
JOURNAL OF APPLIED PHYSICS 99, 093305 �2006�
A radio-frequency nonequilibrium atmospheric pressure plasma operating
with argon and oxygen
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A capacitively coupled, atmospheric pressure plasma has been developed that produces a high
concentration of reactive species at a gas temperature below 300 °C. The concentration of
ground-state oxygen atoms produced by the discharge was measured by NO titration, and found to
equal 1.2 vol %, or 1.2±0.4�1017 cm−3, using 6.0 vol % O2 in argon at 150 W/cm3. The ozone
concentration determined at the same conditions was 4.3±0.5�1014 cm−3. A model of the gas phase
reactions was developed and yielded O atom and O3 concentrations in agreement with experiment.
This plasma source etched Kapton® at 5.0 �m/s at 280 °C and an electrode-to-sample spacing of
1.5 cm. This fast etch rate is attributed to the high O atom flux generated by the plasma source.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2193647�
I. INTRODUCTION

Oxygen plasmas have numerous applications for etch-
ing, cleaning, sterilization, surface modification, and thin
film deposition.1 The majority of plasmas used in industrial
applications operate either in vacuum ��1.0 Torr� or at at-
mospheric pressure. Atmospheric discharges have the advan-
tage of treating three-dimensional objects and can be used
for continuous in-line processing.2,3 These plasmas are char-
acterized by whether the neutral molecules approach thermal
equilibrium with the free electrons. Thermal plasmas, or
arcs, exhibit gas temperatures exceeding 2000 °C,4 while
nonequilibrium discharges operate at neutral gas tempera-
tures below 500 °C.5

There is great interest in nonequilibrium atmospheric
pressure discharges, as evidenced by the many symposia de-
voted to this topic over the past five years.6 These sources are
increasingly being used for materials processing in the semi-
conductor, biomedical, automotive, and aerospace industries.
Examples of nonequilibrium atmospheric pressure plasmas
include coronas,5,7 dielectric barrier discharges �DBDs�,8–12

microhollow cathode discharges,13,14 and noble-gas stabi-
lized, capacitive discharges.3,15–17 Coronas and DBDs were
introduced decades ago and have been studied extensively.
On the other hand, microhollow cathode and capacitive dis-
charges have not been examined as extensively.

Herein, we report on a low temperature, atmospheric
pressure plasma that operates with radio frequency power at
13.56 MHz and produces 1.2 vol % oxygen atoms. The cur-
rent and voltage waveforms indicate that it is a capacitive
discharge. This source produces a high flux of oxygen atoms
that etch Kapton® at very fast rates, �1.0 �m/s. Below we
describe the physics and chemistry of this plasma source.
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II. EXPERIMENTAL METHODS

A schematic of the experimental apparatus is shown in
Fig. 1�a�. The plasma source consisted of a quartz tube,
2.0 mm inside diameter and 1.0 mm wall thickness, which
was mounted between two parallel aluminum electrodes.
One of the electrodes was supplied with radio frequency
power at 13.56 MHz, while the other one was grounded.
Argon and oxygen gas flowed through the quartz tube, where
they were broken down to generate the discharge. Shown in
Fig. 1, parts �b� and �c�, are two pictures of the plasma
source, with a Kapton® film, 50 �m thick, placed about
1.5 cm downstream of the electrodes. The bright white glow
is of the plasma generated in the tube between the electrodes,
which were 10 cm long. In �b�, the gas was pure argon, and
one can see that it does not penetrate the film. However, in
�c�, 2.0 vol % O2 was added to the argon, and the discharge
has punched a hole �4 mm in diameter through the film. It
took much less than a minute for the hole to appear in the
Kapton®.

A tuned impedance probe �Advanced Energy RFZ 60�
was inserted between the plasma source and the matching
network. The plasma voltage as a function of current and the
delivered power were determined with the advanced energy
probe, which also yielded information on the impedance, re-
sistance, and phase angle. To determine the time-dependent
current and voltage �IV� wave forms, an IV probe was placed
in the line between the impedance probe and the plasma
source. This probe was connected to an oscilloscope �Tek-
tronix, TDS 224� that had a 5.0 ns time resolution. The op-
erating conditions of the plasma were: 5.0 L/min Ar,
6.0 vol % O2, and 150 W/cm3. This power density reported
is the one that is measured by the impedance probe therefore
it is the total delivered power and not only the plasma power.

