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Atmospheric pressure plasmas have gained importance due to their potential application in polymer
surface treatment, surface cleaning of metals, thin film deposition, and destruction of biological
hazards. In this paper a radio-frequency driven atmospheric pressure afterglow plasma source in
argon and helium is discussed. The light intensity measurement shows that the radio-frequency
discharge is continuous in time unlike the intermittent nature of a low frequency dielectric-barrier
discharge. The discharge, under ambient conditions, can be generated in argon, helium, and
nitrogen. Spectroscopic measurements show that metastables are capable of producing oxygen
atoms and other excited species. The argon afterglow, in particular, is capable of dissociating oxygen
molecules in the ambient gas. An afterglow model has been developed to study the interaction of the
plasma with the ambient gas. Results from applications of the plasma to surface treatment of metals
and polymers, and bacterial decontamination are briefly discussed. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2187275�
I. INTRODUCTION

At atmospheric pressure there are two popular methods
for producing nonthermal plasmas; �1� a corona discharge
and �2� a barrier-type ac discharge. Although corona dis-
charges have found numerous applications, they are not par-
ticularly suitable for large surface or volume gas phase
plasma processing.1 The dielectric-barrier discharge, also
known as a silent discharge or a partial discharge, is widely
used in industry for ozone synthesis. These devices are usu-
ally powered by an ac source in the frequency range of
1–20 kHz. A thin dielectric barrier is placed in between two
conducting electrodes to quench the discharge and prevent
the formation of a continuous arc. These discharges are best
characterized by streamers, which are a result of space
charge dominated transport at high electric fields.2

The ability to produce a plasma under ambient condi-
tions overcomes the disadvantages of vacuum operation.
However, uniform bulk glowlike discharge at atmospheric
pressure is difficult to start and sustain because higher volt-
ages are required and instabilities lead to arcing. The pre-
dominant configuration of atmospheric pressure plasma in
use is the dielectric-barrier discharge driven by low fre-
quency sources operating from 60 Hz to 20 kHz. These dis-
charges tend to be intermittent in nature and coupling of a
large amount of power to the discharge leads to instabilities.
The use of rf power to sustain atmospheric pressure plasma
is desirable. The rf source can be tuned to the load easily
compared to low frequencies and a significantly larger power
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can be coupled without instabilities. Schutze et al. have de-
veloped an atmospheric pressure plasma jet which over-
comes some of the drawbacks of atmospheric pressure op-
eration. They have used helium gas flow and a special
electrode design to produce a nonthermal plasma jet between
two concentric electrodes using 13.56 MHz rf power.3 Simi-
lar discharges have been developed by Park et al. where a
narrow plasma jet was produced and stabilized by a very
high flow of helium �27 m/s� at 600 Torr.4 The discharge in
Refs. 3 and 4 works only in helium and at fairly large gas
flow rates. Park and Dhali have reported the use of rf power
in a dual-pressure discharge configuration to produce ambi-
ent plasma.5 In their approach, a low pressure chamber pro-
duces ultraviolet light which is coupled to the ambient gas
leading to the breakdown of the air gap. Similar plasma
sources have been used to generate microbeams. Koinuma
et al. have used a microbeam plasma produced by rf power at
atmospheric pressure for etching Si.6

The plasma source described in this paper does not de-
pend on high gas flow for stable operation; instead it uses a
dielectric barrier to prevent arc formation. In addition,
plasma can be generated in gases other than helium such as
argon and nitrogen and trace amounts of oxygen in these
gases. This flexibility is critical in numerous applications of
the plasma such as polymer surface treatment and steriliza-
tion. The results of the electrical and spectroscopic investi-
gations of the afterglow plasma under ambient condition are
discussed. Numerous applications of the plasma source were
investigated, and the results of metal surface cleaning are

discussed.
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II. EXPERIMENTAL SETUP

