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Abstract
An atmospheric pressure plasma jet using radio-frequency (rf) (13.56 MHz)
power is developed to produce a homogeneous glow discharge at low
temperatures (between 50˚C and 150˚C on the inner electrode). Discharge
parameters (power, voltage, current and the phase angle) are measured and the
influence of the operating parameters on the discharge characteristics is
investigated for a He/O2 gas mixture. By varying the input power, a ‘phase
saturation’ region and the ‘arc failure’ mode are identified. The optimized flow
rate ratio between oxygen and helium is found to be 0.1/40 slpm in our
experiment. At this ratio, a low power consumption and wide operational range
for rf power (200 W) are obtained.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Low temperature plasma processing of materials is widely
used in many fields including the electronics, aerospace,
automotive and biomedical industries and decontamination.
This is not only because of the reduced or eliminated
thermal damage to the substrate from the cold chemically
active species, but also the capability of maintaining a
homogeneous discharge over large areas [1]. Currently, many
processing plasmas are produced under vacuum conditions
(such as electron cyclotron resonance plasmas, inductively
coupled plasmas and capacitively coupled plasmas), which
limit their operation and application. Moreover, they need
very complicated and expensive vacuum systems. For this
reason, much attention has recently been paid to atmospheric
pressure plasmas. Atmospheric pressure low temperature
plasma sources include the atmospheric pressure plasma jet
(APPJ) [2–12], cold plasma torch [13–16], one atmospheric
uniform glow discharge plasma (OAUGDP) [17] and dielectric
barrier discharges [18, 19]. They produce discharges with a
low gas temperature, typically below 300˚C. Schütze et al
[2] have reviewed and compared the characteristics of these
different sources, such as Te (electron temperature), Tg (gas
temperature) and np (plasma density).

The APPJ is a capacitively coupled plasma using
13.56 MHz radio-frequency (rf) power, producing a stable
and homogeneous glow discharge. The gas temperature of
the discharge is typically between 25˚C and 200˚C [2], and
thus thermal damage to the substrate is reduced or even
eliminated. The discharge uses a feed gas consisting primarily
of helium as a carrier and a small fraction (<4%) of reactive
gases (e.g. oxygen, carbon tetrafluoride, nitrogen or H2O)
with a high flow rate. When these gases are passed through
the annular space between an outer grounded cylindrical
electrode and an inner coaxial electrode powered at a rf
of 13.56 MHz, they are excited, dissociated or ionized by
energetic electron impact. Once they exit the discharge
volume, ions and electrons are rapidly lost by recombination,
leaving the metastable species (e.g. O2(b 1�+

g ) and O2(a 1�g))

and radicals (e.g. atom O, −OH or atom F) [3, 10, 20], and
thus damage to materials by ion bombardment is avoided.
These chemically reactive species are transported with the
gas flow and impinge on the surface of the materials to
be processed. In this way, they selectively react with the
surface materials. To date, APPJ has been used to ash
photoresist, etch polyimide, tungsten, tantalum, uranium oxide
and silicon dioxide [3, 10] and to deposit silicon dioxide and
silicon nitride films [4, 7, 21]. In addition, APPJ is a new dry
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Figure 1. A schematic of the experimental set-up.

method of decontaminating chemical and biological warfare
agents [5].

In this paper, an APPJ system developed by our group is
described. Using a typical feed gas (He + O2), basic discharge
parameters, such as the input rf power, rf voltage, rf current
and phase angle, are measured by Z-Scan (advanced energy
RF measurement system), and the experimental data are used
to investigate the influence of operating parameters on the
discharge characteristics. The power range of the APPJ under
different operating conditions is found. The effect of gap
spacing on discharge had been studied as well.