The gas temperature of the argon/oxygen discharge was
determined by adding 0.001 L/min N2 to the gas mixture,

and performing optical emission spectroscopy �OES�. The
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light was collected with a fiber optic cable that was attached
to a monochromator �Instruments S.A., Triax 320�. The
monochromator was equipped with a 1200 groove/mm grat-
ing and a liquid-nitrogen-cooled charge-coupled device
�CCD� �Instruments S.A., CCD-3000�. A slit width of
0.3 mm was used resulting in a spectral resolution of
0.14 nm. To measure the gas temperature, the rotational tem-
perature of the �3,0� band of the N2 first positive emission
spectrum was fitted to the Boltzmann plot.18

The concentration of the ground-state oxygen atoms was
determined by titration with nitric oxide �NO�, which pro-
duced nitrogen dioxide �NO2�.19 For these experiments, a
ceramic collar was inserted on the end of the quartz tube.
This ceramic collar had a small opening, 0.5 cm downstream
of the plasma, through which the NO was introduced. An-
other tube connected the gas effluent to a flow cell that was
pumped at the other end as shown in Fig. 1. A Fourier-
transform infrared spectrometer �BioRad FTS-7� was used to
monitor the titration process. The infrared beam passed
through the flow cell that was fitted with KBr windows. The
light was collected with a mercury-cadmium-telluride
�MCT� detector at a resolution of 1 cm−1 and by signal av-
eraging 64 scans.

The ozone concentration was determined in the after-
glow of the plasma by ultraviolet absorption spectroscopy.
The same apparatus was used as that shown in Fig. 1, except
that the FTIR source was replaced by a mercury lamp, and

the light was collected with a CCD. The average absolute
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concentration of ozone in the plasma afterglow was calcu-
lated from the reduction in the Hg I emission intensity at
253.7 nm. It is noted that the absorption cross-section of O3

at this wavelength, 1.16�10−17 cm2, is much larger than the
absorption cross-section of the weak Herzberg continuum of
O2, �1�10−23 cm2.20–22

III. RESULTS

The root mean square values for the current and voltage
wave forms for an argon discharge with 6.0 vol % O2 at
150 W/cm3 are shown in Fig. 2. The peak values of the
current and the voltage are 3.5 A and 1582 V, respectively.
Both curves are sinusoidal and the current leads the voltage
by 89.5°. This phase angle indicates that the discharge is

FIG. 1. �Color online� �a� Schematic
of the experimental apparatus �not
drawn to scale�; �b� picture of the
plasma source fed with pure argon;
and �c� picture of the plasma source
fed with argon and 2.0 vol.% O2.

FIG. 2. �Color online� Current and voltage waveforms for argon and

6.0 vol.% O2.
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capacitive. The 1° phase shift is caused by the resistive na-
ture of the plasma.23 The current curve does not contain any
spikes due to the charging and discharging of the quartz. This
indicates that this plasma source does not behave like a di-
electric barrier discharge.8–12

A current-voltage curve for the argon plasma operated
with 1.0 vol % oxygen is shown in Fig. 3. The dashed curve
represents the Townsend region, where the voltage increases
linearly with the current, and the discharge has not yet been
struck. The gas breaks down at 3.1 A and 1566 V, after
which the current and voltage drop to 2.2 A and 1137 V,
respectively. Raising the power further causes the current
and voltage to increase following a trend characteristic of an
abnormal glow discharge.1 The plasma was turned off at the
end of the solid curve to avoid any damage to the impedance
probe due to the high voltages.