The schematic and picture of the plasma source are
shown in Fig. 1. It consists of a 2 mm thick alumina dielec-
tric with an outer ground electrode and inner coaxial pow-
ered electrode. The dielectric has an outer diameter of
10 mm and an inner diameter of 6 mm. The inner electrode
is 4 mm in diameter, and the active discharge length is
30 mm. The rf discharge discussed in this paper has an air
gap capacitance cg=4 pF and a dielectric capacitance cd

=29 pF, and the excitation frequency is 13.56 MHz. In the
configuration shown, the discharge is “struck” in a noble gas
�argon and helium� and the afterglow is allowed to interact
with the ambient air. It is relatively easy to “strike” a dis-
charge with rf at 13.56 MHz in argon and helium. However,
with more than 0.5% oxygen in the gas mixture, it was not
possible to strike a discharge with our setup due to an in-
crease in the breakdown voltage.

The electric field �Em� is the highest on the surface of the
inner electrode and is given by

Em =
cd

cd + cg

V

a ln�b/a�
, �1�

where V is the applied voltage, and a and b are the inner and
outer radii of the air gap, respectively. In the rf discharge
being discussed, argon breakdown occurs at around 550 V
�Fig. 2�, which corresponds to a peak field of 6.5 kV/cm.
This peak electric field is less than the static breakdown volt-
age of argon of 15 kV/cm at atmospheric pressure.7 This is
expected for frequencies greater than the critical frequency
fc=�+ / ��d�, where v+ is the argon ion drift velocity, and d is
the typical dimension of the air gap.7 In an atmospheric pres-
sure argon discharge, the positive ion mobility at a field of

FIG. 1. �Color online� Schematic and the picture of the rf plasma source. In
the schematic: a=10 mm, b=6 mm, and c=4 mm.

FIG. 2. �Color online� The wave forms for current, voltage, and the inte-
grated light output for the rf discharge in argon at 50 W power input and a

flow of 1 SLM for the discharge shown in Fig. 1.
6.5 kV/cm is approximately 0.8 cm2/V s.8 For an air gap of
about 1 mm, the critical frequency is about 16 kHz which is
less than the supply frequency of 13.56 MHz. The material
type of the discharge electrode does not play a significant
role at these pressures and the dc bias on the powered elec-
trode is measured to be 0 V.

III. RESULTS AND DISCUSSION

A. Electrical measurements

Figure 2 shows the rf current through the discharge and
the voltage across the discharge. The rf current was mea-
sured with an IPC CM-10-M �0.1 V/A into 50 �� current
monitor. The current wave form is sinusoidal, indicating a
temporally uniform discharge. The current and voltage wave
forms are about 70° out of phase. For purely capacitive cur-
rent, the current would lead the voltage by 90°. The differ-
ence in these two angles accounts for the resistive dissipation
in the discharge. As shown in Fig. 2, the total light intensity
is continuous in time. Therefore the discharge at 13.56 MHz
is temporally uniform unlike a low frequency dielectric-
barrier discharge which has an intermittent current wave
form with numerous spikes.3

The discharge power P in a low frequency dielectric-
barrier discharge is given by9,10

P = 4fVc��cdVp − �cg + cd�Vc�

= 4fVc�cd�Vp −
�cg + cd�

cd
Vc� , �2�

where f is the power frequency, cg and cd are the gap and
dielectric capacitances, respectively, and vp, vc�, and vc are
the peak to peak applied voltage, the critical gap voltage
required to sustain a discharge, and the critical voltage at
which the gap breaks down, respectively. The voltages vc

and vc� are nearly equal; however, it was observed that vc�
tends to be lower than vc.

10 This equation shows that the
power input to a dielectric-type discharge has a linear depen-
dence on voltage. At low frequencies, dielectric-barrier dis-
charges show these characteristics for all gases.5,10 However,
for a discharge continuous in time, the power absorbed per
unit volume vol in a field E=E0 cos��t� is given by11

P

vol
=

1

2

e2ne

me�

�2

�2 + �2E0
2. �3�

Here the power coupled to a discharge has a square depen-
dence on the applied field. The power versus voltage plot of
the rf discharge under investigation is shown in Fig. 3. It
shows that the dependence of the discharge power on the
applied voltage is faster than linear as expected for a con-
tinuous discharge �Eq. �3��. Therefore the rf discharge at at-
mospheric pressure is continuous in time unlike low fre-
quency dielectric-barrier discharges.