2. Experimental set-up

A schematic of the experimental set-up is shown in figure 1.
The gas mixture of helium (>99%) and oxygen (>99.995%)
passes through the annular space between the two concentric
copper electrodes which are 95 mm in length without the
nozzle. The powered inner electrode is 13.6 mm in diameter,
separated from the grounded and water-cooled outer electrode
by a gap of 1.2 mm. The gas flow rates are controlled by
two mass flow controllers (SEVENSTAR D07-7A/ZM for
oxygen and D07-9C/ZM for helium). An rf probe (Z-Scan)
is mounted close to the APPJ and is electrically connected
in series between the APPJ and the matching network. The
Z-Scan can provide real time data on discharge parameters such
as the input power, rf current, rf voltage and phase angle. From
data collected by the Z-Scan, including Vrms (the root mean
squared value of voltage at the selected frequency), Irms (the
root mean squared value of current at the selected frequency)
and the phase angle in degrees between the voltage and current,
the following quantities can be calculated [24]:

The delivered power to the load, i.e. the input power, is
equal to (Pforward − Preflected):

Pdeliv = V · I · cos θ. (1)

The impedance: Z = V

I
. (2)

The resistance: R =
(

V

I

)
cos θ. (3)

The reactance: X =
(

V

I

)
sin θ. (4)

The phase angle is related to the reactance and the resistance by:

tan θ = X

R
. (5)

3. Experimental results and discussion

3.1. Visual phenomena of the discharge

Once the breakdown voltage is reached, a discharge will
be initiated between the two electrodes. Initially, the discharge
covers only a partial volume in the gap. On increasing the input
power, the discharge quickly spreads to cover the entire
volume between the two electrodes. This can be explained by
the dependence of the breakdown voltage, Vb, on the electrode
gap spacing, d , and the pressure, p [1, 2, 21]. At atmospheric
pressure, Vb increases rapidly with the pd value. Because
of the large flow rate of the feed gas (30–50 slpm) and the
narrow discharge gap (1.2 mm), there is a pressure differential
along the axial direction. The lowest pressure point is near the
nozzle (5% lower than that at the bottom). So the breakdown
will start in a region near the nozzle where the pd value is
relatively small. Increasing the input power will make the glow
discharge volume expand inwards, and it then spreads around
to cover the entire annular volume between the electrodes. The
temperature of the inner electrode, measured in situ using a
thermocouple, increases nearly linearly with the input power,
e.g. from 53˚C at 50 W to 148˚C at 250 W, when the flow rate
is 0.1 slpm for oxygen and 40 slpm for helium. The discharge
appears homogeneous throughout the entire region, without
any sign of arcing or filamentation. When the input power is
further raised above a critical value, the discharge suddenly
turns into an arc, emitting bright orange light, and is highly
localized. The arc can be turned off and the discharge turns
back to a glow if the input power is significantly reduced, as
shown in figure 2. These phenomena agree with those found
by Jaeyoung Park et al [8, 9].

4. Electrical characteristics

The discharge characteristics of the APPJ can be identified by
the relations between Vrms, Irms, the phase angle and Pdeliv.

Before breakdown, the load is purely capacitive and the rf
current leads the voltage 90˚ in phase, and so the input power
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remains zero, as shown in figure 3. The current and voltage
increase linearly with power, and the impedance of the load is
equal to the absolute value of the reactance; the capacitance
of the APPJ for 1.2 mm gap is 43 pF. After breakdown, the
operating voltage is less than that at breakdown and the input
power is no longer zero. As the rf power increases, both the
impedance and the reactance decrease, and are not equal to
each other any more for the load is partially resistive. This can
be seen in figure 4. One can also see that, as shown in figure 3,
in the glow discharge range, the voltage increases with current,
and so our glow discharge is similar to the ‘abnormal glow’
region of the low pressure glow discharge [22].

