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The nonequilibrium glow discharge in argon mixed with oxygen at atmospheric pressure was
generated in a parallel plate reactor with a stepped electrode powered by a 13.56 MHz
radio-frequency power supplier. The stepped-electrode reactor consists of a narrow and wide gap
structure. A strong electric field occurred at the narrow gap region preionizes Ar/O2 gas and assists
to generate a large volumetric plasma in the wide gap region. Therefore, the stepped-electrode
reactor makes it easy to operate Ar/O2 glow discharge, providing a stable, uniform, and broad
plasma jet at atmospheric pressure. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2450654�

In recent years, atmospheric-pressure glow discharge
�APGD� sources have been developed to overcome the dif-
ficulties posed by low-pressure glow discharges which re-
quire expensive and complicated vacuum systems.1 These
APGD sources are the dielectric barrier discharge,2–4 the
one-atmospheric uniform glow discharge plasma,5 the cold
plasma torch,6,7 and the atmospheric-pressure plasma jet.8

Although some of the present APGDs operated in helium gas
have a relatively low breakdown voltage and a broad oper-
ating window in the glow discharge region, these sources
have problems related to long treatment time, restricted treat-
ment space, and large consumption of working gas. There
have been several attempts to replace helium by argon as
working gas in APGDs.9,10 However, improvement of stable
argon plasma source is still required for the generation of
large volumetric and uniform glow discharge plasmas, when
electronegative gases are added, because O2, CF4, and SF6
are important in material processing such as ashing, etching,
cleaning, and sterilization. The atmospheric-pressure glow
discharges in Ar/electronegative gas are known to be difficult
to sustain and to operate in � mode, even if the gap distance
between parallel electrodes is reduced to increase the electric
field in typical capacitively coupled rf plasma, because of a
high breakdown voltage due to a small mean free path of
argon and a narrow operating window.

In this study, we introduce an atmospheric-pressure
Ar/O2 plasma-discharge source with a stepped-electrode,
generating a stable Ar/O2 glow discharge and explain a
steady-state Ar/O2 discharge in 13.56 MHz rf field in terms
of the electron number balance due to the attachment.11

A schematic of the experiment setup and the stepped-
electrode configuration is shown in Figs. 1�a� and 1�b�. The
stepped-electrode reactor consists of two parallel stainless-
steel plates of 3�7 cm2. The powered electrode was fixed in
the upper part of an insulating support and the grounded
electrode can be up and down along the z axis with a mi-
crometer. Both bare metal electrodes were cooled by water

circulation and a quartz window was placed in the left lateral
side to observe the argon plasma discharge. Figure 1�b�
shows the lateral side view of the parallel electrodes config-
ured as stepped-electrode structure and experimental setup.
The rf generator operating at 13.56 MHz was connected to
the upper powered electrode through the matching network.
The grounded electrode has a step of 2 cm length and
1.3 mm height in the region labeled by A. Thus, the stepped-
electrode reactor consists of two parts; a narrow gap region
labeled by A and a wide gap region labeled by B. The work-
ing gases, argon and oxygen, flowed into the plasma reactor
through the mass flow controller, and the argon gas flow was
10 l ”min and the oxygen gas flow was operated from
0 to 100 cc/min. The gases pass through the narrow region
A and then flow into the wide region B in the x direction, as
shown in Fig. 1�b�. In order to reduce the high breakdown
voltage of Ar/O2 discharge, oxygen gas was added after gen-
erating pure argon plasma discharge. The voltage applied
between bare electrodes was measured by a high-voltage
probe �Tektronix P6015A with bandwidth of 75 MHz�, and
the results were recorded on an oscilloscope �Tektronix
TDS320 with bandwidth of 100 MHz�. Photo images of
Ar/O2 discharges were recorded by a digital camera �Can-
non, power shot 1S3� in the y direction through a quartz
window and at front view in the x direction.

Plasma is sustained only when the ionization process
dominates electron loss. The main mechanism of removing
electrons in Ar/O2 discharge is the electron attachment of
oxygen. Therefore, ionization frequency must be equal to
attachment frequency for steady-state discharge, i.e., the ion-
ization coefficient �=�i /�d, is equal to the attachment coef-
ficient �=�a /�d, where �i and �a are ionization and attach-
ment frequencies, respectively, and �d is the electron drift
velocity. Therefore, the required electric field E for sustain-
ing a steady-state discharge can be obtained from �eff=0,
where �eff is the effective coefficient defined by �eff=�−�.11

The ionization coefficient � and the attachment coefficient �
are generally expressed as11–13a�Electronic mail: hsuhm@ajou.ac.kr and because00@ajou.ac.kr
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� j�E/p� = hjp exp�− gj
p