Shown in Fig. 4 is the dependence of the infrared peak
height of NO2 at 1627 cm−1 as a function of the NO feed
concentration. The plasma conditions were 5.0 L/min Ar,
6.0 vol % O2, 150 W/cm3, and a gas temperature of
300±30 °C �as measured by spectroscopic methods�. The
peak intensity increased linearly with the NO concentration
up to 1.0�1017 cm−3, and thereafter it remained relatively
constant. A plateau is observed at the point where the O atom
concentration begins to limit the rate of production of NO2.
Since the reaction stochiometry between O and NO is 1:1,
the knee in the curve corresponds to the point where the
nitric oxide concentration equals that of the oxygen atoms.
This value was 1.2±0.4�1017 cm−3. At the plasma condi-

FIG. 3. �Color online� Voltage as a function of current for an argon dis-
charge fed with 1.0 vol.% O2.

FIG. 4. �Color online� The dependence of the NO2 infrared peak intensity

on the NO feed concentration in the afterglow.
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tions, the gas density was 1.3�1019 cm−3, which means that
the oxygen atoms make up 1.2 vol % of the total gas. The
percent dissociation of the oxygen molecules is 16.0%.

The ozone concentration was determined using UV ab-
sorption, as described above. The change in the Hg I peak
intensity at 253.7 nm was measured with the plasma on and
off. When the plasma was on, the peak intensity was reduced
due to the absorption of the light. It should be noted that
these experiments were repeated with a pure argon plasma,
and it was found that the discharge did not change the Hg I
peak height appreciably. The O3 concentration was found to
be 4.3±0.5�1014 cm−3.

The plasma source was used to etch Kapton® films, and
the results are presented in Fig. 5. The operating conditions
used in these experiments were 5.0 L/min Ar, 150 W/cm3,
1.5 cm electrode-to-sample spacing, and a gas temperature
of 280±30 °C. The Kapton® film was 50 �m thick and the
etch rate was measured by determining the time it took the
plasma to punch a hole through the film. The etch rate in-
creased with the O2 feed concentration from 0.5 �m/s at
1.0 vol % to about 5.0 �m/s at 6.0–7.0 vol %. The O2 feed
was not increased beyond 7.0 vol % because more power
would be needed to fill the entire discharge volume. No etch-
ing was observed with a pure argon plasma at 150 W/cm3

and 280 °C. The high etch rates achieved with this plasma
source are most likely due to the high flux of O atoms at the
substrate surface.15,16

IV. DISCUSSION

The plasma density and electron temperature were cal-
culated for the plasma fed with 5.0 L/min Ar and 6.0 vol %
O2. The quartz consumes part of the supplied voltage so to
account for it the following formula was used24

V0 = �V , �1�

where, V is the plasma voltage, V0 is the supplied voltage,
and � is the dielectric constant of quartz, which equals 4.2.
The plasma voltage, V, calculated from this equation is the
voltage across the inner diameter of the quartz tube on either
side. Once the voltage is calculated, it is inserted into the

1

FIG. 5. �Color online� The dependence of the Kapton® etch rate on the O2

feed concentration to the plasma.
following equation to determine the sheath thickness.
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J = 1.68�0�2e�i

M
�1/2V3/2

s5/2 . �2�

Here, J is the current density �A/m2�, �0 is the permittivity
of vacuum �F/m�, e is a unit charge �C�, M is the molecular
weight of the most abundant ion, O2

+ �kg/mol�, �i is the
mean free path of the ion �m�, and s is the total sheath thick-
ness �m�. From the sheath thickness, the sheath capacitance
can be calculated from1

C =
1.52�0A

s
, �3�

where A is the electrode area �m2�. Finally, the voltage drop
across the sheath is given by:

VS =
I

2�fC
, �4�

where f is the frequency �Hz�. Once the voltage drop across
the sheath and its thickness are calculated, the bulk plasma
parameters can be determined and used to calculate the elec-
tron density and temperature. It should be noted that the
sheath will most likely not be cylindrical in shape but will
just occupy an area around the edges of the quartz that are in
contact with the electrodes. However, the sheath values are
calculated from a one-dimensional analysis, and are therefore
approximate.

