARC DISCHARGE

Shunting

Current arc

Current

o* @ =0 Vapor o o; oof e
. o cloud ©°°¢ o‘do s le 4 bl
. °°o' .: ° gy r.. o
Rod
Time
(a) (b) _ (c)

Fig. 1. Schematic diagram of generating a shunting arc discharge.

around a solid-state material connected between electrodes.
When a current flows through the rod in a low-pressure gas
or vacuum and ohmically heats the rod, it results in a vapor
pressure increase and a possible emission of thermoelectrons
from the rod surface [Fig. 1(a) and (b)]. If the voltage across
the rod and the pressure meet the appropriate condition, a
breakdown occurs between the electrodes, producing a plasma
that contains ions mainly of the material between the electrodes
[Fig. 1(c)]. When the impedance of the power supply is low, the
breakdown transits to an arc discharge immediately.

Once the arc discharge is established, the discharge current
mainly flows through the plasma, and the electrode voltage
decreases significantly because of the low impedance of the
arc plasma.

The plasma generation around the conductive materials has
been known as the shunting arc [14] or the peripheral arc [15].
This arc generation method belongs to so-called “Exploding
Wires” [16]-[19]. However, in the previous studies on the
exploding wires, the input power to the material was so high
that the material was violently exploded or evaporated in a
single discharge. On the contrary, in the developed system, we
have adjusted the input power such that the material survives
for more than 10 000 discharge cycles affecting the self-ignition
characteristics.

The major advantages of the shunting arc treated in this
paper as a plasma source for solid-state materials for industrial
applications are summarized as follows.

1) The shunting arc is a self-ignition discharge, requiring no
external trigger source, which is common to the conven-
tional arc plasma source.

2) The plasma contains ions mainly of the solid-state ma-
terial, which is connected to the electrodes, and the
relatively long lifetime of the material can be realized
by optimizing the discharge condition according to the
material.

3) By combining the other plasma sources, such as a radio
frequency power source, with the shunting arc sources, a
hybrid plasma generation is possible and may efficiently
prepare ceramics films consisting of the solid-state mate-
rials and gas species.
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In this paper, we set a positively biased electrode near the
shunting arc source to enhance the gas plasma generation
triggered by the shunting arc discharge. This plasma generation
is done in a very simple way to make a mixed plasma consisting
of the metallic (including carbon) and gaseous species.

III. EXPERIMENT

Figs. 2 and 3 show schematic diagrams of the experimental
arrangement and the shunting arc generation unit, respectively.
The chamber was 350 mm in diameter and 550-mm long.
The shunting arc generation unit was on a plastic board,
and the rod was connected to the stored capacitor via a thyristor
working as a closing switch to initiate the capacitor discharge.
A thyristor (DYNEX semiconductor, Type TF94430H, Repeti-
tive peak voltage: 3 kV, maximum stationary current: 1.35 kA,
maximum surge current: 13 kA, maximum current rise (dI /dt):
500 A/ps, maximum on-stage voltage: 2.4 V) was used as a
closing switch to release the charged energy to heat the carbon
rod and to sustain the arc discharge. The charging voltage was
set so that the current had a rise time of 20% of the rated
current rise time. The duration of the arc was preprogrammed
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spectrum measurement

by the resonance frequency of the capacitance and the circuit
inductance.

The carbon rod with a diameter of 2 mm and a length of
40 mm was fixed by a pair of carbon holders, as shown in
Fig. 3. The holders were fixed to a plastic board using a ceramic
plate (1-mm thickness, 10-mm width, and 100-mm length) and
two bolts.

A positively biased disc-shaped electrode, with a diameter
of 100 mm and a thickness of 10 mm facing the shunting
arc generation unit, was positioned 100 mm away from the

generation unit. The center of the electrode was the same height -

as the rod. The positive bias voltage was a charging voltage of
80-uF capacitor bank consisting of eight 10-uF capacitors, and
was varied up to 500 V.

The base pressure for evacuation was 10~2 Pa using a pump-
ing system with two rotary pumps (RP1 and RP2) and a turbo
molecular pump (TMP). A polytetrafluoroethylene tube (1/4 in
diameter) was set to introduce the gases, such as nitrogen and
methane, into the chamber. The gas pressure was adjusted using
a mass flow regulator.

Fig. 4 shows a schematic diagram for spectroscopic investi-
gations of the shunting arc discharge and its induced plasma.
The output signal from the pulse generator “A” was inputted
to the thyristor gate to ignite the shunting arc discharge, and
was also inputted to the pulse generator “B” to run the ICCD
(intensified charged couple device, Andor type DHS510) to
record the emission spectrum intensities. In “B,” a delayed
pulse was generated to adjust the observation time and the gate
time of the ICCD. The output voltage of the signals in the whole
system was a TTL level with an amplitude of 5 V.

