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Introduction

Most plasma sources operated at atmospheric pressure

are based on arc discharges and produce thermal plasmas

carrying a high amount of heat, which can be used for cer-

tain applications such as welding, cutting, spraying and

thermal plasma chemistry. However, for many applications

the heat load is too high. At reduced pressures, non-equili-

brium plasmas can be easily produced in glow discharges,

thus enabling a treatment of substrates sensitive to high

temperatures. However, expensive vacuum equipment is

needed to sustain the reduced pressure during the treatment.

Atmospheric pressure glow discharges (APGD) capable of

producing non-equilibrium plasmas would be highly desir-

able, as they would not need expensive vacuum equipment

anymore.

For quite some time it has been known that non-equili-

brium plasmas can be produced at atmospheric pressure

when a dielectric barrier is placed between two electrodes.

The dielectric barrier discharges (DBD) aremeanwhilewell

established, and a variety of configurations are described in

the literature.[1,2]

However, up to recently it was considered to be rather

difficult to sustain a diffuse glow discharge between two bare

electrodes at atmospheric pressure. The research group of

Selwyn at Los Alamos National Laboratory has overcome

this restrictionby thedevelopment of a newsourcewhich they

called atmospheric pressure plasma jet (APPJ).[3–6] They

discovered that a stable capacitive glow discharge may be

produced at atmospheric pressure by feeding either pure

helium or reactive gases highly diluted in helium between

two metal electrodes driven with radio-frequency (RF) at

13.56 MHz.

In the simplest design, the APPJ consists of two concen-

tric cylindrical electrodes, whereby the RF power is applied

to the inner electrode.[3–9] The process gas enters the device

Summary: The APPJ is the subject of intensive recent re-
search. Basically, the APPJ consists of an atmospheric-pressure
RF discharge between two bare metallic electrodes and of a
superimposed gas flow consisting predominantly of a rare gas.
In its usual operating regime, a uniform glow discharge, which
was identified as the amode of aRF discharge, can be sustained
over a wide range of gap spacings and RF powers. Maximum
electron densities of 0.22� 1012 cm�3were assessed for helium
and of 2.75� 1012 cm�3 for argon by evaluation of electric
measurements using a simple equivalent circuit model. At low
RF powers, only partial coverage of the electrodes was
observed. At high RF powers, a breakdown of the a sheath
occurred, and a transition to either a pure gmode or a coexisting
a and g mode took place. The g mode covers only a small
fraction of the electrode surface. In helium, it was easy to ignite
directly a pure a discharge, but not in argon. Due to the high
over-voltage needed, the ignition in argon mostly led to a
coexisting a and gmode.However, throughRF power reduction
a transition to a pure a discharge can be initiated.

Photograph of the APPJ in operation.
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with high velocity from the back side, passes through the

discharge in the annular region between the electrodes, and

exits as a plasma jet through a nozzle. Due to the high

pressure, recombination of the charged particles takes place

quickly beyond the active discharge zone, and the effluent

contains therefore no ions any more. However, long-lived

metastable species, and in case of a reactive gas admixture,

radicals are also present in the effluent, which exhibits a

gas kinetic temperature below a few hundred 8C. Due to

the rather narrow circular cross section of the effluent, the

device described can be considered roughly as a zero-

dimensional plasma source (point source).

A more advanced construction makes use of two parallel

solid plane electrodes.[8–14] This construction is sometimes

also referred as a large area atmospheric pressure plasma jet

(LAAPPJ). As the electrodes are placed close to each other,

thus leaving only a narrow gap, the effluent exhibits a

rectangular cross section.While the effluent canbe ratherwide,

the height of the effluent is determined by the gap spacing.

Therefore, this construction can be considered as a one-

dimensional plasma source (line source). Despite this fact, this

plasma source is especiallywell suited for basic investigations,

as it permits a very good optical access to the discharge region,

and helps to clarify the spatial structure of the discharge.

The most recent construction was intended to realize a

two-dimensional plasma source (plane source). This was

achieved by using two parallel oriented and perforatedmetal

electrodes allowing a gas flow through the electrodes,

producing an effluent with a rather wide cross section.[15–17]

This construction is especially safe in handling, as the exit

electrode is on ground potential, and the RF driven electrode

is caged and cannot be touched by the operator.

Meanwhile, quite a variety of applications have been

realized by using APPJs. They were utilized for decontami-

nation of chemical and biological warfare agents,[18,19] and

etching of Kapton, polyimide, silicon dioxide, uranium

dioxide, tantalum, and tungsten.[5,20–22] Furthermore,APPJs

were also used for plasma-enhanced chemical vapor depo-

sition of silicon oxide, silicon nitride, amorphous hydro-

genated silicon, and glass.[6,23–28]

Progress has also been made in the characterization of

APPJs, whereby investigations on RF APGDs without a

dielectric between the electrodes, and without a high gas flow

have contributed to the current understanding.[29] First of all,

there have been investigations on the current and voltage

(I-V) characteristics of the discharge.[7,12,13,29–31] The visual

appearance of the discharge has been judged eitherwith naked

eye or with pictures taken by a camera.[12,13,16,30] Optical
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Professor Herbert Störi was born in Bad Ischl, Austria in 1951. After attending school, he studied physics
at the University of Innsbruck, Austria. He obtained his Ph.D. degree in 1977. The subject of the Ph.D.
thesis was the ignition and development of hollow cathode discharges. After finishing the Ph.D. he stayed
for two years as a postdoctoral fellow at the Institute of Atomic Physics of the University of Innsbruck,
researching in the area of ion–molecule reactions and spectroscopy of discharge plasmas. From 1979 to
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emission spectroscopy (OES) has been used to identify

excited species, and to measure spatial profiles of certain

emission line intensities between the electrodes.[12,30] Rota-

tional temperatures were evaluated from certain bands.[12]

