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This paper reports measured and calculated breakdown curves in several gases of rf capacitive
discharges excited at 13.56 MHz in chambers of three different geometries: parallel plates
surrounded by a dielectric cylinder 共“symmetric parallel plate”兲, parallel plates surrounded by a
grounded metallic cylinder 共“asymmetric parallel plate”兲, and parallel plates inside a much larger
grounded metallic chamber 共“large chamber”兲. The breakdown curves for the symmetric chamber
have a multivalued section at low pressure. For the asymmetric chamber the breakdown curves are
shifted to lower pressures and rf voltages, but the multivalued feature is still present. At higher
pressures the breakdown voltages are much lower than for the symmetric geometry. For the large
chamber geometry the multivalued behavior is not observed. The breakdown curves were also
calculated using a numerical model based on fluid equations, giving results that are in satisfactory
agreement with the measurements. © 2005 American Institute of Physics.
关DOI: 10.1063/1.2033748兴
I. INTRODUCTION

Low-pressure rf capacitive discharges are widely used
for etching and surface modification of various materials; for
depositing oxides, nitrides, and other films, for cleaning
deposition chambers, in plasma chemistry, and for medical
tool sterilization. Breakdown curves, which describe the conditions under which rf discharges can occur, are a fundamental characteristic of these discharges. A brief review of rf
discharge ignition has been published previously.1–3 Lisovskiy and Yegorenkov2 propose that several branches can
be distinguished in the breakdown curves 共emission-free,
diffusion-drift, Paschen, and multipactor兲, according to the
dominant generation and loss processes of the charged particles. In a later paper3 the same authors give a detailed description of the correct method for measuring rf discharge
breakdown curves and describe the necessary experimental
setup. Breakdown curves can only be measured unambiguously when there is a uniform, parallel rf electric field across
the chamber. This is achieved with planar, parallel electrodes
surrounded by a closely fitting tube of a dielectric material.
Objects such as electrostatic probes and substrate holders
must be absent from the discharge chamber because they will
seriously distort the vacuum rf field.
It has been shown that, for pressures below the minimum
in the breakdown curve of parallel-plate rf discharges, one
can observe a region of multivalued dependence of the rf
1070-664X/2005/12共9兲/093505/8/$22.50

breakdown voltage Urf on the gas pressure p.1–4 The reason
for this phenomenon is the increased loss of the electrons to
the electrodes due to the large amplitude of their oscillations
in large rf electric fields at low gas pressure. However, Smith
et al.5 measured rf breakdown curves in a discharge chamber
with a more complex geometry 共with small-diameter electrodes placed inside a large chamber with grounded metallic
walls兲 and found no multivalued feature. They observed
U-shaped breakdown curves, similar to the dc Paschen
breakdown curve observed for a discharge with a large distance between the electrodes. Rather than attempting to explain why they did not observe a multivalued section in their
experiment, they chose to question the previous
measurements.1–4 The multivalued feature of the breakdown
curves was also not observed in other experiments6 carried
out in a so-called “GEC reference cell.7,8
The objective of this paper, therefore, is to study how
discharge chamber geometry affects the shape of breakdown
curves for rf capacitive discharges. We have studied three
different chamber geometries : 共1兲 Parallel plates surrounded
by a dielectric cylinder 共“symmetric chamber”兲; 共2兲 parallel
plates surrounded by a grounded metallic cylinder 共“asymmetric chamber”兲; and 共3兲 parallel plates inside a much
larger grounded metallic chamber 共“large chamber”兲, similar
to the GEC 共Gaseous Electronics Conference兲 reference
cell.7,8 We demonstrate experimentally that breakdown
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FIG. 1. Schematic of the symmetric rf discharge.

curves can only be correctly measured when the radial
boundary of the parallel-plate electrodes is comprised of a
dielectric tube 共the symmetric chamber configuration兲. With
this configuration our results are in good agreement with
those of other authors in the region near to, and to the right
of, the minimum of the diffusion-drift branch. However,
when the distance between the electrodes is sufficiently
large, the multivalued behavior is observed to the left of the
minimum. When the dielectric tube is replaced with a
grounded metallic wall 共asymmetric chamber兲 the breakdown curve is shifted to lower pressures and rf voltages, but
the multivalued feature is still present. At higher gas pressure
breakdown occurs at much lower voltages than for the symmetric chamber. For chambers that consist of small 共parallel兲
electrodes inside a large discharge chamber with grounded
walls 共the large chamber, comparable to the GEC reference
cell兲 no multivalued section is observed.
A fluid simulation in two-dimensional cylindrical geometry was developed to explain these results, giving results in
satisfactory agreement with the experimental observations
for the three discharge chamber configurations under study.
II. EXPERIMENT