The visible light emission was observed using a spectroscope
with a gated ICCD. The observation point is focused using a
collimator lens set in front of the spectroscope. The grating was
150 Gr/mm (Blaze wavelength: 400 nm), and the gate time of
the ICCD was fixed at 100 ns. When the emission spectra of
the plasma at the surface of the positively biased electrode were
observed, the focal point was adjusted on the electrode surface.
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Fig. 5. Waveforms of shunting arc discharge current and voltage across the

rod of 2-mm diameter and 40-mm length at a nitrogen pressure of 20 Pa.

The current through the circuit was observed using a current
transformer (Pearson, type 110 A, sensitivity: 0.1 V/1 A, the
rise time: 18 ns, observatory bandwidth: 1 Hz—20 MHz). The
voltage across the rod was observed using two voltage probes
(Tektronix, type 5100, rated voltage: DC+AC peak of 2.5 kV,
Frequency bandwidth: DC-250 MHz) and was measured in
differential mode. These waveforms are monitored by an oscil-
loscope (Tektronix, TDS 3034B, Bandwidth: 300 MHz, maxi-
mum sampling rate: 2.5 GS/s).

We used two circuits to generate the shunting arc discharge
plasma. All of the parameters are the same between the two
systems, except the circuit parameters. One has a circuit in-
ductance of 10.3 pH (Circuit 1), and the other has a circuit
inductance of 3.2 pH (Circuit 2). Circuit 1 was used in Figs. 5
to 8, and Circuit 2 was used in Figs. 9 to 13. In Circuit 1, the
capacitance is 20 pF, with a charging voltage of approximately
1600 V and with a stored energy of 25.6 J when charged,
which causes a peak current of approximately 1700 A, while in
Circuit 2, with a peak current of 1700 A, is obtained with a
charging voltage of 1000 V. Although two circuits with different
circuit parameters are used, the obtained results are consistent.

IV. RESULTS AND DISCUSSION
A. Electrical Characteristics of the Carbon Shunting Arc

Fig. 5 depicts waveforms showing the electrical characteris-
tics of the shunting arc and rod heating. Fig. 5(a)—(c) shows the
current through the circuit and voltage across the rod, power,
energy, and resistance, respectively. The power is P =1t X v,
where 7 is current and v is voltage. These values are shown in
Fig. 5(a). The energy is obtained via integration of the power,
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Fig. 6. Waveforms of current through the shunting arc circuit and its induced
current at a positive bias voltage of 160 V for various nitrogen pressures from
0.74 10 140 Pa.

and resistance is R = v/i. The nitrogen pressure is 20 Pa, and
the capacitor charging voltage is 1600 V.

During the rod heating stage prior to the arc stage, the current
and voltage linearly increase with time, and the arc occurs at
approximately 1 us at a rod voltage of 350 V. In this case,
the thermionic emission current is thought to be less than
0.01 A/m? [20], and the consumed energy for the rod heating
is approximately 0.07 J, as shown in Fig. 5(b). This is less
than 1/10 000 of the vaporization energy of the carbon rod that
is used in this paper. Thus, the carbon remains even after the
repetitive operation of the plasma generation.

In the arc stage, the current shows a sinusoidal behavior, and
“the voltage is constant with a value of approximately 50 V.
The peak power consumed in the arc is approximately 90 kW.
Under the experimental conditions, the shunting arc voltage
is identical and, thus, is approximately 50 V. The consumed
energy during one cycle of the discharge is approximately
2.5 1. During the arc stage, the resistance is constant and is
approximately 0.3 2, as shown in Fig. 5(c).

An induced plasma can be initiated by a positively biased
electrode set nearby the shunting arc source. Fig. 6 shows
current waveforms of the shunting arc at a nitrogen pressure
of 16 Pa and the induced plasma at pressures from 0.74 to
140 Pa. As shown in Fig. 6(b), the plasma is induced by
the shunting arc discharge triggering and the current appears
at the positively biased electrode. The initiation time of the
induced plasma tends to be increasingly delayed with increased
nitrogen pressure. As a common characteristic at the initial
stage, the current linearly increases with time and shows a dip,
a discontinuity of the current, followed by a sinusoidal shape.
It was recognized that no induced plasma current was observed
at pressures higher than 140 Pa.