Gas kinetic temperatures were determined with thermo-

couples.[7] Densities of neutral species like atomic species,

radicals and excited species were determined by a variety of

optical methods and titration.[32–34] The plasma has been

characterized by the measurement of electron densities and

temperatures.[35] Furthermore, modeling was performed for

the investigation of the plasma dynamics,[36–41] as well as the

plasma chemistry.[32,33,42]

There has been quite a confusion about the kind of

discharges present in an APPJ. In the first patent filed by

Selwyn in 1999 about an APPJ with concentric electrodes,

he describes the discharge present in the normal operation

as a g mode resonant-cavity plasma discharge.[3] In the

patent of a LAAPPJ from the same group in 2001, they still

characterize the discharge as a g mode.[14] The upper limit

of stability of this dischargewas considered due to arcing.[4]

However, in 2001 the same group states that the APPJ

produces the a mode discharge and not the g mode in the

normal operating regime.[12] According to their report a

transition to a so-called failure mode occurred above a

critical RF input power, whereby the failure mode should

resemble a filamentary arc rather than a g mode. Further-

more, they stated that the observed amode to arc transition

might be the result of a-g transition, followed by an arc

formation due to the unstable nature of the gmode discharge

in the APPJ. In 2003, Shi et al.[29] reported that in their

experiment, the arc discharge did not directly evolve from

the amode discharge; it seems that there is another mode in

between which they called recovery mode. Only recently it

was discovered that at the upper power limit of the amode

discharge, there is a a-g transition,[13,16,30,39,40] similar to

the medium pressure case,[43] and that the gmode discharge

is stable.

The aimof this paper is to describe the discharges observed

in APPJs in detail and to summarize the present under-

standing of the stability regimes and transitions between the

different discharge modes.

Experimental Part

A scheme of the experimental setup is shown in Figure 1 illus-
trating the APPJ itself and the electrical circuit for the APPJ. The
homemade APPJ with lifted grounded counter electrode is
exhibited in Figure 2. The discharge used for this study is pro-
duced between two planar electrodes made of copper; one is the
RF powered, and the other one is grounded. The edges of the
electrodes were rounded off in order to avoid high electrical field
strength at these very exposed geometrical positions. The effec-
tive surface area of the electrodes A, which is the area of the
electrodes where they face each other at a constant and well-
defined distance, is approximately 38 cm2. The construction
allows a variation of the gap spacing d between 0.5 mm and
2.5 mm using insulating PTFE spacers. The powered RF
electrode (in the center) is surrounded by grounded electrodes
and separated from them by PTFE insulators leaving only the
spacing for the discharge open. The U-shaped grounded housing
is made of aluminium. Due to the shielding of the powered
electrode this setup has a higher capacitance as Figure 1 would
suggest. Therefore, there is a parasitic capacitance in parallel to
the plasma. The APPJ is operated with contaminated helium
(unknownpurity) or argon (purity 99.999%)at a gasflowrate of 2
standard liters per minute (slm). The gas is injected through both
sidewalls close to the back side PTFE insulator of the APPJ,
where the gap between RF and grounded electrode is much
larger. After flowing through the narrow gap spacing, where the
discharge in maintained, the effluent is exhausted into ambient
air. The atmospheric pressure at the altitude of Vienna is in
average about 960 hPa. This value was used in the evaluation.
However, the pressure during the experiments performed varied
depending on theweather condition. Both the RF powered elect-
rode and the grounded counter electrode are water-cooled, and
are connected to the coolingwater circuit in series by hoses, each
having a length of over 0.8 m and thus providing sufficient
electrical insulation.

The discharge is maintained with an RF generator at a
frequency of f¼ 13.56 MHz and a power of up to 1.1 kW (ENI
Power Systems, Model ACG-10). In order to reduce reflected
power, an impedance matching network (ENI Power Systems,
type TH-1000) consisting basically of an inductance and two
variable capacitors is used. The capacitors were manually
adjusted. Forward as well as reflected powers are measured.
The reflected power was minimized by adjustment of the
capacitances of the matching network. Additionally, the voltage

Figure 1. Schematic illustration of the experimental setup.
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across the discharge and the current are measured simultaneously
using a high voltage probe (Tektronix P5100 with a bandwidth of
250MHz), a current probe (TektronixP6021ACwith abandwidth
of 60MHz) and a digital oscilloscope (TektronixTDS3052Bwith
a bandwidth of 500 MHz). The current probe features a split core
that makes handling much easier, but introduces some error into
the measurements due to not completely reproducible conditions.
This setup allows the determination of amplitude values of the
fundamental for voltage V0 and current I0 and the phase shift j
betweenboth.Thewaveformswere alsoevaluated for thepresence
of higherharmonics.Additionally, the dischargegap is observed in
order to investigate the discharge pattern between the electrodes.
The front side of the APPJ is illuminated with a 500 W halogen
lamp. Pictures showing the entire front side are taken directlywith
a digital camera (Minolta Dimage Xt). Pictures of the gap with a
higher resolution are taken with the same digital camera in
combination with an optical microscope (Zeiss OpMi-1) of 0.3 m
focal length.

Results and Discussion

Characterization Using an Electrical
Equivalent Circuit

The accuracy of this setup was tested with a 100 pF vacuum

capacitor. Measurements with forward RF powers of up to

200 W (all power is reflected) revealed sinusoidal wave-

forms for both current and voltage, whereby the current

leads the voltage by 90� 38. The ratio of voltage to current
revealed a capacitance of 109.7 pF. Considering parasitic

capacitance of the supply lines, the measurements are suffi-

ciently accurate.

