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A plasma jet has been developed which operates using radio frequency (rf) power and produces a stable homo-

geneous discharge at atmospheric pressure. Its discharge characteristics, especially the dependence of stable discharge

operating range on the feed gas, were studied, and the electric parameters such as RMS current, RMS voltage and re-

flected power were obtained with different gas flows. These studies indicate that there is an optimum range of operation

of the plasma jet for a filling with a gas mixture of He and Oz. Two “failure” modes of the discharge are identified.

One is a filamentary arc when the input power is raised above a critical level, another is that the discharge disappears

gradually as the addition of Oy approaches 3.2%. Possible explanations for the two failure modes have been given. The

current and voltage waveform measurements show that there is a clear phase shift between normal and failure modes.

In addition, I-V curves as a function of pure helium and for 1% addition of oxygen have been studied.
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1. Introduction

Recently, much attention has been paid to gas
discharges for producing atmospheric pressure non-
thermal plasma, and a few novel atmospheric pres-
sure discharge sources have been developed. These
sources include the atmospheric pressure plasma jet
(APPJ),['=7 the dielectric barrier (silent) discharges
(DBD),1®9 the one atmosphere uniform glow dis-
charge plasma (OAUGDP),!'% and the surface-wave
discharge.['] They show promise to potentially re-
place low-pressure plasma devices for some existing
applications such as sterilization, disinfecting, clean-
ing, decontamination, surface treatment, food pro-
cessing, etching, thin film deposition and so on. In
principle, however, atmospheric pressure plasma can
provide a critical advantage over the widely used low-
pressure plasma, for they do not require expensive
Without a vac-

uum system, not only the cost of materials processing

and complicated vacuum systems.

could be reduced substantially, but also the operat-
ing constraints due to a chamber-based process will

disappear.

Among all of these sources, the APPJ is a unique,

nonthermal, glow-discharge plasma operating at at-
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mospheric pressure. The discharge uses a high-flow
feed gas consisting primarily of helium as a carrier
gas and a small amount of reactive gases (e.g., Oa,
H>0 or CF, ) in a capacitively coupled configuration
using radio frequency (rf) power which causes the gas
breakdown and produces a stable oscillating steady-
state discharge in a coaxial arrangement without di-
electric materials between the electrodes. The feed gas
becomes excited, dissociated or ionized by energetic
electron impact. Once it exits the discharge volume,
ions and electrons are rapidly lost by recombination,
leaving behind metastable species (e.g., O*, He*) and
radicals (e.g., O, OH, F ). These reactive species are
then directed onto a surface where the desired chem-
ical reaction occurs. In this way, the surface to be
treated does not require immersion in the source and
is not directly exposed to the plasma. Furthermore,
due to the low temperature of the effluent (clearly be-
low 100°C) no thermal problems evolve even on sensi-
tive materials. So far, the APPJ has been used to etch
polyimide, tungsten, tantalum, and silicon dioxide; to
deposit silicon dioxide and silicon nitride films;!7:12:13]
and to decontaminate chemical and biological warfare

agents.[14]

Compared with low-pressure plasma devices, the



No. 2

Basic characteristics of an atmospheric pressure rf generated plasma jet 191

APPJ has obviously a lot of advantages, such as no
need for expensive vacuum equipment and no con-
straint to a chamber-based process, but there still ex-
ist drawbacks during the practical applications, such
as using a large amount of relatively expensive helium
as carrier gas and small amount of oxygen. Therefore,
it is very necessary to study the corresponding dis-
charge operating range and physics on the feed gas to
find the optimum way to reduce the feed gas cost dur-
ing the practical use of the APPJ. On the other hand,
much of the effort in generating stable glow discharges
at atmospheric pressure has focused on preventing the
onset of instabilities, particularly in the glow-to-arc
transition. It is especially important to understand

the mechanism of how the arcing happens.

In this report, we introduce the device recently
developed in our group and present its basic oper-
ation, in particular the effect of mixing helium with
oxygen on the discharge process of the APPJ, because
the mixture of helium and oxygen is a typical feed gas
for practical applications. These studies indicate that
the operation of the plasma jet shows an optimum
range in the gas parameters (e.g., composition, flow).
The dependence of the gas flow on discharge operat-
ing conditions has been determined. The current and
voltage waveform measurements show that there are
two failure modes: one is the “conventional arcing”
mode which we call “phase-shift-backward”, and the
other is the “gradual disappearance” mode which we
call “phase-shift-forward”. These two modes are use-
ful for understanding how the APPJ fails during the

operations and will be helpful to prevent the failure.