E
� , �1�

� j�E/p� = ujp exp�− sj
p

E
� , �2�

where j indicates gas species, and the constants hj and gj in
Eq. �1� and the constant uj and sj in Eq. �2� can be found
from tables or determined experimentally. In our case, the
oscillating field E can be presented by E=Ea sin �t, where
Ea is the amplitude of the oscillating rf field with �=2�f
=0.85�108 s−1. The ionization frequency �i,rf�Ea� in rf field
is determined by an electron energy spectrum depending on
the field frequency �. The ionization rate is characterized by
the energy loss frequency �m� of electrons, where �m is an
effective collisional frequency and � represents the energy
loss coefficient between electrons and atoms �or
molecules�.11 For �	�m�, the conditions for sustaining non-
equilibrium rf plasma do not differ, in principle, from those
of the positive column of a dc glow discharge, because the
electron energy spectrum responds very weakly to the oscil-
lations of the rf field. Therefore, to sustain a steady-state
discharge in this case, the effective coefficient �eff in a mix-
ture of argon and oxygen is expressed as

�eff�Ea/p� = �1 − 
��Ar + 
��O2
− �O2

� = 0, �3�

where 
 is the oxygen mole fraction. Note from Eq. �3� that
the attachment coefficient �Ar of noble gas is neglected. In
the opposite limit of ���m�, the electron energy spectrum
depends on the rf field oscillation, constantly adjusting itself

to the instantaneous value of E�t�, while the instantaneous
frequency of ionization is equal to the ionization frequency
�i�E�. Hence, the rf ionization frequency �i,rf is simplified to
be an average of �i�E�t�� in time,11 i.e.,

�i,rf =
�

2�
�

0

2�/�

�i�Ea�sin �t��dt =
2

�
�

0

�/2

�i�Ea sin ��d� . �4�

Since �i�E� is a very steep function, ionization occurs as a
short surge when the field reaches its maximum value, while
the electrons disappear predominately during the rest of the
period. If the ionization coefficient is given in the Townsend
form of Eq. �1�, the expansion of 1/sin � in the neighbor-
hood of �=� /2 yields a formula useful for calculations,11

�i,rf = �i�Ea�	2Ea/�gjp . �5�

The square-root term of the right hand side in Eq. �5� indi-
cates the effective fraction of time during which ionization
occurs. Similar to Eq. �5�, the attachment frequency �a,rf in rf
field can be evaluated as11,13

�a,rf = �a�Ea�	2Ea/�sjp . �6�

The steady state of Ar/O2 plasma discharge must satisfy
�i,rf−�a,rf=0. Therefore, the steady-state condition is ob-
tained from Eqs. �5� and �6�, and is given by

�i�Ea� − �gAr/O2

sAr/O2

�1/2

�a�Ea� = 0, �7�

where

gAr/O2

sAr/O2

=
�1 − 
�gAr + 
gO2


sO2

. �8�

The constants gAr/O2
and sAr/O2

in Eq. �7� are the constants in
the exponential term of Eqs. �1� and �2� for mixing gases of
argon and oxygen. As shown in Eq. �8�, the constants can be
expressed in terms of the mole fraction of mixing gases. The
ionization and attachment frequencies, �i�Ea� and �a�Ea� in
Eq. �7�, in a mixture of argon and oxygen are expressed as

�i�Ea� = �d��1 − 
��Ar + 
�O2
� , �9�

and

�a�Ea� = �d�
�O2
� . �10�

Substituting Eqs. �1�, �2�, and �8�–�10� into Eq. �7� gives the
solution for ���m�,

�1 − 
�hAr exp�− gAr
p

Ea
� + 
hO2

exp�− gO2

p

Ea
�

= 
 �1 − 
�gAr + 
gO2


sO2

�1/2


uO2
exp�− sO2

p

Ea
� , �11�

where the constants h, g, u, and s are given by
hAr=8.74�103 cm−1 atm−1, hO2

=4.94�103 cm−1 atm−1, gAr

=1.34�105 V cm−1 atm−1, gO2
=1.44�105 V cm−1 atm−1,

uO2
=1.88�102 cm−1 atm−1, and sO2

=3.66�104 V cm−1

atm−1.11,14 Therefore, the required electric field in the steady-
state Ar/O2 discharge is determined by Eqs. �3� and �11� in
each case of �	�m� and ���m�.