Without any further knowledge, the electrical measure-

ments allow only the determination of the impedance of the

entire load and not of the plasma itself. In order to make

meaningful evaluations an electrical equivalent circuit of

the APPJ is needed. The entire device may be described

with a parasitic capacitance being in parallel to the impe-

dance of the plasma (Figure 3a and b). The plasma itself

may be represented with a resistance for the bulk of the

plasma, in series with two capacitances for the plasma

sheaths.[29,43]

In caseswhere the discharge covers only the electrodes in

the space of constant gap spacing, the parasitic capacitance

in parallel with the plasma can be assessed. First, the APPJ

is operated in a regime where the discharge is still not igni-

ted. In such a case, theAPPJ behaves like a pure capacitance

(see ‘‘no discharge’’ region in Figure 4). Both, current and

voltage exhibit a purely sinusoidal waveform. The current

leads the voltage by 908, and the slope of the I-V curve is

constant. From the slope, the capacitance of the discharge-

less APPJ can be determined. Table 1 exhibits the capa-

citances measured for gap spacings d of 0.5 and 2.5 mm. In

case of full coverage of the electrodes (surface area A¼
38 cm2) with a discharge, the parasitic capacitance Cparasitic

is then the capacitance measured without a plasma, Cmeas,

minus the theoretical capacitance of a parallel plate

capacitance, Cplate, with er¼ 1 for gases. In cases where

the electrodes are not fully covered, the parallel plate capa-

citance being subtracted has to be reduced accordingly.

For case in which the plasma is represented by a resis-

tanceRp and a capacitanceCp in parallel (Figure 3a),Rp and

Cp can be calculated with the following equations:

Rp ¼ V0

I0 cosj
ð1Þ

Cp ¼ � I0 sinj
2pfV0

� Cparasitic ð2Þ

The resistance of the bulk plasma, Rplasma, and the capa-

citance of the plasma sheath, Csheath, can than be calculated

using the following equations:

Rplasma ¼ Rp

1þ ð2pfCpRpÞ2
ð3Þ

Csheath ¼ 2
1þ ð2pfCpRpÞ2
Cpð2pfRpÞ2

ð4Þ

Figure 2. Picture of the APPJ. The RF electrode is in the center
and the grounded counter electrode is lifted.
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Figure 4. Current and voltage characteristics of the APPJ operated with (a) a gap spacing of 2.5 mm and helium, (b) a gap spacing of
0.5 mm and helium, (c) a gap spacing of 2.5 mm and argon, and (d) a gap spacing of 0.5 mm and argon. Amplitude values are given. The
different operating modes are indicated.

Figure 3. Simple electrical equivalent circuits of the APPJ. The plasma is represented by
a) a resistance and a capacitance connected in parallel, and b) a resistance with two
capacitances connected in series. In both cases, a parasitic capacitance is connected in
parallel to the impedance of the plasma.
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In the case of uniform discharges, one can derive an

average sheath thickness, ds, for the single sheath from

Csheath by:

ds ¼ e0erA
Csheath

ð5Þ

where e0 denotes the permittivity of vacuum, er the di-

electric constant of the sheath, and A the discharge area

(surface area). Lieberman gives for a collisional sheath

(high pressure) an er¼ 1.52.[44]

In order to be able to makemeaningful comparisons with

direct current (DC) discharges, it is common practice to use

root mean square (rms) values for the discharge voltage and

the current rather than the amplitude values. For a purely

sinusoidal waveform, the discharge voltage, Vrms, is related

to the voltage amplitude V0 by:

Vrms ¼ V0ffiffiffi
2

p ð6Þ

The total current through the plasma, Irms, is then given

by:

Irms ¼ Vrmsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
plasma þ 2

2pfCsheath

� �2
r ð7Þ

The current density, J, may be calculated by:

J ¼ Irms

Ac

ð8Þ

where Ac denotes the area of the electrode covered with the

discharge. In case of full coverage, Ac is equal to A.

The sheath voltage, Vs, is then given by

Vs ¼ Irms

2pfCsheath

ð9Þ

Assuming that the bulk of the plasma is uniform in space,

the electrical field strength, Eplasma, can be calculated by:

Eplasma ¼ Vrms

ðd � 2dsÞ
Rplasmaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
plasma þ

2

2pfCsheath

� �2
s

ð10Þ

where d denotes the gap spacing, and ds the sheath thick-

ness. When the cross section of the bulk of the plasma is

equal to the coverage of the electrodes, the electron density,

ne, in the bulk of the plasma may be calculated by:

ne ¼ � J

emeEplasma

ð11Þ

where e is the unit charge, and me is the electron mobility,

which is 0.1194 m2 �V�1 � s�1 for helium and 0.0458 m2 �
V�1 � s�1 for argon at 960 hPa.[44]

Operation with Helium

Experiments have been performed for gap spacing, d, bet-

ween 0.5 mm and 2.5 mm in steps of 0.5 mm. As larger gap

spacing provides better access for a visual inspection, and

allow an easier interpretation of the discharge pattern, the

presentation of the results will start with a gap spacing of

2.5 mm. It can be expected that at the lowest accessible gap

spacing of 0.5 mm, the differences to the previous case will

be most pronounced, hence, these results will be presented

next. Finally, the range between will be presented.

Gap Spacing d¼ 2.5 mm

At a voltage amplitude of 470 V a discharge was ignited

(Figure 4a). This type of discharge could be sustained down

to an RF power of 40 W; at lower powers the discharge

extinguishes. On the other side, this type of discharge was

stable up to 400W.The dischargevoltage increased steadily

with the current, but the slope of the I-V curve ismuchflatter

than the slope of the ‘‘no discharge’’ regime. At low RF

powers, the discharge covered only a part of the electrodes

(Figure 5a). With increasing the RF power, more and more

of the surfacewas coveredwith a glow until at above 360W,

where the electrodes became totally covered (Figure 5b).

Therefore, a uniform discharge was only present at high

power levels. Interestingly, the discharge expanded first

upstream before it expanded sideways. The pictures show a

symmetric discharge pattern between the electrodes with

two maxima of the emitted light approximately 0.4 to

0.5 mm away from each electrode surface. A comparison of

thevisual appearance of this dischargewith the literature for

medium pressure discharges allows an identification of this

discharge as amode of anRF discharge.[43]Meanwhile, this

interpretation is widely accepted.[13,16,30,40] At the upper

power limit, the phase shift of the current decreased to

below 708. However, there is a small fraction of the third

harmonic present in the current waveform.[13]

A further increase of theRF power beyond the upper limit

of existence of the a mode, led to a transition to another

dischargemode.Dischargevoltage aswell as the phase shift

decreased (Figure 4a). Figure 5c shows the discharge

pattern. This discharge covers only a small fraction of

the electrodes, and usually moves around at the exit of the

Table 1. Capacitances of the APPJ.