The gas temperatures are near ambient and the afterglow
temperatures do not exceed 85 °C at the highest power input
of 100 W. At a typical gas flow of 1 SLM �standard liter per
minute�, the linear speed is about 1 m/s and the specific
energy input to the discharge at 50 W is about 0.25 J /cc. If

we assume that all the energy goes into gas heating, the rise
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in gas temperature will be about 250 °C given that the spe-
cific heat of argon cp=0.52 �J /g� /K. Although the heat ca-
pacity of helium is ten times larger than argon, the rise in
temperature is the same at a given flow rate due to the lower
atomic mass of helium. From the dissipation factor of alu-
mina, we found that the power dissipated in the dielectric at
13.65 MHz was insignificant compared to the total power.
The plot of the gas temperature and total light intensity as a
function of power for two different gas flow rates is shown in
Fig. 4. The initial rise in the gas temperature with power is
slow. However, the gas temperature begins to rise rapidly as
the discharge power exceeds 50 W and the light intensity
from the discharge begins to saturate. This would suggest
that the high power operation of this discharge is not very
efficient in producing excited species.

B. Optical spectroscopy

The spectroscopic measurements show that excited he-
lium and argon in the discharge produce excited nitrogen and
oxygen atoms when they react with the ambient gas. The
afterglow emission spectrum in helium is shown in Fig. 5.
Some of the lines in the He spectrum have been identified
as He �3 3S1→2 3P0,1,2� at 706.5 nm,12 N2

+�B 2�u
+�

→N2
+�X 2�g

+� at 391.4 nm,11 O �3p 3P�→O �3s 3S� at 844.6
and 777.4 nm,13 and N2�C 3�u��→N2�B 3�g��� at
337.13 nm.11

The optical emission in an afterglow in argon is more
intense compared to helium for the same power due to stron-
ger emission in the visible and is shown in Fig. 6. Some of
the lines in Fig. 6 have been identified as A I lines at 696.54,
750.38, and 763.51 nm,14 O2�1�g

+�P branch at 764.5 nm,15

O �3p 5P�→O �3s 5S� at 777.4 nm,12 and N2�C 3�u��

→N2�B 3�g��� at 337.13 nm.12 The strong emission lines

FIG. 3. �Color online� The rf peak voltage vs power for different gases at a
flow rate of 1 SLM.

FIG. 4. �Color online� Total light output and exit temperature of the after-

glow as a function of rf power at two different flow rates.
suggest that in both helium and argon afterglows there are
active species being produced by the metastables and dimers.

In plasma chemical devices, the aim is to produce the
desired radicals to carry out a particular reaction. The main
thrust for using atmospheric pressure plasma in our applica-
tions is the production of radicals such as O and N. Since
oxygen atoms are of particular interest in many applications,
we have plotted the relative intensity of the O �3p 3P�
→O �3s 3S� at 777.4 nm line for the helium and argon after-
glows as a function of the discharge power in Fig. 7. The
relative intensity of the oxygen line is much stronger in an
argon afterglow compared to a helium afterglow. In addition,
the oxygen line rises faster with power in an argon afterglow
whereas there is very little increase in emission intensity in a
helium afterglow with increasing power. This would suggest
that the argon afterglow is more effective in producing oxy-
gen atoms.

C. Numerical modeling

There are several reports on models of high pressure
glow discharges.16–18 Yuan and Raja have computationally
shown that in an atmospheric pressure rf plasma in helium,
the discharge is dominated by dimer helium ion He2

+.16 We
have developed a simple model to study the interaction of
the afterglow with the ambient gas. The plasma reaction pro-
cess in an afterglow plasma has been divided into two
phases: �1� discharge phase and �2� postdischarge phase. In
the discharge phase the radicals and ions are formed by elec-
tron impact. In the postdischarge phase the excited radicals
are quenched to form longer lived radicals. In order to obtain

FIG. 5. �Color online� Optical emission spectrum of helium afterglow in
ambient air. The operating conditions were for a flow of 1 SLM and 50 W rf
power.