In figure 4, the relations between the input power and
the discharge data are shown for four different oxygen flow
rates, 0, 0.1, 0.4 and 0.7 slpm, and the helium flow rate
remains 40 slpm. With increasing input power, both rf current
and voltage increase simultaneously but not linearly until
the discharge experiences a glow-to-arc transition, for the
impedance is not constant but decreases with input power, as
shown in figure 4(a). Note that the impedance also increases
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Figure 2. The whole discharge process of our APPJ for He + O2

feed gas (40 slpm He, 1 slpm O2).
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Figure 3. The breakdown process of the APPJ discharge for pure helium feed gas (40 slpm).

with oxygen flow rate. Figure 4(b) shows that the phase angle
between the rf current and voltage decreases rapidly to 73.5˚
until 150 W, when the oxygen flow rate is 0.7 slpm. Afterwards
the phase angle decreases very slowly from 73˚ to 71˚ until
arcing, and the resistance of the discharge began to decrease
at this point. This is called the ‘phase saturation’ region, in
which the discharge is very stable and is suitable for practical
operation. The ‘phase saturation’ can be reached at a lower
rf power level with a lower oxygen flow rate, as shown in
figure 4(b), from 80 W for pure helium to 120 W with 0.4 slpm
oxygen flow rate. The absolute value of the phase angle in this
region decreases with oxygen flow rate.

We can see from figures 4(c) and (d) that, right after
the breakdown, the resistance of the discharge increases
with the input power. After reaching the ‘phase saturation’
point, it begins to decrease proportionally with discharge
reactance. The measured resistance of the discharge is RD

in the equivalent circuit shown in figure 5(a). Figure 5(b) [1]
is a nonlinear circuit model of the discharge. The resistance of
the plasma, Rp, decreases with the input power and this results
in exactly the same behaviour of RD versus input power, as
shown in figure 4(c).

The APPJ discharge is essentially an α-mode capacitive
discharge at atmospheric pressure [8, 23] so that the secondary
electrons have only a minor importance in the ionization
process. And the space charge sheath near the electrodes is
one of the essential features of the α-mode discharge. The
sheath capacitance can be calculated as [1]

Csheath = 1.52εA

dsheath
, (6)

XD = − 1

ωCsheath
, (7)

where A is the electrode area, ε is the permittivity of the
gas medium, dsheath is the sheath thickness, ω is the angular
frequency of the rf fields and XD is the reactance of the
discharge. The sheath thickness will decrease with the
input power [8], and so we can see in figure 4(d) that the

1398



Discharge characteristics of an atmospheric pressure radio-frequency plasma jet

0 50 100 150 200 250 300 350

160

180

200

220

240

260

280

300

 He(40slpm)
 He(40slpm)+O

2
(0.1slpm)

 He(40slpm)+O
2
(0.4slpm)

 He(40slpm)+O
2
(0.7slpm)

Im
p
e
d
a
n
ce

(Ω
)

Input power (W)

(a)

Arcing

0 50 100 150 200 250 300 350
-90

-85

-80

-75

-70

-65

-60

-55

 He(40slpm)
 He(40slpm)+O

2
(0.1slpm)

 He(40slpm)+O
2
(0.4slpm)

 He(40slpm)+O
2
(0.7slpm)

Input power (W)

P
h
a
se

 a
n
g
le

(°
)

Arcing

Phase saturation

(b)

0 50 100 150 200 250 300 350
20

40

60

80

100

120

 He(40slpm)
 He(40slpm)+O

2
(0.1slpm)

 He(40slpm)+O
2
(0.4slpm)

 He(40slpm)+O
2
(0.7slpm)

Input power (W)

R
e
si

st
a
n
ce

(Ω
)

Arcing

(c)

0 50 100 150 200 250 300 350

-260

-240

-220

-200

-180

-160

-140

 He(40slpm)
 He(40slpm)+O

2
(0.1slpm)

 He(40slpm)+O
2
(0.4slpm)

 He(40slpm)+O
2
(0.7slpm)

Input power(W)

R
e
a
ct

a
n
ce

(Ω
)

Arcing

(d)

Figure 4. The discharge data curves as a function of the input power for four different flow rates of oxygen added, 0, 0.1, 0.4 and 0.7 slpm,
and the helium remaining 40 slpm: P –Z curve (a), P –θ curve (b), P –R curve (c) and P –X curve (d).
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Figure 5. (a) Equivalent circuit for the discharge. (b) Nonlinear circuit model of the discharge.

absolute value of the reactance decreases with the input power.
Figure 4(d) shows that an increasing oxygen flow rate causes
an increase in the reactance or a decrease in the sheath
capacitance. This result indicates that the sheath thickness
increases with oxygen flow rate.