Experiments were performed in two different vacuum
vessels and for three different configurations, which we shall
denominate as 共1兲 the symmetric chamber, 共2兲 the asymmetric chamber, and 共3兲 the large chamber.
The first vacuum vessel consists of a 315-mm-diam,
231-mm-high steel chamber, with a viewport to observe
breakdown. Two parallel 143-mm-diam aluminum electrodes
are installed in this vessel. The upper 共powered兲 electrode is
10 mm thick, and on its upper side is separated from a
grounded shield 共20 mm thick兲 by a layer of dielectric material. The lower 共grounded兲 electrode is 30 mm thick. The
gas was input through small holes in the upper 共powered兲
electrode, and evacuated via the external chamber. The gas
pressure was monitored with capacitance manometers 共10
and 1000 Torr, MKS Instruments兲. A constant gas flow of 5
sccm was set with a mass flow controller. The gas pressure
was set by a feedback-controlled valve on the pumping outlet. An rf probe 共Advanced Energy Z’SCAN兲 was used to
measure the rf voltage amplitude Urf, the rf current Irf, the
phase shift  between the rf voltage and rf current, and the
delivered power. It was situated as close as possible to the rf
electrode. The rf power 共13.56 MHz兲 was supplied by an rf

FIG. 2. Schematic of the large chamber configuration.

generator 共RF Power Products Inc., RF5S兲 via an L-type
matchbox 共Huttinger Elektronik Gmbh PFM兲.
In the “symmetric chamber” configuration, the two electrodes were surrounded by a 145-mm internal diameter 共i.d.兲
fused silica tube, so that the effective discharge volume resembles Fig. 1. In the “large chamber” configuration 共Fig. 2兲
the same electrodes were used, but the fused silica tube was
removed so that the electrodes were located within a metallic
chamber with grounded walls. This discharge configuration
is similar to that used by the authors of Ref. 5, allowing us to
obtain similar results and to compare them to the symmetric
chamber. Similar chamber configurations are widely used for
studying the characteristics of the rf discharges 共see, e.g.,
Ref. 9–19兲. Experiments in this vessel were performed in
argon, nitrogen, hydrogen, and helium over the pressure
range p ⬇ 0.01–10 Torr with an rf field frequency of f
= 13.56 MHz. The breakdown curves were recorded for interelectrode gap values of L = 11.9 mm, L = 20.4 mm, and 共in
some experiments兲 L = 27 mm.
We performed some experiments in a second vacuum
vessel comprised simply of planar parallel stainless-steel
electrodes of 100 mm diam inside a fused silica tube. The
electrodes completely filled the cross section of the discharge
tube. The gas delivery and exhaust were accomplished
through groups of small holes in one of the electrodes. In this
case the interelectrode distance was 33 mm. In this “symmetric chamber” configuration, very similar results were obtained as for the first vacuum vessel in the symmetric configuration. This vacuum vessel was also used to achieve the
third, “asymmetric chamber” configuration 共Fig. 3兲. In this

FIG. 3. Schematic of the asymmetric chamber, with foil on the radial walls.
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case the inner surface of the 100-mm-diam discharge tube
was covered with a grounded aluminum foil. A gap of 2 mm
was left between the foil edge and the surface of the rf electrode. Similar chambers 共from the viewpoint of the asymmetric distribution of the vacuum rf field兲 have also been widely
used in other studies of rf discharges.20–28
We used the technique proposed by Levitskii4 to record
the rf discharge breakdown curves. In the vicinity of, and to
the right of, the breakdown curve minimum, first the gas
pressure was fixed and then the rf voltage increased slowly
until breakdown occurred. At pressures below the breakdown
minimum, the curve may have a multivalued dependence on
the rf voltage. Therefore, in this region, the gas pressure was
first decreased 共to prevent breakdown兲, then the rf voltage
was set to a given value, and then the gas pressure was
slowly increased until discharge ignition occurred. When this
occurs, the rf voltage is seen to drop abruptly, and a glow
appears between the electrodes. The rf voltage was measured
to an accuracy better than 1–2 V. The rate of the rf voltage
increase before the breakdown was below 1 V / s, therefore
the time lag for the onset of discharge ignition did not noticeably affect the recorded breakdown voltage values.
III. FLUID SIMULATION