Gap spacing
d

Measured
capacitance

Cmeas

Parallel plate
capacitance

Parasitic
capacitance

mm pF pF pF

0.5 123 67.3 55.7
2.5 57.8 13.5 44.3
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APPJ between the left and right electrode edges. Again, a

symmetric discharge pattern can be observed with a very

intense negative glow near the electrodes, and a less lumi-

nous positive column in the center. The maximum intensity

of the emitted light is so close to the electrodes that the

distance cannot be determined. It is howevermuch closer to

the electrodes as in the case of the amode. A comparison of

the discharge pattern with the literature for medium pres-

sure discharges reveals the presence of a pure gmode of an

RF discharge.[43] The a mode completely died out. By

reducing RF power, the g discharge becomes smaller in size

until it extinguishes at approximately 50 W. The current in

the g mode showed a higher fraction of the third harmonic

than in the a mode.

The cycle shown in Figure 4a consists only of a ‘‘no

discharge’’ regime, an ignition of the amode, the regime of

the a mode, a transition to the g mode, the regime of the g
mode and the extinction of the discharge. Arcing was not

observed during normal operation, it occurred only in cases

when the RF power was increased very quickly to very high

power levels. Arcing was not intentionally explored.

Of course, Vrms, Vs, Irms, Rplasma and Csheath can be

calculated for any of the a and g discharges measured, but

the usefulness is rather restricted as long as there is no

uniform discharge in the gap. Furthermore, in case of partial

coverage of the electrodes, the size of the coverage cannot

be measured with good accuracy. Therefore, only the

measurements performed close to the upper limit of exis-

tence of the amode (Pa,max¼ 400W) will be assessed here.

The results are exhibited in Table 2.

Gap Spacing d¼ 0.5 mm

Figure 4b exhibits a current and voltage characteristics

showing the different operation regimes of the APPJ. They

can be observed by first increasing the forward RF power

(all power is reflected) until ignition, then by increasing the

RF power until a transition to another operation regime

occurs, and finally by decreasing the RF power.

Figure 6 shows the observed visual appearance of the

discharges between the two electrodes. At a voltage ampli-

tude below 200 V, a discharge is ignited, which is very

uniform. This uniform glow-like discharge covering the

entire electrodes was stable at input powers down to 10 W

and up to 140 W (see Figure 6a and b). At the low power

limit, only a faint glow was observed. With increasing the

RF power, the discharge became much more intense. The

discharge voltage increased steadily with the current, and

the slope of the I-V curve is almost as steep as in the ‘‘no

discharge’’ regime.With increasing theRFpower, the phase

shift of the current decreased down to approximately 808.
The light intensity profile between the two electrodes shows

Table 2. Evaluation of the electrical measurements for uniform a discharges at the maximum sustainable RF power Pa,max (measured
with the power meter of the RF generator).

Gas Gap Pa,max Rplasma Csheath Vrms Vs Irms J ds Eplasma ne

mm W O pF V V A A �m�2 mm kV �m�1 1012 cm�3

He 0.5 140 34 206 220 106 1.8 486 0.25 – –
2.5 400 116 151 364 146 1.9 496 0.34 119 0.22

Ar 0.5 120 18 326 197 96 2.7 699 0.16 258 0.37
2.5 220 29 371 239 109 3.4 901 0.14 447 2.75

Figure 5. Front view of the helium discharges for various RF powers for a gap spacing of
2.5mm: (a) a discharge at 140W, (b) a discharge at 360Wand (c) g discharge at 440–460W.
The right side shows the discharge with higher magnification.
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an almost featureless distribution. The current shows only a

very small fraction of the third harmonic. This discharge

mode can be clearly identified as a mode of an RF dis-

charge.

At the upper limit of the existence of the pure a mode, a

transition to another discharge mode occurred. Discharge

voltage as well as the phase shift decreased. The current

showed a higher fraction of the third harmonic. Besides the

uniform a discharge, high current density discharges coexist,
which cover only a small fraction of the electrodes (see

Figure 6c). These high current density discharges were

identified as the g mode of an RF discharge. Again, the g
discharges show very intense negative glows close to the

electrodes.Thegdischargesmovearoundat the exit of thegap

between both ends.At highRFpower levels, three separated g
discharges were visible. By reducing the RF power, the g
discharges were first reduced in number. The last surviving g
discharge became smaller in size until it finally extinguished

below 40W, and a transition to a pure a discharge took place.
This behaviour is quite different to the case of the 2.5 mm

gap spacing, where the voltage needed for the g discharge
was not sufficient to sustain a a discharge (Figure 4a).

Arcing was not observed during normal operation condi-

tions. However, it was not intentionally explored. The

transition from the amode to the coexisting a and g modes

was highly reproducible.

The measurements performed close to the upper limit

of existence of the a mode (Pa,max¼ 140 W) were also

evaluated in this case. The results are exhibited in Table 2.

Values for the electrical field strength, Eplasma, and the

electron density, ne, in the bulk of the plasma could not be

determined as the calculated thickness of the single sheath,

ds, amounts already to half of the gap spacing, leaving

virtually no space for the bulk of the plasma. Obviously, at

least in this case, the calculation overestimates the a sheath
thickness.

Intermediate Gap Spacings

With increasinggap spacing, the slopeof the I-V curveof thea
discharge becomes less and less steep. At the upper limit of

existenceof the pureadischarge, avoltagebreakdownalways
occurred, indicating a transition to another discharge mode.

The voltage needed to sustain this other discharge mode

remained almost constant throughout this regime.

