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An arbitrary-wave-form modulated induction thermal plasma �AMITP� system was developed using
a high-power semiconductor high-frequency power supply. The modulated high-power plasma is a
breakthrough technique for controlling the temperature and the radical density in high-density
plasmas. The arbitrary-wave-form modulation of the coil current enables more detailed control of
the temperature of the high-density plasmas than the pulse-amplitude modulation that has already
been developed. The Ar AMITP with intentionally modulated coil current could be generated at a
power of 10–15 kW. Results showed that the Ar excitation temperature between the specified
excitation levels was changed intentionally according to the modulation control signal. © 2007
American Institute of Physics. �DOI: 10.1063/1.2696885�

Recently, high-pressure high-power inductively coupled
plasmas have become effective heat and chemical species
sources for various materials processing such as syntheses of
nanopowders1–4 diamond films,5 and thermal barrier
coatings.6 This has occurred because they can provide advan-
tages of remarkably higher enthalpy and higher radical den-
sity than cold plasmas. They also cause little contamination
because they use no electrodes. Nevertheless, their overly
high enthalpy is difficult to control using only conventional
settings of gas flow and electrical input power for thermal
plasmas under steady state conditions. This uncontrollable
high enthalpy is indicated as a cause of thermal damage to
substrates and grown films.

To control this high enthalpy and temperature, Ishigaki
et al. first developed the pulse-modulated induction thermal
plasma �PMITP� system with static induction transistors.7

We have also developed a PMITP system that uses metal-
oxide-semiconductor field-effect transistors �MOSFETs�.8–10

These two systems can modulate the amplitude of the coil
current sustaining thermal plasmas in a square wave form.
This square-wave-form modulation enables us to control the
temperature, chemical reaction, and gas flow fields in ther-
mal plasmas in time domain.11,12 Such a PMITP has attracted
much attention recently as a power source for advanced ma-
terials processing. For example, Ohashi et al. applied a
PMITP to hydrogen doping on ZnO.13,14 Their results
showed that irradiation of the Ar–H2 PMITP can dope hy-
drogen atoms into ZnO and thereby improve its photolumi-
nescence. In addition, we have continued fundamental inves-
tigations to elucidate the unique dynamic behaviors of the
PMITP using experimental and numerical approaches.12,15

These investigations revealed that coil current modulation
can promote chemical and thermal nonequilibrium states,
even in high-power atmospheric pressure plasmas.12 Another
important effect related to PMITP is that the modulation of
the coil current can increase the nitrogen excited atom den-
sity and simultaneously decrease the heat flux, which is at-
tributable to chemically nonequilibrium effects.15 This fact

implies that the time-domain-controlled plasma still has
some potential for advanced materials processing. Therefore,
we have been investigating detailed control of the tempera-
ture and densities of chemical species using a unique time-
domain control technique.

In this letter, we report a developed arbitrary-wave-form
modulated induction thermal plasma �AMITP� system with a
fundamental frequency of 400 kHz at a rated power of
30 kW. The arbitrary-wave-form modulation of the coil cur-
rent enables more precise control of the thermal plasma tem-
perature. Actually, the Ar AMITP induced by an intentionally
modulated coil current was generated at a power of 10 kW.
Time evolutions in the radiation intensities of Ar spectral
lines were measured to study the dynamic behavior of the
AMITP. Furthermore, the Ar excitation temperatures be-
tween the specified excitation levels were simply estimated
and were found to change according to the modulation con-
trol signal. There are few examples of such a high-power
arbitrary-wave-form modulated inductively coupled plasma
that is sustained for materials processing.