The plasma density was calculated from the following
equation:

J = − ene�eE , �5�

where J is the current density �A/m2�, e is a unit charge �C�,
�e is the electron mobility �V/m s, which is inversely pro-
portional to the pressure�, E is the bulk electric field �V/m�,
and ne �m−3� is the electron density. The average electron
temperature is calculated from a steady-state power balance
on the free electrons in the plasma.17,25

� = ne
P

KBTg
k1I1 + ne�ne		ei
e


+
P

KBTg
		ea
e
�2me

M

3

2
KB�Te − Tg� − �radiation. �6�

Here � is the power density �W/m3�, P is the pressure �Pa�,
Tg is the gas temperature �eV�, Te is the electron temperature
�eV�, k1 is the ionization rate coefficient �which is a function
of Te�, I1 is the first ionization energy �eV�, 		ei
e
 and
		ea
e
 are the electron-ion and electron-atom collision rate
coefficients �which are functions of ne and Te�, and �radiation

is the energy loss due to radiation, respectively. The energy
loss due to radiation was estimated using the method de-
scribed by Benoy et al.26 This term only affected the Te value
by approximately 1.0%. The details of these equations have
been published elsewhere.17

For the argon plasma fed with 6.0 vol % O2 at
150 W/cm3 and 300 °C gas temperature, the delivered volt-
age and current were 1540 V and 3.3 A, respectively. These
values lead to a sheath thickness and voltage drop of ap-
proximately 0.04 mm and 1130 V, and a bulk electric field

of 80 kV/m. It should be noted that with this potential,
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which applies only to the plasma and not the entire electrode
gap, the power density was calculated to be 110 W/cm3.
From these parameters, a plasma density and electron tem-
perature of 4.4�1012 cm−3 and 1.2 eV were calculated.
These values of the ne and Te may vary throughout the
plasma and these calculated numbers are the averages that
represent the plasma as a bulk.

Using ne, Te, gas temperature, and kinetic data obtained
from the literature, a model of the plasma was developed to
predict the concentration profiles of each species. The reac-
tion mechanism is given in Table I. The predicted profiles of
O, O2�1�g�, O3, O2

+, O2
−, O−, O+, Ar*, Ar2

+, and Ar+ in the
plasma are shown in the shaded region of Fig. 6. The con-
centration of O�1D� dropped rapidly to a negligible amount
so it is omitted from the graph. An initial concentration of
7.7�1017 cm−3 of O2 was input into the model, which cor-
responds to 6.0 vol %. The initial concentration of all the
other species was zero. The end of the plasma is at a distance
of 10.2 cm, corresponding to a time of 1.85 ms. At the end of
the discharge the concentrations of O, O2�1�g�, O3, O2

+, O2
−,

O−, O+, Ar*, Ar2
+, and Ar+ are 1.4�1017, 1.8�1016, 1.0

�1015, 4.3�1012, 2.8�1012, 1.9�1011, 2.0�1010, 2.9
�109, 3.1�108, and 1.8�108 cm−3, respectively. It can be
seen that the ground-state O atoms are the most abundant
reactive intermediates in the plasma. The concentrations of
the negative species in the plasma �the electrons and O2

−�
equals 7.1�1012 cm−3, while the concentration of the posi-
tive ions is 4.3�1012 cm−3. Therefore, to within the uncer-
tainty of the rate constants, the plasma is quasineutral.

Reactions 2, 24–26, 28–31, and 42–47 in Table I were
used to develop a model for the afterglow. The concentration
of electrons and ions in the afterglow was considered to be
negligible. To estimate the lifetime of electrons in the after-
glow, reactions 3, 4, 19–21, 38, and 39 in Table I were used
to create an approximate model. It was found that the elec-
trons reach an insignificant concentration ��106 cm−3� in
less than 0.1 ms. Jeong et al.16 performed Langmuir probe
measurements on a low temperature, atmospheric pressure
plasma and determined the concentration of ions in the
plasma afterglow to be �1011 cm−3. Therefore, because of
their low densities, ions and electrons were not included in
the afterglow model. A gas temperature of 300 °C was used
in the calculation of the rate constants. The concentrations of
O2, O, O3, and O2�1�g� out of the plasma were used as initial
values in the afterglow model.