For gap spacing up to 1.5mm this voltagewas sufficient to

sustain the a discharge additionally to the g discharge, leading
to a coexistenceof the twomodes.Hence, a decrease in theRF

power of the coexisting a and gmodes led not to an extinction

of the discharge, but instead a transition to a pure a discharge
took place.

For a gap spacing of 2.0 mm and above, this voltage was

below the lowest voltage needed to sustain the a discharge.
Therefore, after voltage breakdown, only the pure g dis-

charge was present. Consequently, a decrease in the RF

power of the pure g mode led to the extinction of the dis-

charge.

Operation with Argon

Here again, experiments have been performed for gap

spacing, d, between 0.5 mm and 2.5 mm in steps of 0.5 mm.

The results will be presented in the same order as before.

Gap Spacing d¼ 2.5 mm

It turned out that the argon discharge is more difficult to

ignite than the helium discharge. The I-V curves shown in

Figure 4c demonstrate this behavior. An ignition was only

accomplished by an increase of the forward power up to

200W, while before ignition all power is reflected. Figure 7

shows all discharge patterns which were observed. Imme-

diately after ignition, the electrodes are only partially

Figure 6. Front view of the helium discharges for various RF powers for a gap spacing of
0.5mm: (a) a discharge at 10W, (b)a discharge at 140Wand (c) coexisting a and g discharges
at 240 W. The right side shows the discharge with higher magnification.
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covered with a glow, which moves around between the left

and the right electrode edge. Within this discharge, two

different regions can be distinguished. In the center of the

discharge there are bright negative glows very close to both

electrodes connected with a few filament-like contracted

positive columns. This part is surrounded with a region of

reduced brightness (halo) featuring a much wider dark

space. The discharge pattern clearly indicates that a g
discharge is present, which is surrounded by a a discharge.
Both discharge modes coexist. An increase in RF power up

to 260W showed that the coexisting a and gmode is present

throughout this power range (Figure 7c). However, the

coverage of the electrodes with the g mode, as well as the

number of filament-like positive columns increased. By

reducing the RF power, the discharge becomes weaker,

while the number of filament-like positive columns is

decreased. At the lower power limit of this type of dis-

charge, only one tiny current filament is visible. By reduc-

ing the RF power even further until the last filament-like

positive column is gone, the discharge changes drastically.

A transition to a pure a discharge occurs (Figure 7a).

However, this takes place at very low RF powers (�20 W).

If one reduces the RF power to quickly, the discharge

extinguishes. At this very low power level, the pure amode

covers only partially the electrodes. However, only a slight

increase in theRFpower (20W) leads to a spreading of the a
discharge across the electrodes. A more careful inspection

of the discharge revealed that, at low powers, the discharge

fills the entire gap’s width, but not its depth.With increasing

the power, the discharge expands upstream until full

coverage is achieved. By increasing the RF power, the

discharge becomes brighter and brighter (Figure 7b). When

the RF power exceeds 220 W, a voltage breakdown occurs

and transition to the coexisting a and g mode takes place.

The experiments were repeated several times, but a direct

ignition of the a dischargewas never observed. On the other
hand, arcing at the upper power limit of the a dischargewas
also not observed.

Pictures of the discharges taken with higher magnifica-

tion show clearly visible dark spaces close to the electrodes

in the regions where the amode is present (Figure 7a). The

two intensitymaximaof the emitted light are approximately

0.3mmaway from both electrodes, and are less pronounced

than in the case of helium. In pure a discharges at high

power levels, the dark space is less visible due to the high

brightness of the discharge (Figure 7b). In the region of the g
discharge, a very intense negative glow is visible close to

the electrodes, indicating amuch higher current density. An

increase in the RF power leads to an increase of the surface

covered by this high current negative glow. The sheath

thickness of the g discharge ismuch smaller and it cannot be

estimated from the pictures taken. The negative glows on

both electrodes are connected with a rather inhomogeneous

positive column (Figure 7c). At lowRF powers, the positive

column is contracted and exhibits only one plasma filament.

With increasing theRF power, first, branching of the plasma

filament occurs, then the number of the plasma filaments

increases, while branching might still occur (Figure 7c).

Each plasma filament seems to need a minimum current,

and is able to carry only a limited amount of current. Since

such type of structural non-uniformity might transform a g
discharge into an arc, we did not explore the stability of the

coexisting a and g modes at RF powers beyond 260 W.

At the low power limit of the amode, both the current and

the voltage exhibit sinusoidal waveforms, with the current

leading the voltage by more than 858. With increasing the

RF power, the phase difference between the current and

voltage decreases down to almost 708. Since for this phase

Figure 7. Front view of the argon discharges for various RF powers for a gap spacing of
2.5mm: (a) a discharge at 20W, (b) a discharge at 220Wand (c) coexisting a and g discharge
at 240–260W; the a discharge is present as awide halo surrounding the g discharge. The right
side shows the discharge with higher magnification.
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shift the calculated active power exceeds the measured

incident power (power meter of RF generator) by 50%,

obviously problems with the accuracy of the phase shift

measurements were encountered in this case. The current

shows only a very small contribution of the third harmonic,

even at a high RF power. At the low power limit of the

coexisting a and g mode the current leads the voltage by

more than 808. However, the current already shows a small

contribution of the third harmonic. With increasing the RF

power, the phase difference between the current and voltage

decreasesmuchmore than in the case of the pure amode. At

the highest RF power investigated (260 W), the third

harmonic contributes up to 20% of the fundamental of the

current. Even the voltage waveform exhibits a small dis-

tortion due to a contribution of a third harmonic.

The current-voltage curve shown in Figure 4c exhibits in

the a mode a slight decrease first, and then an increase in

voltage with increasing the current (RF power). A com-

parison with the observed discharge patterns indicates that

the full coverage of the electrodes with the a discharge is

reached at the turning point of thevoltage (minimum). It can

also be seen in Figure 4c that the voltage needed to sustain

the coexisting a and g discharges is very close to the mini-

mum voltage of the a discharge. This might be the reason

why the a discharge did not die out after breakdown of the a
sheath at the upper existence limit of the pure a mode.

