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Atmospheric pressure plasmas with microwave excitations were successfully produced in dielectric
barrier micro plasmas employing N2, Ar, or He gas. N2 optical emissions of the second positive
system were measured for evaluating the gas temperature. The gas temperatures of the plasmas
could be much less than 1000 K. Blackbody emissions were measured by Fourier transform infrared
spectrometer for evaluating the electrode temperature. Temperatures of both the gas and electrode
were evaluated by fitting the experimental results with calculations. The gas temperature in the N2

plasma was notably increased with the discharge time as compared with those in Ar and He plasmas.
It was found that the pulsed discharge and the water-cooled electrode were effective for reducing the
gas temperature. The pulsed discharge decreased the gas temperature from 900 to 600 K, and the
water-cooled electrode decreased the gas temperature by more than 200 K. Controlling the
temperature of the electrodes was the most effective technique to reduce the gas temperature,
because the gas temperature was in equilibrium with the electrode temperature.© 2005 American

Vacuum Society.fDOI: 10.1116/1.1851539g
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I. INTRODUCTION

Plasma processing is a most attractive industrial tech
ogy because an etching, deposition, or synthesis proce
of materials is able to be performed at a low tempera
Recently, the industrial demand has focused on not onl
synthesis of functional materials, but also high-speed pla
processing. So far, plasma processing has been perform
using low-pressure and high-density plasmas, such as ca
tively coupled plasma, inductively coupled plasma, surf
wave excited plasma, and so on. In these processe
vacuum operation is viewed as a necessary requiremen
mospheric pressure plasmas can have a useful adva
over conventional low pressure plasmas, because they c
used without the need for a vacuum system. Therefore
use of atmospheric pressure plasmas will greatly expan
application not only in conventional, but also in new ind
trial fields.

Recently, various kinds of atmospheric pressure pla
sources such as a dc excitation1–4 and high frequenc
skHz–MHzd5–9 have been developed. Konoet al. reported a
generation of a high-density nonequilibrium plasma a
atmospheric pressure using a microwave excitation.10 To re-
alize the high-density atmospheric pressure plasma w
low gas temperature, the applications of atmospheric
sure plasma spread further. Recently, we developed the
equilibrium atmospheric pressure plasma with microw
excitations for the abatement of perfluorinated compo
sPFCd gases, where the PFC gases were polymerized t
particles in the gas phase. In the atmospheric pressur
dissociation and the subsequent three body reactions
occur more often than in a low pressure. Realization of h
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density plasmas with a low gas temperature enables u
only to dissociate PFCs but also to polymerize them wit
gas emissions.

In this article, we have developed atmospheric pres
microdischarges using dielectric-barrier electrodes with
crowave excitations. The plasma enables us to genera
stable atmospheric plasmas employing N2, Ar, and He gase
The temperature of both the gas and electrode was mea
by fitting the experimental results with the calculation of
N2 optical emission and blackbody emission, respective
was found that the pulsed discharge and the water-c
electrode were effective for reducing the gas temperatu
particular, controlling the electrode temperature was on
the most important techniques to reduce the gas temper
This is because the gas temperature was almost in eq
rium with the electrode temperature.

II. EXPERIMENT

Figure 1 shows a schematic diagram of an atmosp
pressure microdischarge system using dielectric-barrier
trodes with microwave excitations. The microwaves2.45
GHzd was converted to a coaxial mode through
rectangular-coaxial transducer, and then propagated al
water-cooled coaxial line to a ring microgap electrode,
was coated by dielectric materials. Aluminum oxidesAl2O3d
was used as a dielectric material. The gap distance be
the outer and inner electrodes was 0.1 mms16 mm in diam
eterd. The ring plasma was generated between the two
trodes. The gasessN2, Ar, or Hed were introduced into th
gap from the upper side of the electrode and then dissoc
in the microplasma generated between the electrodes
quartz or KBr window was set in the bottom of the cham
in order to collect UV and IR radiations, respectively.

minimize impurities in the discharge, the processes chamber

221/23 „2…/221/5/$19.00 ©2005 American Vacuum Society
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was evacuated by a rotary pump before injections of g
Although uniform plasmas in the atmosphere were suc
fully produced along the slit of metals,10 unless He gas wa
used we were not able to produce uniform plasmas alon
coaxial gap of metals. In this study, we have developed
atmospheric pressure microplasma using the electrod
dielectrics. The plasma enabled us to generate uniform a
spheric pressure plasmas with even N2 and Ar gases. It wa
reported that memory effects based on electrons contribu
a dielectric-barrier glow discharge.7 Therefore, it is consid
ered that the electrode of dielectrics used in the micropla
led to stored charges as compared with the metal elec
and so produced the uniform plasmas along the electr
even in the N2 plasma.