Figure 1 shows the electric circuit of a rf power supply
for AMITPs. The power supply comprises four main parts: a
rectifier circuit, an insulated gate bipolar transistor �IGBT�
dc-dc converter �chopper� circuit, a MOSFET full-bridge in-
verter circuit, and an impedance-matching circuit with a

a�Author to whom correspondence should be addressed; electronic mail:
tanaka@ec.t.kanazawa-u.ac.jp FIG. 1. �Color online� Electric circuit of rf power supply for AMITP.
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matching transformer and an LC series circuit. The fre-
quency of the MOSFET inverter is controlled to around
350–450 kHz by a phase-locked-loop control to obtain load-
impedance matching. This driving frequency around
350–450 kHz is much lower than those used in the conven-
tional rf plasma devices. The lower frequency electromag-
netic field realizes higher skin depth in the plasma, which
helps to sustain a large volume plasma. In addition, the adop-
tion of this lower frequency enables us to use the power
MOSFET at low cost. The output current of the IGBT dc-dc
converter circuit and therefore the amplitude of the MOS-
FET output rf current are controlled to fit the wave form of
the modulation control signal using the pulse width modula-
tion control method to the IGBT. The modulation control
signal was made with a programmable function generator. It
was confirmed through those experiments that the total en-
ergy conversion efficiency of this power supply was greater
than 95% for all cases. This higher energy conversion effi-
ciency is an advantage of using such a semiconductor power
element for sustaining high-power rf plasmas.

The plasma torch has an identical configuration to that
used in our previous work; its details are available in Ref. 11.
The plasma torch has two coaxial quartz tubes. The inner
diameter of the interior quartz tube is 70 mm, and its length
is 370 mm. An argon gas was supplied as a sheath gas along
the inside wall of the interior quartz tube from the top of the
plasma torch. The total gas flow rate was fixed at 80.0 slpm
�standard liters per minute� �=1.33�10−3 m3 s−1�. The pres-

sure inside the chamber was fixed at 40 torr �=5.3 kPa�. This
pressure is lower than atmospheric pressure, but it is similar
to those adopted, for example, in plasma-spraying process-
ing. The dc input power was fixed at 10 kW in all modula-
tion cases. Spectroscopic observation was carried out to mea-
sure the time evolution in radiation intensities of two argon
atomic spectral lines at wavelengths of 703.0 and 714.7 nm,
and of the continuum at 709 nm. Subtracting the radiation
intensity of the continuum at 709 nm from the measured ra-
diation intensities at 703.0 and 714.7 nm shows the net ra-
diation intensities of the argon atomic lines. The observation
position was 10 mm below the coil end at the center axis of
the plasma torch. Consequently, in this case, we measure it
from the hot region of the thermal plasmas. We also esti-
mated the Ar excitation temperature between levels as
3p5�2P3/2

0 �6s and 3p5�2P1/2
0 �4p from the radiation intensity of

the above two argon lines using the two-line method. In gen-
eral, the Ar excitation temperature can be defined if the
population of the excited atoms follows the Boltzmann dis-
tribution. The Ar excitation temperature estimated in the
present work is one index to express the relative population
of the specified excitation levels. The electron impact exci-

FIG. 2. Time evolution in �a� modulation control signal, �b� inverter output
current as a root-mean-square value, �c� radiation intensity of argon atomic
line at a wavelength of 703 nm, and �d� Ar excitation temperature between
levels 3p5�2P3/2

0 �6s and 3p5�2P1/2
0 �4p for the Ar AMITP. The modulation is

made in a sawtooth wave form. The observation position of the radiation
intensity and the Ar excitation temperature is 10 mm below the coil end at
the center axis of the torch. The input power is 10 kW, pressure is 40 torr,
and Ar gas flow rate is 80 SLPM.

FIG. 3. Time evolution in �a� modulation control signal and �b� Ar excita-
tion temperature between levels 3p5�2P3/2

0 �6s and 3p5�2P1/2
0 �4p for the Ar

AMITP. Modulation is made in a triangle wave form. The observation po-
sition of the radiation intensity and the Ar excitation temperature is 10 mm
below the coil end at the center axis of the torch. The input power is 10 kW,
pressure is 40 torr, and Ar gas flow rate is 80 SLPM.