Furthermore, it can be seen in Figure 4c that the voltage

needed for ignition exceeds by far the voltages needed to

sustain the different discharges. Therefore, one could ex-

plain the observed ignition behaviour as a result of the high

over-voltage needed for ignition. The applied voltage is

sufficient to trigger an ignition of a a discharge directly

followed by a transition to the coexisting a and g discharges.
The measurements performed close to the upper limit of

existence of theamode (Pa,max¼ 220W)were also evaluated

in this case. The results are exhibited in Table 2. The above

reported problems with the accuracy of the measured phase

shift especially affected the evaluation of the electrical field

strength,Eplasma, and the electron density,ne, in the bulk of the

plasma, whereby the other values are by far less affected.

Gap Spacing d¼ 0.5 mm

The current and voltage characteristics showing the dif-

ferent operation regimes of the APPJ are exhibited in

Figure 4d. Again, as for the case of d¼ 2.5 mm, it was

possible only to ignite the coexisting a and gmode, and not

the pure amode.However, this configuration is sensitive for

arcing. We observed that, after ignition, and also during

regular operation at high RF powers, the discharge turned

into an arc. As before, a transition to a pure a discharge was
possible by reducing the RF power slowly until the g
discharge died out.

It was possible to sustain a pure a mode at RF powers

between 20 and 120 W. However, at low RF powers, the

electrodeswereonlypartially coveredwith aglow (Figure8a).

Contrary to the discharge in the 2.5 mm gap, the discharge

covered not the center of the electrodes, but rather the edges,

where the gap spacing widens. Apparently, the a discharge

prefers to havemore space, and is leaking into the narrow gap.

With increasing the RF power, the glow spreads all over the

electrode surface, and it covers it totally (Figure 8b). The light

intensity profile between the two electrodes shows an almost

featureless distribution. At the high power limit of this mode,

the phase shift decreased to approximately 808, while almost

no third harmonic of the current was present. Above 120W, a

transition to a coexisting a and g discharge took place. This

mode was explored up to an RF power of 260 W. The

discharge exhibits one g discharge in the center with a narrow
halo of a a discharge (Figure 8c). The g discharge shows two
very intensebrightnegativeglowsclose the electrode surfaces,

and a diffuse positive column.Therewere no current filaments

present. The phase shift decreased down to almost 508. The
contribution of the third harmonic to the current is almost

15%.Withdecreasing theRFpower, the size of the gdischarge
decreases, and the size of the halo of the a discharge increases.
At an RF power of 100 W only a very small g discharge

remained,whilemostof the electrode surface is coveredwith a

a discharge. With decreasing the RF power, the phase shift

increased again.

In the amode, the I-V curve (Figure 4d) exhibits a steady

increase in voltage with increasing the current (RF power).

The slope is much steeper than in the case of the 2.5 mm

gap. At the upper existence limit for the pure a mode, a

voltage breakdown occurred, and a transition to the co-

existing a and g modes took place. The voltage needed to

sustain this discharge remained constant in the range

investigated. The occurrence of the coexisting a and g
modes can be explained by the fact that the voltage needed

for this discharge is higher than the minimum voltage

needed to sustain a pure a discharge. Like in the case of the
2.5 mm gap, the voltage needed for the ignition exceeds by

far the voltage needed to sustain the different discharges.

The high over-voltage needed for ignition seems to be

responsible for triggering an ignition of a a discharge

directly, followed by a transition to the coexisting a and g
discharges. However, a stabilization of a pure a discharge

after ignition was observed. Thismight be related to the fact

that for a 0.5mm gap, the over-voltage is not as high as for a

2.5 mm gap. Possibly, differently settings of the matching

network might affect the behavior as well.

The measurements performed close to the upper limit of

existence of the a mode (Pa,max¼ 120 W) were also asses-

sed in this case. The results are exhibited in Table 2.

Intermediate Gap Spacings

In these cases, it was also possible only to ignite the co-

existing a and g modes. A transition to the a mode could

always be accomplished by reducing the RF power until the
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g discharge dies out. As in the case of the helium discharges,

the slope of the I-V curve of the a discharge becomes less

and less steep with increasing gap spacing. At the upper

existence limit of the pure a discharge, a voltage breakdown
occurred indicating a transition to another discharge mode

(coexisting a and g modes). At gap spacing starting from

1.0 mm, the g discharges exhibited current filaments. The a
discharge totally covered the electrodes within most of

the regimes of existence. Only for low RF powers partial

coverage was observed, especially at higher gap spacing.

Discussion

Comparisons with results reported in literature are made as

far as possible, but it should be kept in mind that there are

always differences in the construction and experimental

parameters.

It is possible to produce uniform a discharges using an

APPJ with helium or argon at gap spacing ranging from 0.5

to 2.5 mm. However, in argon it is much more difficult to

ignite and sustain the a discharge. It was usually not

possible to directly ignite the pure a discharge in argon, a

coexisting a and g discharge was needed as an intermediate

step. For each configuration, there is a low RF power

limit and a high RF power limit for the pure a mode.

However, depending on the process gas and the gap spacing,

the electrodes may be only partially covered with a a
discharge.

Raizer et al.[43] reported that, at moderate pressures, a a
discharge cannot be operated in any combination of gap

spacing d and pressure p. The a discharge should become

unstablewhen the product of d and p exceeds a critical value

(pd)cr. For helium, a critical value (pd)cr� 200 hPa � cmwas

given. This would lead to a critical gap spacing of approxi-

mately 2.1 mm at an atmospheric pressure of p� 960 hPa.