2.Experimental setup

A schematic of the experimental setup is shown
in Fig.1. A gas mixture of helium and oxygen was fed
through an annular region between the two stainless
steel coaxial electrodes 10cm in length without the
nozzle. The inner electrode was 12 mm in diameter
and was connected to a rf generator operating at typ-
ically 13.56 MHz, while the outer electrode was sepa-
rated from the inner electrode by a gap 1.25 mm and
was grounded. Two electrodes that operate in a capac-
itively coupled configuration were cooled with water.
The feed gases, helium and oxygen, were mixed using
a gas mixing system (WITT-Gasmischer, KM100-2),
and then passed through the annular space between

the electrodes.

gas in
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water in —
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water in

Fig.1. Schematic of the plasma jet.

The electrical properties of the discharge were
studied simultaneously by measuring the voltage
across the discharge and rf current. The measure-
ments were made using a high voltage probe (Tek-
tronix P6015A with a bandwidth of 75 MHz) and a
current probe (Tektronix P6021, with a bandwidth of
60 MHz). The results were recorded on a digital oscil-
loscope (Tektronix TDS 210 with sampling rate of a
1 G samples/s and a bandwidth of 60 MHz) with trig-
gering on the voltage signal. Measurements were con-
ducted for different gas flow rates and different oxygen

contents.

3. Experimental results

Based on the various operation conditions, such
as gas flow, input power, electrode constructions, gap
spacing, once the design of the APPJ has been fin-
ished, its geometry usually cannot be changed easily
during the discharge process, and what we can do is
to adjust the input power and gas compositions. Af-
ter a discharge in the APPJ is initiated by using pure
helium when the breakdown voltage is reached, the
plasma emission intensity, the discharge voltage and
rf current increase monotonically with increasing in-
put power. Subsequently, i.e. after having reached a
stable operation, the feed gas will usually be modi-
fied. Visual inspection of the discharge between the
electrodes reveals a uniform glow with an apparent
arcing, while there is virtually a weak emission out-
side the discharge region about 10 mm in length due
to very rapid electron cooling. Figure 2(a) shows the
dependence of the reflected power on the pure helium
with the addition of 1% oxygen. The reflected power
varies with the different amount of total gas flow when
the forward power of the rf power source is kept con-
stant. The results show that there is a relative opti-
mum operation range of the total gas flow from 1.5

to 3.5m3/h; in this region the reflected power is a
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Fig.2. The dependence of the reflected power on: total
flow of He+1% Og (a); the addition of O3 (b). Other dis-
charge parameters: gap spacing is 1.25 mm, rf frequency is
13.56 MHz, forward power is 260 W, and at 1.01x10° Pa.

With changing the content of oxygen, the re-
flected power versus the content of oxygen is shown in
Fig.2(b), while the total gas flow rate is kept 1.5 m? /h.
When the content of oxygen is less than 1%, the re-
flected power decreases slightly with increasing oxygen
content, and the minimum reflected power is found
at about 1% oxygen. However, the reflected power
will increase rapidly with further increase of oxygen
content; actually, the reflected power becomes very
sensitive to the content of oxygen when it approaches
3%, and the discharge also becomes unstable. In addi-
tion, the corresponding RMS current and voltage have
been studied, as shown in Figs.3 and 4. Comparing
Figs.3(a) and (b), we can identify that the RMS cur-
rent and voltage vary oppositely with increasing total
gas flow, a larger change is found as the total flow
rate changes from 0.5 to 1m?®/h, and the largest RMS
current and the least RMS voltage have been found
at the gas flow rate about 2m3/h, at which the opti-
mum reflected power has already been attained, as
shown in Fig.3(a). Another oppositely varying phe-
nomenon between the RMS current and voltage is

shown in Figs.4(a) and (b) with increasing content

of oxygen. Figure 4(a) shows that the RMS voltage
increases monotonically, and Fig.4(b) shows that the
RMS current decreases monotonically. Comparing the
changes of current and voltage, the RMS current is

more sensitive to gas flow and oxygen content than
the RMS voltage.
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Fig.38. The rf current (a) and discharge voltage (b) as
functions of total gas flow. Other discharge parameters:
gap spacing is 1.25 mm, rf frequency is 13.56 MHz, forward
power is 260 W, and at 1.01x10° Pa.