FIG. 6. �Color online� Optical emission spectra of argon afterglow in am-
bient air. The operating conditions were for a flow of 1 SLM and 50 W rf

power.
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the densities of various species in this reaction process, it is
necessary to solve the time-dependent differential equations
of the chemical reactions of those species. The rates of the
reactions taking place in the discharge phase depend on the
electric field and are available as a function of E /N for the
gases of interest.16 The reaction rates of the postdischarge
phase are constant with temperature and are well docu-
mented by previous researchers.17–20

A numerical model was developed for a rf discharge in
helium and argon. The model contains 17 species �Ar*, Ar**,
He*, etc.� and 45 reactions �excitation, ionization, dissocia-
tion, etc.�. A stiff ordinary differential equation �ODE� solver
in MATLAB was used to solve the rate equations. The solution
of the rate equations gives the time evolution of the concen-
tration of various species during the discharge and afterglow
phases.

All the reactions used in the calculation and their rate
coefficients were obtained from the literature indicated be-
low. The calculations are carried out for argon and helium
plasmas. In the discharge phase, excited argon and helium
atoms are produced due to the electron impact. In the after-
glow, the radicals, ions, and neutrals react to produce active
species. Some important reactions for helium along with the
rates are shown below:

He + e ——→
k1

He* + e; �4�

k1 = 4.2 � 10−11 cm3 s−1�E/N = 26 Td� �Ref. 16� ,

He + e ——→
k2

He+ + e; �5�

k2 = 6.9 � 10−12 cm3 s−1�E/N = 26 Td� �Ref. 16� ,

He* + He* ——→
k3

He+ + He + e; �6�

k3 = 2.7 � 10−10 cm3 s−1 �Ref. 16� ,

He* + N2 ——→
k4

He + N2
+ + e; �7�

−11 3 −1

FIG. 7. The relative intensity of the 777.4 nm emission line from atomic
oxygen for helium and argon afterglows as a function of the discharge
power. The operating conditions were for a flow of 1 SLM and a discharge
power of 50 W.
k4 = 7.0 � 10 cm s �Ref. 16 and 17� ,
He2
+ + N2 ——→

k5

N+ + N + 2He; �8�

k5 = 7 � 10−10 cm3 s−1 �Ref. 17� ,

He+ + O2 ——→
k6

He + O + O+; �9�

k6 = 1.07 � 10−9 cm3 s−1 �Ref. 18� ,

where k1 and k2 are E /N �ratio of electric field to neutral
species density� dependent and the values shown are for
26 Td �townsend�. The reaction rates k3, k4, k5, and k6 are
independent of the electric field but depend on the neutral
gas temperature. We have used the ambient temperature
�300 K� to be the neutral density temperature for all our
calculations. A subset of the reactions involving argon is
shown below:

Ar + e ——→
k7

Ar* + e; �10�

k7 = 3.66 � 10−11 cm3 s−1�E/N = 26 Td� �Ref. 19� ,

Ar + e ——→
k8

Ar** + e; �11�

k8 = 5.9 � 10−12 cm3 s−1�E/N = 26 Td� �Ref. 19� ,

Ar* + O ——→
k9

Ar + O*; �12�

k9 = 8.1 � 10−13 cm3 s−1 �Ref. 20� ,

Ar* + N2 ——→
k10

Ar + N2
*; �13�

k10 = 2.11 � 10−13 cm3 s−1 �Ref. 20� ,

Ar* + O2 ——→
k11

Ar + O + O; �14�

k11 = 5.8 � 10−11 cm3 s−1 �Ref. 20� ,

where k7 and k8 are strongly dependent on E /N, and k9, k10,
and k11 are some of the afterglow reaction rates that are
important in an argon plasma for the production of reactive
species.