Therefore, it can be concluded that at least in helium at

atmospheric pressure, the critical value (pd)cr must be

higher. This is also supported by the experiments performed

by Park et al.[12]

In the case of helium, the differences for varying gap

spacing are very pronounced. At a gap spacing of 0.5 mm,

the a mode is uniform already at the low RF power limit,

while at a gap spacing of 2.5mmuniform and total coverage

of the electrodes with the a mode is only achieved close to

the high RF power limit. Partial coverage of the electrodes

was also observed by Park et al.[12] The described appear-

ance of the a discharge is in agreement with the pictures

given byYang et al.,[16,30] and the reported intensity profiles

of the emitted light.[12,30] In all cases, two intensity maxima

were reported a few tenth of a millimeter away from the

electrodes. Close to the electrodes, the light emission is low

due to electron losses to the electrodes, resulting in a dep-

letion of electrons in this region. In the middle of the

discharge, light emission is also lower as the electrical field

in the bulk of the plasma is weaker than in the sheath. As

long as the intensity maxima arewell separated, a reduction

in gap spacing did not affect the distance of the intensity

maxima from the electrodes,[12] resulting in a decrease in

distance between the two maxima. Therefore, one cannot

expect two intensity maxima for low gap spacing. The

rather featureless structure of the a discharge for a gap

spacing of 0.5 mm is in agreement with such results.

The evaluation of the electrical measurements by

Equation (1) to (5) and (9) revealed a sheath thickness of

0.34 mm for the 2.5 mm gap spacing at the upper existence

limit of the amode. While Park et al.[12] estimated a sheath

thickness of 0.35 mm from the intensity profiles, Moravej

et al.[15] calculated a sheath thickness of 0.08 mm using

Equation (5) and (9), and an equation developed for a

collisional sheath:[44]

Figure 8. Front view of the argon discharges for various RF powers for a gap spacing of
0.5 mm: (a) a discharge at 40 W, (b) a discharge at 80 Wand (c) g discharge with a narrow
halo of an a discharge at 160 W. The right side shows the discharge with higher
magnification.
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J ¼ 1:68e0
2eli
mi

� �1=2
V
3=2
s

d
5=2
s

ð12Þ

where e0 is the permittivity of vacuum, e is the unit charge,

mi is the mass of positive ions, li is the mean free path of

ions,Vs is theDC sheath voltage, ds the ion-sheath thickness

and J the DC ion current density. Equation (12) seems to

describe the nonlinear character of the plasma sheath much

better than the simple electrical equivalent circuit model

presented. Taking into account the rather high sheath

thickness calculated from the electrical measurements for

agap spacing of 0.5 mm, one may conclude that our

evaluation procedure overestimates the sheath thickness,

however, the application of Equation (12) by Moravej

et al.[15] underestimates the sheath thickness by far, if one

compares it with the distance of the intensity maxima from

the electrodes.

At the upper existence limit for the a discharge, a maxi-

mum current density of approximately 500 A �m�2 was

observed for all gap spacing. This agrees quite well with

somevalues reported so far,[12,39] but differs fromothers.[30]

At the same current density, one would also expect similar

sheath voltages for different gap spacing; however, the

calculation revealed a sheath voltage of 146 V for a

gap spacing of 2.5 mm and of 106 V for a gap spacing of

0.5 mm. The difference is most probably due to the use of

Equation (9), which was also responsible for a deficient

determination of the sheath thickness, at least for low gap

spacing.

In the bulk of the plasma, an electric field strength of

approximately 120 kV �m�1 was evaluated for a gap spac-

ing of 2.5 mm. Using Equation (11), an electron density of

ne� 0.22� 1012 cm�3 was calculated. For a gap spacing of

0.5 mm it was not possible to calculate the electrical field

strength, as well as the electron density. Park et al.[35]

determined an electron density for contaminated helium at a

gap spacing of 2.4 mm by neutral bremsstrahlung measure-

ment and obtained a value of 0.29� 1012 cm�3. Moravej

et al.[15] reported a calculated electron density of over

0.9� 1012 cm�3 for pure helium at atmospheric pressure.

The transition to the g discharge takes place when a

breakdown of the sheath of the a discharge occurs. The

experiments demonstrated that with increasing the RF

power in the amode, the current density and sheath voltage

rise, resulting in a higher space charge, reduced sheath

thickness and increased electrical field in the sheath. Hence,

there is an increase in the number and the energy of the ions

impinging on the electrodes, resulting in an increased

emission of secondary electrons from the electrodes. Addi-

tionally, the now more numerous secondary electrons

experience a higher electrical field in the sheath, and are

now able to generate more ionization through electron

impact. When the breakdown voltage is reached, it is more

efficient to sustain the discharge in the gmode than in the a

mode, and a transition to the gmode occurs. This process is

quite similar to the formation of a normal glow DC

discharge.[43] Raizer et al.[43] developed a simplified model

for a sheath breakdown at moderate pressures, and derived

an equation for the critical plasma density, ncr, at which the

a-g transition should occur. They considered the a sheath

simply as a DC discharge gap and applied an equation

developed for the breakdown voltage of such a gap

(equation represents the Paschen curve).[45] In their view,

breakdown occurs when the maximum sheath voltage,

Vmax, caused by the oscillation of the plasma boundary

exceeds the breakdown voltage.[43] Assuming a constant

ion density, ni, in the sheath gives:

Vmax ¼ 2enid
2
s

e0
ð13Þ

where e is theunit charge, e0 thepermittivity of vacuumandds
the average single sheath thickness, which is considered to be

equal to the oscillation amplitude of the plasma boundary.

The critical plasma density, ncr, is than given by:
[30,43]

ncr ¼ Bp

ðe=e0Þds½lnðA= lnð1þ g�1ÞÞ þ lnð2pdsÞ�
ð14Þ

where p is the pressure, g is the secondary electron emission

coefficient of the electrodes (g� 0.01 for copper), and the

constants A and B are taken from the Townsend’s expression

for the ionization coefficienta, which areA� 3 cm�1 �Torr�1

and B� 34 V � cm�1 �Torr�1 for helium.[45] The variables

and constants in Equation (14) are given in units of cm and

Torr.UsingEquation (14) for the evaluationof the2.5mmgap

spacing with a sheath thickness of ds� 0.34 mm reveals a

critical plasma density of ncr� 0.12� 1012 cm�3, which is

almost a factor 2 below the determinedvaluegiven in Table 2.