Figure 2 presents the plots of rf field amplitude versus
the oxygen mole fraction, obtained from Eq. �3� �solid line�

FIG. 1. Schematic presentation of the atmospheric-pressure argon/oxygen
plasma discharge source: �a� the front view of the stepped-electrode reactor
and �b� the side view of the reactor and experimental setup.
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for �	�m� and Eq. �11� �dashed line� for ���m�. The cir-
cular marks in Fig. 2 are the measured electric fields, E
=Vcutoff /dA, which are obtained at the gap spacing dA in re-
gion A and the minimum voltage Vcutoff for discharge for
each oxygen mole fraction 
. Energy loss coefficient � de-
pends on the oxygen mole fraction because electrons in mo-
lecular gases such as oxygen molecules dissipate energy
mostly by exciting vibrational and rotational energy levels
and the inelastic loss coefficient of electrons in oxygen mol-
ecules is about a few hundred times more than the elastic
loss coefficient of electrons in argon atoms.11 Therefore the
coefficient � may increase as the oxygen mole fraction in-
creases. As shown in Fig. 2, the measured electric fields ���
in region A of the stepped-electrode reactor are close to the
dashed line for the limit of ���m�, as the oxygen mole
fraction increases. The rf field amplitude Ea for the steady-
state discharge calculated from Eqs. �3� and �11� is compared
with the measured electric field in narrow region A, demon-
strating that the electric field in narrow region plays a pivotal
role in sustaining the Ar/O2 discharge. In the stepped reactor
operated at 10 l ”min of argon gas flow, the maximum con-
centration of O2 was about 0.1 vol % �
max�0.001� for dA

=0.3 mm, 
max�0.007 for dA=0.25 mm, and 
max�0.01
for dA=0.23 mm. The stable Ar/O2 plasma discharge is sus-
tained only for the stepped-electrode structure with the work-
ing gas entering from narrow region A to plasma region B. In
this context, energetic electrons produced by the strong field
in the narrow region may make the Ar/O2 gas to be preion-
ized and to be excited. Atoms and molecules excited by elec-
tron impacts in the narrow region can easily be ionized by
subsequent collisions in the wide region. Remember that the
ionization cross sections of excited atoms and molecules are
rather high,11 thereby being easily ionized by a relatively low
electric field in the wide region and generating plasmas.

Figure 3 shows photographs of Ar/O2 plasma discharge
taken by a digital camera in 1/600 s of exposure time for
dA=0.25 mm and dB=1.55 mm at 10 l ”min of Ar gas flow,
and 50 cc/min of O2 gas. The labels �a1�–�a3� in Fig. 3 are
photographs of the front views �x direction in Fig. 1� and the
labels �b1�–�b3� are photographs of the lateral side views �y
direction in Fig. 1� of the plasma reactor. As shown in Fig.

3�a2�, the Ar/O2 plasma was unstable due to an insufficient
power and reduced its volume, when 0.5 vol % of oxygen
was added into pure argon plasma. In Figs. 3�a3� and 3�b3�,
the plasma was stable again and fully filled without streamer
and arcing as the input power increased from 100 to 150 W.
The plasma-flame temperatures exiting the reactor measured
by a thermocouple were about 90–120 °C. As shown in
Figs. 3�b1�–3�b3�, the bulk plasmas exist only in region B,
when the Ar/O2 plasma discharge is generated.

In summary, we developed the atmospheric-pressure
Ar/O2 plasma-discharge source with a stepped electrode,
which has many advantages, generating a stable Ar/O2 glow
discharge, providing a wide operating window in glow re-
gion, and forming a relatively large volumetric plasma.
Moreover, argon plasma with high electron density, about
two times higher than helium plasma, is expected to reduce
treatment time compared with other APGD sources using
helium gas.15 In this context, the stable, uniform, and broad
plasma jet produced by the atmospheric-pressure Ar/O2 dis-
charge in the stepped-electrode reactor has a great potential
in industrial applications.
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FIG. 2. Plot of the rf field amplitude Ea vs O2 mole fraction 
 in steady-state
Ar/O2 discharge at atmospheric pressure. Solid line is calculated from Eq.
�3� for �	�m� and dashed line is obtained from Eq. �11� for ���m�. The
circular marks ��� are measured values obtained from E=Vcutoff /dA.

FIG. 3. �Color online� Photographs of Ar/O2 plasma discharges taken
by a digital camera in 1/600 s of exposure time. ��a1� and �b1�� Pure Ar
plasma discharge at 100 W. ��a2� and �b2�� Ar/O2 plasma discharge at
100 W and 0.5 vol % of O2. ��a3� and �b3�� Ar/O2 plasma discharge at
150 W and 0.5 vol % of O2, which were operated at 10 l ”min of Ar gas
flow and dA=0.25 mm and dB=1.55 mm gap distances. The photos labeled
by �a1�–�a3� are the front views and the photos labeled by �b1�–�b3� are the
lateral side views of the reactor.
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