The concentration profiles as a function of time and dis-
tance in the afterglow are shown in Fig. 6. A time �and dis-
tance� of 0.0 corresponds to the exit of the plasma. The ti-
tration point is denoted with the vertical dashed line. At the
titration point, 0.5 cm downstream of the plasma, the model
predicts an O atom density of 1.0�1017 cm−3, which is the
same to within the experimental error of the measured value
of 1.2±0.4�1017 cm−3. The O3 concentration was measured
by placing the quartz tube into the inlet of the flow cell
shown in Fig. 1. This flow cell was 20 cm long and 2.5 cm in
diameter, yielding a gas velocity of 0.4 m/s, which is almost
two orders of magnitude lower than the gas velocity in the
quartz tube. For this reason, Fig. 6 does not show the region

where the O3 concentration was measured. In the model, the
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O3 concentration levels out at about 5.7�1014 cm−3. This
value is in reasonably good agreement with the measured
value of 4.3±0.5�1014 cm−3.

The plasma source presented herein exhibits a combina-
tion of properties that are different from the previously re-
ported atmospheric pressure discharges. From the current
and voltage wave forms, it is evident that a capacitive dis-
charge forms that is unlike a dielectric barrier discharges
operating at low frequency. These latter discharges consist of

TABLE I. Reactions and rate constants for the oxygen plasma.

Reaction Rate Constant �cm3/s� Ref.

R1 e+O2→2O+e 4.2�10−9e−5.6/Te 1
R2 O+O+M→O2+M 5.2�10−35e900/T a 1
R3 e+O2→O−+O 8.8�10−11e−4.4/Te 1
R4 e+O2→O2

++2e 9.0�10−10Tee
−12.6/Te 1

R5 e+O−→O+2e 2.0�10−7e−5.5/Te 1
R6 e+O2

+→2O 5.2�10−9

Te
1

R7 e+Ar→Ar++e 4.0�10−12Te
0.5e−15.8/Te 27

R8 e+Ar→Ar*+e 1.0�10−11Te
0.75e−11.6/Te 27

R9 e+Ar*→Ar++2e 6.8�10−9Te
0.67 28

R10 e+Ar2
+→Ar*+2e 5.4�10−8Te

−0.66 28
R11 2e+Ar+→Ar*+2e 5.0�10−27Te

−4.5 a 29
R12 Ar*+Ar*→Ar++Ar+e 5.0�10−10 27
R13 Ar++2Ar→Ar2

++Ar 2.5�10−31 a 29
R14 O−+O2

+→O+O2 2.0�10−7� 300
T

�0.5 1

R15 O−+O→O2+e 2.0�10−10 1
R16 O−+O2

+→3O 1.0�10−7 1
R17 O2

−+O2
+→2O2 2.0�10−7� 300

T
�0.5 1

R18 O2
−+O2

++O2→3O2 2.0�10−25� 300
T

�2.5 1

R19 e+O2→O2�1�g�+e 1.7�10−9e−3.1/Te 1
R20 e+O2�1�g�→e+O2 5.6�10−9e−2.2/Te 1
R21 e+O3→O2

−+O 1.0�10−9 1
R22 O−+O2�1�g�→O3+e 3.0�10−10 1
R23 O−+O2�1�g�→O2

−+O 1.0�10−10 1
R24 O3+O2→2O2+O 7.3�10−10e−11400/T 1
R25 O3+O→2O2 1.8�10−11e−2300/T 15
R26 O+O+O2→2O2 2.5�10−31T−0.63 a 15
R27 O−+O2

++O2→O3+O2 2.0�10−25� 300
T

�2.5 1

R28 O+O2+M→O3+M 1.9�10−35e1057/T a 15
R29 O3+M→O+O2+M 7.3�10−10e−11400/T 15
R30 O+O2+O2→O3+O2 6.9�10−34� 300

T
�1.25 a 15

R31 O2�1�g�+O3→2O2+O 6.0�10−11e−2853/T 15
R32 O2+Ar*→O2+Ar 1.1�10−9 30
R33 O+Ar*→O+Ar 8.1�10−12 30
R34 O2+Ar*→Ar+O+O 5.8�10−11 30
R35 O2+Ar+→O2

++Ar 1.2�10−11 31
R36 O+Ar+→O++Ar 1.2�10−11 31
R37 Ar2

++O2→O2
++2Ar 1.0�10−10 32

R38 e+O2→O+O�1D�+e 5.0�10−8e−8.4/Te 1
R39 e+O→O�1D�+e 4.2�10−9e−2.25/Te 1
R40 e+O�1D�→O+e 8.0�10−9 1
R41 e+O�1D�→O++2e 9.0�10−9Te