Figure 5 shows the waveforms of discharge volt-
age and rf current for normal discharge (solid line) and
the arcing (dotted line). At low powers, the voltage
and current waveforms are nearly sinusoidal, and a 78°
phase difference between them means that the load is
mostly capacitive. Both the current and the discharge
voltage increase linearly with increasing input power.
When the input power is raised above a critical level
(230 W), the discharge suddenly turns into a filamen-
tary arc; in the meanwhile, the input power goes down
to 165 W, causing a highly localized and bright orange
emission, and a clear “phase-shift-backward” of cur-
rent waveform appears between the normal discharge
and the arcing. The amplitude of the rf current re-
duces a little; however, the discharge voltage decays

substantially, which results in the reduction of input
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power to about 80% of the primary value. It is noted
that usually the arcing spots are found near the end

of electrodes in our system.
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Fig.4. The rf current curve (a) and discharge volt-
age curve (b) as a function of the oxygen content in
pure helium. Discharge parameters: total gas flow
rate is 2 m3/h, gap spacing is 1.25 mm, forward power
is 260 W, and rf frequency is 13.56 MHz.
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Fig.5. Waveforms of the discharge voltage and the
rf current for the normal (solid line) and arcing (dot-
ted line) modes in a pure helium discharge. Discharge
parameters: He flow rate is 2m3/h, gap spacing is
1.25mm, input power is 230 W directly before arcing,
input power for arcing mode is 165 W.

In comparison, Fig.6 shows waveforms of the dis-

charge voltage and rf current which present another

failure mode. When the addition of oxygen varies as
1%, 2.8%, 3%, and 3.2%, the corresponding waveforms
of the discharge voltage and rf current are V; and I,
V5 and I, V5 and I3, V4 and 14, respectively. With the
increase of the oxygen content, the amplitude of the
discharge voltage changes slightly; however, the am-
plitude of the rf current decreases dramatically, partic-
ularly when the addition of oxygen is up to 3.2%—the
amplitude of the rf current drops rapidly to the origi-
nal value before the gas is ignited; in the meantime, its
phase difference vanishes rapidly so as to be in phase
with the voltage waveform, indicating that the load
becomes an infinite resistance and the discharge dis-
appears entirely. However, it seems that there is still a
little current as shown by the curve I4; perhaps it be-
longs to a disturbance caused by the rf power source.
We call this kind of failure as “phase-shift-forward”.
This phenomenon indicates that as the load transfers
from capacitance to infinite resistance, the feed gas

under this condition cannot be ignited any more.
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Fig.6. Waveforms of the discharge voltage and the rf
current for different content (V7 and I for 1%, V2 and
I for 2.8%, V3 and I for 3%, V4 and I4 for 3.2%) of
oxygen in pure helium. Other discharge parameters:
total gas flow rate is 2m3/h, gap spacing is 1.25 mm,
input power is 250 W.

Now we discuss some power dependences. Figure
7 shows I-V curves which are very similar to the data
for the plane-parallel setup of the APPJ described in
Ref.[6]. In our case, the arcing appears suddenly for
the pure helium discharge when the input power is
raised to 230 W, as shown in Fig.7 (a). At this mo-
ment, the values of rf current and discharge voltage
go down from A to B. Reducing the input power, the
I-V curve goes from B to C, representing the “phase-
shift-forward” mode, while the arcing coexists with a
uniform glow. Further reducing the input power to
about 100 W, the discharge returns to the path prior

to arcing from C to D. When we use the pure helium
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mixed with 1% oxygen, no arcing has been found when
the rf power source changes from 1 to 300 W, which
we use in this work, as shown in Fig.7(b); about this
result we do not have a final understanding so far.
Probably, it depends on the lower degree of ionization
within the oxygen containing discharge and the con-
nected different EEDF that will probably contain less
energetic electrons. This will result in a lower, which

in our case is desired, chance to ignite an arc.
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Fig.7. I-V curves as a function of rf current for pure
helium discharge (a) and for 1% oxygen in pure helium
(b). Discharge parameters: gas flow rate is 2m?3/h,
gap spacing is 1.25 mm, and rf frequency is 13.56 MHz.

4. Discussion

For practical use, an optimum range of opera-
tion of the APPJ has been found as it is filled with
an helium and oxygen mixture at a rate from 1.5 to
3.5m3 /h, at which the discharge is stable with a min-
imum reflected power. Furthermore, Fig.4 indicates
that the RMS current is the largest when the feed gas
is about 2m3/h, which means that it will be the opti-
mum gas flow rate for obtaining the best ionized feed
gas, so that in practical application it is actually not
necessary to use more gas flow than that needed, con-
sidering the cost of the gas supply. For the mixing of
oxygen, Figs.2—4 indicate that the optimum content
of oxygen is 1%—2%. These results indicate that the

discharge properties at atmospheric pressure are more
sensitive to gas composition than to the total gas flow,
and that the corresponding rf currents are more sen-
sitive than the corresponding discharge voltages. It
has been noted that the discharge parameters vary a
little for day by day measurements, possibly due to
the changes in the surface condition of the electrodes.