Fig. 7 shows a still photograph of the one-shot discharge at
a nitrogen pressure of 16 Pa. The dashed circle in the figure
is a field of vision. It is seen in the figure that the induced
plasma is generated in the region between the positively biased
electrode and the shunting arc source. It is also noticed that the

100 mm

Fig. 7. Still photograph at a positive bias voltage of 200 V at a nitrogen
pressure of 16 Pa.

plasma consists of two structures. One is a uniform glowlike
plasma with a mixed color of blue and red in the right-hand side.
Blue and red colors originated from the shunting arc and the
nitrogen plasma, respectively. The other is a beamlike plasma
with a bright red color and a clear edge, which is generated
in the left-hand side. This is seen in the side of the positively
biased electrode. Thus, an induced plasma consists of a uniform
glowlike plasma and a beamlike plasma.

In order to see the change of the plasma structure, the still
photo observation is carried out for varying nitrogen pressures.
Fig. 8(a)—(c) shows still photographs at nitrogen pressures of
0.19, 44, and 180 Pa, respectively. The dashed circle in each fig-
ure is a field of vision for taking still photographs. In Fig. 8(a),
only a uniform plasma is recognized with a mixed color of blue
and red, and shows a glowlike plasma. As shown in the figure,
the blue-colored plasma is recognized near the positively biased
electrode. This shows that the pulsed shunting arc is driven
toward the positively biased electrode due to violent generation.

In the case of Fig. 8(b) at 44 Pa, a beamlike plasma is
generated in the half region of the gap in the left-hand side,
and its diameter is approximately 12 mm, while the diameter is
approximately 20 mm in Fig. 7. When the pressure is increased,
the plasma shrinks. In both cases [Figs. 7 and 8(b)], a beamlike
plasma bridges the gap between the positively biased electrode
and the edge of the glowlike mixed plasma.

In the case of Fig. 8(c), the diffusion of the plasma is more
suppressed, and the gap is not bridged by the plasma. At the
surface of the positively biased electrode, a flare is spouted from
the surface of the positively biased electrode. A bright spot is
seen at the root of the flare on the positively biased electrode.
This shows that the flare is originated from the vaporization of
the positively biased electrode material. In this pressure region,
no induced plasma current is observed.

These phenomena are thought to be closely related to the
electrical characteristics. The beamlike plasma shows a transi-
tion of the plasma from a uniform glowlike state. At this transi-
tion, a dip is made in a current waveform of the induced plasma.
However, it should be noticed that the beamlike plasma is
partially generated in the side of the positively biased electrode.
The glowlike plasma remains in the rest of the space, that is, the
beamlike plasma bridges over the space between the positively
biased electrode and the edge of the uniform glowlike plasma.
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Fig. 8. Still photographs at a positive bias voltage of 200 V at a nitrogen
pressures of 0.19, 44, and 180 Pa.
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The induced plasma is also generated in a methane environ-
ment. Fig. 9 shows the onset time of the induced plasma as a
function of the methane pressure for positive bias voltages of
200 and 500 V. In both cases, the onset time shows a. V-shaped
Paschen-like characteristic curve against the methane pressure,
and the minimum onset times are in a pressure between 5 and
15 Pa. Inherently, the characteristic is similar for different gas
environments.

The generation of the shunting arc is different from a con-
ventional gas breakdown because of the phenomena that the
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Fig. 10. Emission spectra from the carbon shunting arc discharge. Delay time:
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degree of rod heating is closely related to the plasma initiation.
The V-shaped characteristics of the onset time shown in Fig. 9
show a relationship between a Paschen-like characteristic and
the degree of the rod heating.

B. Spectrum Observation

Fig. 10(a) and (b) shows examples of emission spectra in the
absence and in the presence of methane gas, respectively. The
observation time of the spectrum in both cases is 12 us after
the rod heating. The charging voltage of the 20-uF capacitor
is 1000 V. Although many emission spectra can be observed,
CII at a wavelength of 426.726 nm is most significant. When
methane gas is introduced, CH at 431.726 nm is also observed.
This shows that the carbon shunting arc ionizes and/or ex-
cites the methane gas particles to make the CH species. By
introducing methane gas, the CII spectrum intensity is also
strengthened.

In the range of the observed wavelength, CI spectra are not
observed. CI may be observed in a range from approximately
477 to 505 nm, although their intensities are weak.

Fig. 11(a) and (b) shows a current waveform of the shunting
arc discharge and the CII spectrum intensity at 426.726 nm,
respectively. The current waveform is observed in the absence
of methane gas. However, it was found that the shunting arc
current is not largely different under the observed pressure
region. It is seen in Fig. 11 that the spectrum intensity generally
follows the current waveform. It is also found that the intensity
is increased by adding methane gas. The intensity is quickly
decreased near end of the shunting arc discharge.