This is an additional hint that the evaluation procedure

derived from the simple electrical equivalent circuit model

overestimates the sheath thickness to some extent. Further-

more, using Equation (13) together with the determined

sheath thickness would deliver also a much too high sheath

voltage.

The g discharge observed at a gap spacing of 2.5 mm

exhibited a symmetric discharge pattern with a very intense

negative glow near the electrodes and a less luminous

positive column in the centre. The appearance of the g
discharge is in agreement with the pictures given by Yang

et al.[16,30] and the reported intensity profiles of the emitted

light.[30] However, at a gap spacing of 0.5 mm the a dis-

charge did not die out. The reason is that the voltage needed

for the g discharge was still sufficient to sustain a a dis-

charge. Therefore, both discharge modes did coexist; a

behavior that was known for discharges at moderate pres-

sures.[43] From the experiments it can be concluded that the

g discharge features a much thinner sheath thickness and a

higher current density. The positive column remained in a
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diffuse state and did not contract to current filaments. More

detailed evaluations of the g mode were not performed in

this study.

In case of argon, the a discharge covers the electrodes over
a wider RF power range, and only at low RF powers partial

coverage of the electrodes was observed for the different gap

spacing. However, the reason for the partial coverage of the

electrodes seems to be different. At a gap spacing of 0.5mm,

the spreading of the a discharge starts from the edges, where

due to construction details the gas spacing is larger. At a gap

spacing of 2.5mm, the spreading startsmore from the central

region close to the exit of the APPJ. Similar to helium, the a
mode observed at a gap spacing of 2.5 mm exhibits two

intensitymaxima, but somewhat closer to the electrodes. The

rather featureless structure of the a discharge for a gap

spacing of 0.5 mm is due to the disappearance of the central

part of the intensity profilevisible at a gap spacing of 2.5mm,

similar to the case of helium.

The evaluation of the electrical measurements by

Equation (5) and (9) revealed a sheath thickness of

0.14 mm for the 2.5 mm gap spacing at the upper limit of

existence of the a mode. Moravej et al.[15] calculated a

sheath thickness of 0.04 mm using Equation (12), which is

half the value they obtained for helium. The lower sheath

thickness in argon plasma ismost probably due to the higher

plasma density (see Table 2). Equation (13) shows that for

comparable sheath voltages amuch thinner sheath is needed

for higher plasma densities.

At the upper existence limit for the a discharge in argon, a
maximum current density of approximately 700 A �m�2

was observed for a gap spacing of 0.5 mm, and of approxi-

mately 900 A �m�2 for 2.5 mm. As pointed out earlier, the

maximum current density of the a mode for different gap

spacing should be essentially the same, as the same break-

down mechanism is present. A sheath voltage of approx-

imately 100 V was assessed for both gap spacing values,

supporting this view. The observed differences are most

probably caused by inaccuracies of the measurements.

In the bulk of the argon plasma, an electrical field strength

of approximately 450 kV �m�1 was evaluated for a gap

spacing of 2.5 mm. Using Equation (11) an electron density

of approximately 2.75� 1012 cm�3was calculated. For a gap

spacing of 0.5 mm, much lower values were assessed.

Moravej et al.[15] reported an electron density of up to 2.5�
1012 cm�3 for argon. Again Equation (14) was used to

calculate the critical plasma density for the 2.5 mm gap

spacing. The values of the constants needed for evaluation

are A� 12 cm�1 �Torr�1 and B� 180 V � cm�1 �Torr�1

for argon.[45] A sheath thickness of 0.14 mm gives a critical

plasma density, ncr� 1.3� 1012 cm�3, which is again

approximately a factor 2 below the value determined by

Equation (11). The much higher electron density encoun-

tered in argon plasma compared to helium plasma is most

likely attributed to the fact that the first ionization energy of

neutral atoms is 15.8 eV for argon and 24.6 eV for helium.

Argon is much easier to ionize, and hence a higher electron

density can be expected and is in fact observed.

In argon at the upper existence limit for the a discharge, a
transition to a coexisting a and g mode takes place. At low

gap spacing, there is only a rather narrow halo of a a mode

present, whereas at high gap spacing the halo of the amode

is much wider. A further difference is the absence of the

current filaments at a gap spacing of 0.5 mm.

Conclusion

In anAPPJ system, stable uniform glow-like discharges can

be sustained at gap spacing ranging from 0.5 to 2.5 mm in

helium as well as in argon. The observed uniform dis-

charges were identified as the a mode of an RF discharge.

Whereas a a discharge can be ignited in helium with a low

over-voltage, a rather high over-voltage is needed to ignite a

discharge in argon. Due to the high over-voltage needed for

ignition in argon, mostly a direct transition to a coexisting a
and g discharge took place surpassing the pure a discharge.
However, at very low RF powers, a transition to the pure a
mode can be achieved enabling the APPJ to be operated in

the a mode.

Contrary to some previous reports, the upper limit of

existence of the pure a discharge is not due to arcing. In all
cases, a transition to an either pure g discharge or a co-

existing a and g discharge occurred at the upper existence

limit of the pure a mode as longs as the RF power was not

increased too quickly to higher power levels.

Generally, if in a certain range of RF voltage both, a and g
modes are possible, either a pure a discharge or coexisting a
and g discharges are observed. Thus, the g discharge needs
to be specially ignited from the a discharge, whereas the a
discharge always accompanies a g discharge when possible
with the RF voltage present.

The evaluation of electric measurements using a simple

equivalent circuit model delivered quite useful results. It

was possible to characterize the discharge in terms of

current densities, sheath voltages, sheath thicknesses and

electron densities. Most of the assessed values are within a

plausible range, just the sheath thicknesses seem to be

somewhat overestimated.

The APPJ operated with (contaminated) helium or argon

in the a-mode is surely an interesting tool for future plasma

applications.Maybe, the high current density gmode can be

used in a differently designed APPJ.
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