The electron density ne can be calculated as follows:

ne = P/�volqEvd� , �15�

where P is the discharge power, vol is the discharge volume,
q is the unsigned electronic charge, E is the electric field, and
vd is the electron drift velocity at the given electric field. The
simulations were done for helium and argon discharges at
26 Td and an input power ranging from 20 to 100 W. A re-
duced electric field of 26 Td was used for both discharges.
This value of the reduced field is the average reduced field
�rms� under our experimental conditions, as shown in Fig. 3.
The drift velocity is about 5.4�106 and 6.6�106 cm/s for
argon and helium at 26 Td, respectively. Using Eq. �15� the
electron densities ne are calculated to be 2�1010 and 1.75

10 −3
�10 cm in argon and helium, respectively.
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The simulation is first carried out in the discharge phase
with an E /N of 26 Td for the duration of the residence time
of the gas which is about 30 ms given a flow of 1 SLM. We
arbitrarily picked the air mixture to be 5% of the total gas
with the remaining being either argon or helium. The air
mixture was assumed to be 80% nitrogen and 20% oxygen.
The final concentration of the species in the afterglow does
not depend on the percentage of air in the afterglow. How-
ever, the concentrations reached steady state faster with a
higher percentage of air in the mixture. The plots of the final
concentration in the afterglow of a few selected species in
helium and argon are shown in Fig. 8. The results of the
simulation are consistent with the measured values shown in
Fig. 7 where the oxygen atom emission intensity is higher in
an argon afterglow compared to a helium afterglow. The re-
actions shown in Eqs. �9� and �14� are the main paths for the
production of oxygen atoms in helium and argon afterglows,
respectively. There are numerous nitrogen species that are
excited by the afterglow and the simulations show that he-
lium afterglow is efficient in producing nitrogen atoms
through the reaction shown in Eq. �8�. However, the argon
metastables are not very efficient in producing excited nitro-
gen species.

D. Applications of the afterglow plasma

Unlike planar discharges, the afterglow plasma has the
advantage in applications involving treatment of curved sur-
faces or in applications where direct contact with the dis-
charge is not desirable. The afterglow plasma was found to
be very effective in destroying bacteria under laboratory con-
ditions. Five log destruction was achieved in E. coli and
spore forming bacteria such as B. cereus, and B. megaterium
within a few seconds of plasma exposure. Ongoing studies
suggest that such plasmas are also effective against yeast.21

In metal surface cleaning experiments, the afterglow
plasma with a 0.5% oxygen additive was very effective in
cleaning metal surfaces. Figure 9 shows the x-ray photoelec-
tron spectroscopy �XPS� analysis of a stainless steel surface
treated with and without the afterglow plasma. All the
samples had an adhesive backing which was peeled off and
no further cleaning was performed. The untreated samples
showed only carbon and oxygen on the surface and only a

FIG. 8. Simulated species concentration of selected radicals in argon and
helium afterglows.
trace of iron, whereas both the helium and argon afterglow
plasmas were very effective in removing carbon and expos-
ing iron and chromium on the steel surface. These treated
surfaces were coated with a zinc primer and the adhesion
strength was measured by peel tests. The adhesion strength
of plasma treated surfaces outperformed the conventional
surface treatment methods using chemicals.22

The argon and helium afterglow plasmas were also used
to treat surfaces of addition polymers such as polyethylene
and polystyrene.23 Treatment times of a fraction of a minute
resulted in the reduction in contact angles by 50° in both
polymers. Spin coated sol-gel coatings showed significant
improvements in adhesion when the surfaces were treated
with afterglow plasmas.23

IV. CONCLUSIONS

In conclusion, an ambient-afterglow plasma source
driven by a rf power source has been discussed. The dis-
charge is continuous in time and behaves like a glow dis-
charge. The afterglow interacts with the ambient gas to pro-
duce reactive species such as oxygen and nitrogen atoms.
Spectroscopic measurements and simulations show that an
argon afterglow is more effective in producing oxygen at-
oms. The plasma source is very effective in metal surface
cleaning, polymer surface treatment, and the destruction of
microorganisms such as E. coli.
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