FIG. 4. Time evolution in �a� modulation control signal and �b� Ar excita-
tion temperature between levels 3p5�2P3/2

0 �6s and 3p5�2P1/2
0 �4p for the Ar

AMITP. The modulation is made in a sawtooth wave form. The observation
position of the radiation intensity and the Ar excitation temperature is
10 mm below the coil end at the center axis of the torch. The input power is
10 kW, pressure is 40 torr, and Ar gas flow rate is 80 SLPM.
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tation response time for Ar is of the order of 10−5 s from a
simple estimation, ���ex�ve�ve�ne�−1, if the electron tempera-
ture Te is 0.5 eV and the electron density ne=1017 m−3,
where �ex is the total cross section for electron impact exci-
tations and ve is the thermal velocity of the electron. The
estimated excitation time is much shorter than the millisec-
ond order of the modulation cycle that will be described
later.

Figure 2 shows �a� the modulation control signal, �b� the
inverter output current in root-mean-square �rms� value, �c�
the radiation intensity of the argon atomic line at a wave-
length of 703.0 nm, and �d� the Ar excitation temperature
between the specified levels for the pure Ar AMITP. In this
case, the modulation signal is an inverted sawtooth wave
form. As illustrated in Figs. 2�a� and 2�b�, the inverter output
current with 100 A can be modulated according to the modu-
lation control signal. This current modulation can also
change the radiation intensity of the argon line, as indicated
in Fig. 2�c�. This change in the radiation intensity is consid-
ered to arise mainly from the following two phenomena: �i�
it is caused by the change in the population of the excited
atoms and �ii� it is caused by the expansion of light emitted
region in the plasma, i.e., the increase in the plasma radius. A
check can be made for the change in the population of the
excited atoms from the estimated Ar excitation temperature
in Fig. 2�d�. In that figure, it is apparent that the Ar excitation
temperature between the specified levels also changes con-
sistently with the modulation control signal. The Ar excita-
tion temperature increases rapidly from 5200 to 6700 K im-
mediately after a rapid increase in the rms value of the rf

current. After that, the Ar excitation temperature decreases
gradually with time.

Similar experiments were made for other modulation
wave forms to examine the temperature control of the plas-
mas. Figures 3–5, respectively, represent �a� the modulation
control signal and �b� the Ar excitation temperature between
the specified levels for the pure Ar AMITP in the cases of the
triangle wave form, the sawtooth wave form, and the inten-
tionally made wave form with the programmable function
generator. Results showed that the Ar excitation temperature
can be changed between 5500 and 7000 K with the modula-
tion control signal for nearly all cases. In other words, we
can control the Ar excitation temperature in time domain on
the order of milliseconds. This implies that for future ad-
vanced processing, it will be possible to control the tempera-
ture of the plasma intentionally by monitoring the tempera-
ture and feeding it back to the power source.

In summary, the arbitrary-wave-form modulated induc-
tion plasmas can fine control the temperature of high-power
plasmas. Furthermore, it is expected that various chemically
nonequilibrium conditions can be established in the AMITP
with reactive gases if the plasma has some reactions with
different reaction rates. Note, for example, that reactions
with only heavy particles have much lower reaction rates
than reactions involving electrons. In this case, the AMITP
might enhance the specified reactions with the electrons.
These unique features of the AMITP can be useful for some
advanced materials processing.
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FIG. 5. Time evolution in �a� modulation control signal and �b� Ar excita-
tion temperature between levels 3p5�2P3/2

0 �6s and 3p5�2P1/2
0 �4p for the Ar

AMITP. The modulation is made in an originally made wave form. The
observation position of the radiation intensity and the Ar excitation tempera-
ture is 10 mm below the coil end at the center axis of the torch. The input
power is 10 kW, pressure is 40 torr, and Ar gas flow rate is 80 SLPM.
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