Figure 2 shows the He and Ar atmospheric pres

FIG. 1. Atmospheric pressure microdischarge system using dielectric-b
electrodes with microwave excitations.
FIG. 2. Pictures ofsad N2 and sbd Ar atmospheric pressure plasmas.
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plasma. In the case of the N2 plasma, the discharge w
produced along the ring electrode at a diameter of 16
However, much of the Ar discharge was produced ove
electrode gap and along the dielectric surface. The ele
density of the Ar discharge became larger than the N2 dis-
charge because the Ar gas had a large dissociation cros
tion and threshold energy, as compared with the N2 gas. The
high electron density in the Ar plasma caused the disch
areas to expand over the electrode gap.

Optical emission spectroscopy measurements were
formed using an Intensified charge-coupled devicesICCDd
spectrometersmodel PI-MAX1300RB-25-FG, focal leng
750 mm, grating 1200 lines/mm, Roberd. At a high pressure
a rotational temperature tends to equilibrate with a kin
temperature due to abundant collisions between neutra
excited molecules. The rotational temperature of the N2 mol-
ecule was used to determine the kinetics of gas temper
The rotational temperature was evaluated by measurin
emission on thes0–2d band in the N2 second positive syste
sC 3Pu–B 3Pgd. The ICCD detector was used to carry out
time evolution of the rotational temperature byµsec order.

The rotational temperatures were determined by com
ing results between an experimental and a theoretical
trum on thes0–2d band of the N2 second positive syste
sC 3Pu–B 3Pgd. The calculation was carried out by the de
mination of the transition wavelengths and the line stren
of the rotational levels, which are the component in term
three quantum numberss J8, J9, andVd whereJ8, J9, andV
represent the rotational quantum number of the upper l
quantum number of the lower level, and the multiplicity,
spectively. The rotational constant used was found
reference.11 In this study, Honl–London factors were used
the intensity distribution and Hund’s casesad was assume
Each rotational line was represented by an expression o
instrumental line shape.12

A small amount of N2 s0.05%d was added to Ar and H
gases in order to evaluate the gas temperature in Ar an
plasma. The N2 addition technique to evaluate the gas t
perature in the N2 noncontamination plasma was repor
elsewhere.13,14 Figure 3 shows the typical example of

r
FIG. 3. Typical example of the emission intensity and the calculated i
sity of the N2 second positive system.
emission intensity and the calculated intensity of the N2 sec-
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ond positive system. The rotational temperature was e
ated by fitting the measured spectrum with a numerical
culated one and the temperature was 800 K. The emi
peak at 375.54 nm was derived from thes1–3d band of the
N2 second positive system.

In order to measure the temperature of the electrode,
rier transform infrared spectroscopysFTIRd measuremen
were performed. IR radiations from the electrode at w
the plasma were generated were collected through the
lens and passed into a Michelson interferometer and det
with an infrared detector. The spectrum was corrected fo
dependence of the sensitivity of the instrumental dete
on wavelength. The continuing radiation can be modele
using the emission from a blackbody. The energy density
unit volume,r, emitted from a blackbody at a temperatu
T, as a function of wavelength,l can be expressed as15

r ~
8phc

l5

1

expsch/kBlTd − 1
.

Blackbody emission spectra at various temperatures
calculated and the measurement spectra emitted from
electrode were fitted by the calculated blackbody emis
spectra. Figure 4 shows the measurement spectrum
blackbody emission spectra for temperatures of 570,
and 610 K. For comparison, the blackbody intensity
normalized to the measurement spectrum at the short
number of the spectrum. The large absorption at 2350−1

was due to CO2 in the atmosphere. The electrode temp
ture was evaluated to be 590±10 K.

III. RESULTS AND DISCUSSIONS

A. Measurement of gas temperature at cw and pulsed
discharge in N 2, Ar, and He atmospheric pressure
plasmas with microwave excitations

The atmospheric pressure plasmas with microwave
tations were successfully generated in N2, Ar, or He gas us
ing the dielectric barrier microplasma. Figure 5 shows
comparison of spectra in N2, Ar, and He atmospheric pla
mas on the condition at a microwave power of 200 W
pressure of 1 atm, and a gas flow rate of 2000 sccm.

FIG. 4. Comparison of a measurement spectrum and blackbody em
spectra for temperatures 570, 590, and 610 K.
spectra in He and Ar plasmas including 0.05% N2 gas mis-
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used those of pure He and Ar plasmas. The gas tempe
was 900, 670, and 530 K for N2, Ar, and He gases, respe
tively. It was reported that the electron temperature was
eV in the microwave-excited microdischarge in
atmosphere.10 The gas temperature was much lower than
electron temperature, so that nonequilibrium plasmas
produced with a dielectric barrier microdischarge with
crowave excitation employing all of the N2, Ar, and He
gases.

The wiggles in the spectra are due to the band struc
by the triplet splitting of theP, Q, andR branches. In pa
ticular, the wiggles in the short wavelength are due to
rotational levelsJ, where the relative positions of the co
ponents become wider than those in low rotational le
Therefore, the wiggles could obviously be seen in the re
of the short wavelength. The distribution of the intens
depends on the rotational temperatures. The relative in
ties in the short wavelength with a bandhead of 380.5
increased with increasing rotational temperatures.