Fig. 12(a) and (b) shows a current waveform of the induced
plasma and the temporal behavior of the carbon spectrum
intensity at 426.726 nm for methane gas at a pressure of
1.1 Pa, respectively. The spectrum is observed at the surface
of the positively biased electrode. It is seen that the carbon
spectrum appears simultaneously with the generation of the
glowlike discharge. With increasing current, the intensity be-
comes greater. There is a dip in the intensity, which may



YUKIMURA ez al.: HYBRID PLASMA GENERATION TRIGGERED BY A SHUNTING ARC DISCHARGE

Current [kA]

"5 0 5 10 15 20 25 30 35
l[f} T I T
CII : 426.726 nm b

—8— Mcthane 0 Pa
—O— Methane 1.26 Pa —

Intensity [a.u.]

II L l L
-5 0 5 10, 15 20 25 30 35
Time [us]

Fig. 11. Emission spectra from the carbon shunting arc discharge. (a) Current
and (b) emission spectrum intensity (back pressure: 0.045 Pa).

g'_‘ 0.8
gﬁ 0.6
Cr
<5 0.4
SE 02
5 °
— 0
-20 0 20 40 60 80 100
T S i S TR P
= (b) Positive bias voltage : 200 V
ad L Methane pressure : | Pa _|
= —e—Cll: 431726 0m |
£
= ]
2
E t
L L 7 | L L L
-20 0 20 40 60 80 100
Delay time [ps]
Fig. 12. Temporal behavior of the induced plasma current and the spectrum

intensity of carbon at a wavelength of 431.726 nm at a methane pressure of
1 Pa for a positive bias voltage of 200 V.

correspond to the current dip. The induced plasma is seen until
approximately 80 s, while the spectrum intensity is clearly
recognized until approximately 60 us, which is approximately
20 ps shorter than the lifetime of the induced plasma. This is
probably due to the diffusion of the mixed plasma consisting of
a carbon shunting arc plasma and the induced methane plasma.

The mixing of the shunting arc and the induced plasma is
checked by the generation of a shunting arc in an argon gas
environment. Fig. 13 shows the spectra of the induced plasma
observed at the surface of the positively biased electrode at
200 V for an argon pressure of 0.7 Pa. The observation time
was 28 us starting from the rod heating. The emissions from
both carbon and argon particles are observed. This means that
argon, as an ambient gas, which is ionized in the induced
plasma, is triggered by the shunting arc discharge. It is noticed
that the carbon species generated by the shunting arc discharge
arrive at the positively biased electrode due to the driving by
a pulsed plasma generation. Thus, it is confirmed that a hybrid
plasma consisting of argon and carbon species is made, and the
shunting arc and its induced plasma are mixed.
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arc discharge (Argon pressure: 0.7 Pa, and positive bias voltage: 200 V). The
emission was observed at the surface of the positively biased electrode.

V. CONCLUSION

The carbon shunting arc triggers a gas plasma using a posi-
tively biased electrode. It is confirmed that both plasma species
are mixed. The state of mixing is dependent on the ambient gas
pressure.

In the low-pressure region of under 1 Pa, a glowlike plasma
is observed at the gap between the positively biased electrode
and the shunting arc source, and its color is mixed with blue
from the shunting arc and red from the nitrogen plasma. Carbon
species generated in the shunting arc discharge arrive at the
positively biased electrode.

In a middle pressure region between 1 and approximately
100 Pa, a beamlike arc plasma partially bridges the gap between
the positively biased electrode and the edge of the glowlike dis-
charge. There is a discontinuity of the current waveform during
the induced plasma. The current discontinuity corresponds to
the change in the emission spectrum intensity of the induced
plasma. The current discontinuity and the current dip may be
closely related to each other; that is, the induced plasma is first
generated as a uniform glowlike plasma; it is followed by a
beamlike plasma partially bridging the gap, while a glowlike
discharge remains in the rest of the region.

In a high-pressure region of over approximately 100 Pa, the
diffusion of the shunting arc is suppressed, and no induced
plasma is generated. A flare having a root on the positively
biased electrode is observed, but no bridging over phenomenon.

From the emission spectra from the shunting arc discharge
plasma and its induced plasma, it is confirmed that the shunting
arc triggers the gas discharge and ionizes the gas species. The
onset time of the induced plasma has a V-shaped Paschen-like
characteristic against the ambient pressure. ‘
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