When the input power is raised above a critical value,
the discharge turns into an arc; this transition is shown by
the discontinuities in figures 2 and 4. When the oxygen flow
rate is 0.7 slpm, as shown in figure 4, the arc starts when the
input power is 354 W. In the arc mode, the phase angle between

the current and the voltage drops from 70.5˚ to 52.5˚ and the
input power decreases from 354 to 276 W. It is noted that the
resistance jumps from 52 to 79 �, as expected, since the arc
mode is more resistive.

We find that the ‘phase saturation’ region before acing is
an optimum range for the operation of the APPJ, as shown by
the stable discharge parameters in figure 4. Another important
feature is that the discharge covers the whole volume of the gap
spacing between the two electrodes in this region. From these
figures, we can see that for pure helium feed gas (40 slpm),
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Figure 6. The I–V (a) and P –θ (b) curves for different gap spacing (40 slpm He, 0.1 slpm O2).

the ‘phase saturation’ region starts at 80 W and ends at the
‘arcing failure’ mode at 200 W, resulting in an operating range
of 120 W. For helium and oxygen mixtures, this range is very
close to 200 W (from 90 to 290 W for 0.1 slpm, from 127 to
330 W for 0.4 slpm and from 150 to 354 W for 0.7 slpm of
oxygen flow, respectively). In fact, arcing is frequently caused
by localized emission of electrons and electron avalanches in
their transport process, which reduces the discharge impedance
and then increases the local ion current. To prevent it, it is
necessary to reduce the electrical field and rf current or increase
the impedance of the plasma by adding an electronegative gas
(such as oxygen) or water-cooling the electrodes. This is why
the arc mode starts at 200 W for pure helium feed gas and at
290 W when 0.1 slpm oxygen is added. Adding oxygen results
in an increase in the impedance, and expands the electrical
operating range of the APPJ, as shown in figure 4(a). However,
if the oxygen flow rate is too high, the APPJ breakdown
voltage will be significantly increased and this can result in a
filamentary arc mode as soon as breakdown occurs. Therefore,
there is an optimum oxygen flow rate which is 0.1 slpm in our
experiment.

The effect of gap spacing on the discharge parameters is
also studied, as detailed in figure 6. When the diameter of
the inner electrode is changed to 12.4 mm, a gap spacing of
1.8 mm is obtained. It is found that the breakdown voltage is
increased from 270 V for a gap spacing of 1.2 mm to 522 V for
a gap spacing of 1.8 mm. For the 1.8 mm case, the discharge
voltage is also higher in the normal operating range at a
given current. As figure 6(b) shows, when the gap spacing is
1.8 mm, the discharge enters the ‘saturation’ region at 135 W
and finishes with the ‘arc failure’ mode at 329 W. For the
1.2 mm gap, the discharge enters the ‘saturation’ region only
at 90 W and finishes at 290 W. Therefore with a wider gap
spacing, the discharge not only consumes more power but also
has a narrower operating range.

5. Conclusions

The APPJ is an atmospheric pressure rf plasma jet that
essentially operates in an α-mode discharge. The discharge

characteristics have been studied in experiments using an rf
measurement system—the Z-Scan. By defining the ‘phase
saturation’ region and the ‘arc failure’ mode, a normal
operating range of the input power is found. Adding a
small amount oxygen into the feed gas cannot only expand
the operating range, but also produce a large amount of
reactive species such as the oxygen atom. The APPJ enters
an arc mode at an rf power of 200 W for pure helium
feed gas, and this critical rf power value becomes 290 W
when 0.1 slpm of oxygen is mixed in. Increasing the gap
spacing can increase both the critical power level and the
breakdown voltage. Therefore an appropriate gap spacing
and an optimum oxygen/helium flow ratio should be carefully
selected according to the given application.
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