0.7e−11.6/Te 1
R42 O�1D�+O→2O 8.0�10−12 1
R43 O�1D�+O2→O+O2 7.0�10−12e67/T 1
R44 O�1D�+O2→O+O2�1�g� 1.0�10−12 1
R45 O2�1�g�+O2→2O2 5.0�10−18e−280/T 15
R46 O2�1�g�+O→O2+O 1.7�10−16 15
R47 O2�1�g�+M→O2+M 8.0�10−21 15

aRate constant is in cm6/s.
planar or concentric metal electrodes where one or both of
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the electrodes are covered with dielectric material. These
sources are driven with ac power at 1–100 kHz �Refs. 10,
11, 33, and 34�. Usually DBDs operate in a filamentary or
micro-discharge mode.2 However, when an inert gas such as
helium is added, a diffuse glow can be achieved.10–12,35,36

The current wave forms of these discharges show periodic
spikes that are due to the charging and discharging of the
dielectric during each cycle.11 No spikes are seen in the cur-
rent curve in Fig. 2 that would be indicative of the charging
and discharging of the dielectric. In addition, no microarcs or
streamers can be discerned in the plasma. Other researchers
have observed similar IV behavior for RF powered atmo-
spheric plasmas.37–39

Another unique property of this atmospheric plasma is
the high rate of production of reactive species. There have
been several studies on the generation of oxygen atoms in
low temperature, atmospheric plasmas.40–42 It has been pre-
dicted that in corona discharges the maximum O atom den-
sity at room temperature is 1012 cm−3 in the plasma and
1010 cm−3 in the afterglow.41 To our knowledge there are no
experimental measurements of the density of oxygen atoms
in DBDs. However, Niessen et al.42 developed a numerical
model of a dielectric barrier discharge with a volume of
19.5 cm3, and a gas feed mixture of N2, O2, and H2O at
100 °C. In this plasma, they calculated a maximum O atom
density of 7.0�1013 cm−3. Dhali and Sardja40 modeled the
concentration profiles in a single streamer of a DBD, where
the ne was assumed to be on the order of 1014 cm−3. The O
atom density was estimated to be 5.0�1016 cm−3. The oxy-
gen atom density has been determined in a rf capacitive
plasma that consisted of parallel aluminum plates separated
by a gap of 1.6 mm.15 The maximum oxygen atom density
was found to be 1.0�1016 cm−3 at 2.5 vol % oxygen in he-
lium, 30.5 W/cm3, and a gas temperature of 100 °C.15 This
value is ten times less than the O atom density produced by
the plasma source reported herein.

We have shown in the past that ground-state oxygen at-
oms are responsible for etching Kapton®.15,16 Therefore, the
fast rates observed with the present plasma source �cf. Fig. 5�
are most likely attributed to the high O atom concentration.
In a previous study with an atmospheric pressure plasma jet,

FIG. 6. �Color online� The predicted concentrations of the species in the
plasma and afterglow as a function of time and distance.
a maximum Kapton® etching rate of 8.0 �m/min was
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achieved at 500 W �62 W/cm3�, 1.3 vol % O2, 250 °C, and
a 5 mm electrode-to-sample spacing.16 Note that the plasma
jet processed a circular spot about 5.0 mm in diameter. This
may be compared to the present study, where a spot 2.0 mm
in diameter was etched at 5.0 �m/s at 280 °C. This source
has been scaled up to treat larger areas and has exhibited a
similar performance in terms of processing rates, showing
that the plasma still produces a high concentration of reactive
species. Such a source has numerous applications in surface
treatment during electronics packaging, medical device as-
sembly, and the manufacturing of automotive and aerospace
products.

V. CONCLUSIONS

We have developed an atmospheric pressure plasma
source that operates at a power density of 150 W/cm3 with-
out forming an arc. At 6.0 vol % O2 in argon, 150 W/cm3,
and 300 °C this source produces 1.2±0.4�1017 cm−3

ground-state oxygen atoms and etches Kapton® at 5 �m/s.
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