Figure 6 shows the time evolution of rotational temp
tures in N2, Ar, and He atmospheric pressure plasmas in
condition of a microwave peak power of 300 W, a pres
of 1 atm, and a gas flow rate of 2000 sccm. The plasma
modulated at 50µm s on, and 50µm s off. The rotationa
temperature in N2 plasma was increased abruptly from 7
to 1250 K. In the case of the Ar and He plasma, the temp
tures were increased by about 100 K. At the high pres

n
FIG. 5. Comparison of spectra in cw N2, Ar, and He atmospheric plasm

FIG. 6. Time evolution of rotational temperatures in N2, Ar, and He atmo

spheric plasma.
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the gas was usually heated due to the collisional mome
transfer between the electrons and the neutrals.16 Average
energy heated by the elastic collision between a mole
and an electron was calculated to be 5.1310−5, 3.6310−5,
and 3.6310−4 eV for N2, Ar, and He molecules, respe
tively, using the electron temperature of 1.3 eV. The N2 mol-
ecule was heated not only by the elastic collision, but als
the vibrational and rotational excitations with electrons
compared with Ar and He. The energy heated due to v
tional and rotational excitations can be much larger than
energy calculated by the elastic collision. So, the rotati
temperature in N2 plasma might be increased rapidly,
compared with temperatures in Ar and He plasma. It is
sidered that the gas temperatures in Ar and He plasmas
effectively cooled by losing a kinetic energy with the dif
sion to the electrode and/or out of the plasma region.
pulsed discharge reduced the gas temperature efficien
the N2 plasma.

Figure 7 shows the rotational temperature in N2, Ar, and
He atmospheric pressure plasma as a function of the
ratio of the microwave power in the condition of an aver
power of 200 W, a pressure of 1 atm, and a gas flow ra
2000 sccm. As the duty ratio was decreased from 100%
is a continuous wave, to 25%, the gas temperature in th2
plasma was decreased dominantly from 900 to 600 K
compared with temperatures in Ar and He plasma. T
results indicate that the short pulsed modulation of mi
wave power was effective for reducing the gas tempera
in N2 plasma.

B. Influence of the electrode temperature on the gas
temperature

The gas temperature is a very important plasma param
for controlling processes of the atmospheric pressure pla
At the high pressures, the plasma tends to be in a the
equilibrium due to frequent collisions between electrons
gas molecules. The excess high gas temperature caus
evaporation of electrodes for producing the plasma and
melting of materials irradiated by the plasma. The techn
of generating nonequilibrium plasmas at the atmosph

FIG. 7. Rotational temperatures in N2, Ar, and He atmospheric pressu
plasmas as a function of the duty ratio of microwave pulse power.
pressure is a key factor for the application of atmospheric
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pressure plasma to the material processes. One of the m
nisms for generating the nonequilibrium plasma is tha
energy for a gas heated by an elastic collision with elec
was lost at once by a collision with a cold electrode.10 There-
fore, the gas temperature could be in equilibrium with
electrode temperature. Controlling the electrode temp
tures heated by the plasma could be a key parameter
duce the gas temperature.

We have investigated the influence of the electrode
perature on the gas temperature at the atmospheric pr
plasma. The experiment was carried out in the condition
He 1 atm without gas flow. Figure 8 shows the gas temp
ture and the electrode temperature as a function of the
crowave power on the condition of a different water-coo
temperature. The plasma was not successfully generate
tween electrodes at microwave powers over 500 W wit
water cooling. Al2O3 seemed not to disintegrate even w
noncooled electrodes. The high gas temperature at m
wave powers over 500 W might lead to reduced gas de
among the electrodes in the condition without flowing. It
found that the electrode temperature was almost in eq
rium with the gas temperature, as shown in Figs. 8sad and
8sbd. The result indicates that the collisions between the
and the cold electrode were a very important factor for
ducing the nonequilibrium plasma. The gas temperature
decreased below 200 K by cooling the electrode by w
flow. The water-cooled electrodes reduced the gas tem

FIG. 8. Gas temperature and electrode temperature as a function
microwave power on the condition of a different water-cooled tempera
ture efficiency as well as the short pulse modulation of mi-
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crowave power as shown in Fig. 7. FTIR is very useful
measuring the electrode temperature very accurately an
ing us important information for controlling the electro
temperature heated by plasma. The effective cooling o
electrode heated by plasmas was very useful for reducin
gas temperature at the almost atmospheric pressure pl
where the kinetic energy was lost in the collisions with
electrode because the gas temperature tends to be in e
rium with the electrode temperature.

IV. CONCLUSION

The atmospheric pressure plasmas with microwave
tations were successfully generated in N2, Ar, or He gas us
ing dielectric barrier microplasma. We demonstrated con
ling the gas temperature by the pulsed modulations
cooled electrodes. The gas temperature in N2 plasma wa
notably increased with the discharge time, as compared
temperatures in Ar and He plasmas. The pulsed disch
decreased the gas temperature from 900 to 600 K. The w
cooled electrode decreased more than 200 K. The evalu
of the electrode temperature enabled us to give impo
information for efficiency making the gas temperature
because the gas temperature tends to be in equilibrium
the electrodes temperature.
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