Regarding the arcing failure mode, as shown in
Figs.5 and 7(a), it is probably a phenomenon of elec-
trons avalanche caused by fast electrons, which will
easily happen at high pressures. To prevent this, it is
necessary to reduce the rf current, especially the fast
electrons by adding a small amount of reactive gas,
modifying the electrodes, and so on.

A new “failure” mode has been first identified in
our system when the addition of oxygen is over 3%,
as shown in Fig.6. With this failure mode, no fila-
mentary arc has been found, but the amplitude of the
rf current reduces gradually to zero, and the reflected
power increases substantially, as shown in Fig.2(b),
until it nearly equals the forward power while the
discharge has already disappeared. Another appar-
ent feature in this mode is that the phase of rf cur-
rent waveform goes forward by about 78°, while in the
conventional arcing mode in Fig.5 the current phase-
shift goes forward about 30° as the voltage signal is
triggered.

One possible explanation for this failure mode
is that the capacitance between the two electrodes
changes too much when the addition of oxygen is up
to 3.2% so that the power cannot be coupled into the
feed gas, which results in a failure of the discharge. As
compared with the low-pressure plasma, the feature of
atmospheric pressure plasma is the presence of finite
and relatively large electric fields in the bulk region to
drive the electron conduction current because of the

low mobility of electrons, as shown as follows:

€

Il‘f R leond = _neeiueAEbulk

and
A= 7I'(D2 + l)l)L7

where Iy and I

nd are the rf current and the elec-

tron conduction current in the bulk, n, is the electron
density, p, is the electron mobility, A is the cross sec-
tional area in the middle of the gap spacing, Fpy is
the mean electric field in the bulk region, Dy and D,
are respectively the inner diameter of the grounded
electrode and the outer diameter of the rf electrode,

and L is the length of the electrodes. It is assumed
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that the displacement current is small compared with
the electron conduction current in the bulk region.
With the simple relation among the rf current,
the capacitance and the discharge voltage, as shown
in
It = (iwCsheath ) Vsheaths

where w is the angular frequency of the rf fields,
Csheath 18 the sheath capacitance, Vipeatn 1s the voltage
across the sheath, we can easily derive the following

equation:

Csheath = inee/»l'elélEbu]k/‘-'-"/sheath-

It can be identified that the sheath capacitance
strongly depends on the electron density. Consider-
ing that the oxygen molecule has more and higher
energy levels than the helium atom, when oxygen is
added to a critical level, more and higher energy levels
per unit-volume will absorb a large number of conduc-
tion electrons, which results in a significant decrease
of electron density, and finally leads to the disappear-
ance of discharge. On the other hand, the two sheath
capacitances also vary so much at the same time with
the change of electron density, that the forward power
cannot be coupled into the feed gas. However, further
study and understanding of the nature of this “failure”
mode at this point is needed.

The “phase-shift-forward” mode was not found

during the increase of gas flow. This is because the

pressures on both sides of the plasma jet change only
slightly during the increase of the gas flow. The main
change is the flow velocity of the plasma jet, hence the
density of the feed gas per unit-volume between the
electrodes does not change too much. These results
further indicate that the discharge properties of the
plasma jet at atmospheric pressure are more sensitive

to the gas composition than to the total gas flow.
5. Conclusions

Some fundamental issues which are important for
the practical application of helium with the addition
of oxygen are presented in the APPJ that we recently
developed. An optimum range of operation of the
plasma jet as it was filled with helium and oxygen
mixture has been defined from 1.5 to 3.5 m?/h and the
addition of oxygen is from 1% to 2%, The best ion-
ized feed gas will be obtained when the total gas flow
is equal to 2m?3/h, also this may not be the mode of
operation where the optimum dissociation is reached.

Two “failure” modes of the discharge have been
identified. The current and voltage waveform mea-
surements show that there are clear phase shifts be-
tween normal and failure modes, which will be useful
to control the operation automatically. A new failure
mode called “phase-shift-forward” has been first iden-
tified in our system when the addition of oxygen is
above the critical level, in which the discharge disap-

pears gradually.
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