Gas breakdown in rf electric fields occurs when the
number of charged particles created in the discharge gap 共either by ionization of gas molecules via electron impact or by
secondary electron emission from the electrode surfaces and
chamber walls兲 exceeds the electron losses to the walls due
to diffusion and drift in the rf field 共and also electron attachment, if the gas is electronegative兲. The breakdown process
can be described by the fluid equations for electron density
conservation in cylindrical geometry:

冉 冊
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− Ve · ⵜne · cos共t兲 = 0,

共1兲

where ne is the electron number density, t is time, Ve is the
electron drift velocity, i = ␣Ve is the rate of ionization of gas
molecules via electron impact, ␣ is the first Townsend coefficient, DL and De are the electron diffusion coefficients
along and across the electric field respectively, r and z are the
radial and axial coordinates,  = 2 f is the electric field angular frequency, and f is the linear frequency of the rf generator. All calculations were performed for argon and for the
chamber configurations described above.
In order to solve Eq. 共1兲 it is necessary to know the
electron transport coefficients, ␣ , DL , De and Ve, in the given
gas. These coefficients were calculated over a broad range of
E / p 共the ratio of the electric field strength to the gas pressure兲 using the BOLSIG code 共Kinema Research and Software, www.kinema.com兲. The results were then fitted to
simple analytic formulas for convenience. Equation 共1兲 was
then solved using a commercial finite-element method solver
FEMLAB 共COMSOL, Inc., www.comsol.com兲. The rate of
ionization of molecules via electron impact was assumed to
be determined by the effective rf field and therefore invariant
with rf phase:

FIG. 4. Electron density as a function of time at the gap center of a symmetric rf discharge with an argon pressure of 0.15 Torr.
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where Erf is the amplitude of the rf field and en is the rate of
electron-neutral collisions.
Consider first the discharge gap between parallel-plate
electrodes. The lower electrode 共z = 0兲 is grounded and the
upper one 共z = 20.4 mm兲 is set to an rf voltage U
= Urf cos共t兲. The lateral 共radial兲 walls of the discharge
chamber are assumed to be of a dielectric material and are at
floating potential. Secondary electron emission from the surface of the electrodes or the walls of the discharge tube was
not included, i.e., the following boundary conditions for the
electron concentration were used:
Ne共R,z兲 = 0,

ne共r,0兲 = 0,

ne共r,L兲 = 0,

共3兲

where R is the tube radius and L is the interelectrode distance. The initial electron concentration at t = 0 was set to
ne0 = 107 m−3. Such a low electron density does not distort
the vacuum distribution of the rf electric field in the gap. The
calculations were performed for the first 30 periods of the rf
field; this was quite adequate in most cases to determine
whether or not the average electron density increases 共leading to breakdown兲 for given values of the argon pressure and
rf voltage amplitude. With an argon pressure of p 艌 10 Torr,
the calculations were performed for 60 periods of the rf field
because, in this case, the electron density varies more slowly.
The rf voltage amplitude, was varied to find the value, Urf0,
at which the electron density at the discharge center 共averaged over the rf field period兲 remains unchanged after the
first 10–15 periods. This value of the rf voltage amplitude
was taken to be the breakdown rf voltage. An example is
shown in Fig. 4, which shows the temporal dependence of
the electron density at the discharge gap center. For rf voltage amplitudes below the breakdown value, the initial electron concentration decreases rapidly with time, demonstrating the excess of electron losses over generation, and the rf
discharge does not ignite under these conditions. For voltage
amplitudes above this critical value, the average electron
density continually increases with time, indicating the onset
of rf discharge ignition.
Similar initial and boundary conditions were also used
for the other, more complicated designs presented in Figs. 2
and 3. That is, the amplitude of the rf potential at the powered electrode was set to Urf, the dielectric surfaces 共the tube
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FIG. 7. Breakdown curves of an rf discharge in nitrogen at L = 20.4 mm:
Full circles and empty circles are for our measured data for the symmetric
discharge and for planar electrodes in a large chamber, respectively.
FIG. 5. Schematic of a chamber similar to the GEC reference cell.

walls in Fig. 1, the surface of the dielectric of the upper
electrode in Fig. 2兲 acquired the floating potential, and all
other surfaces 共being grounded in the experimental devices兲
had zero potential. All of the geometrical details of the actual
discharge chambers were reproduced in the simulations. We
did not make measurements in an actual GEC reference cell
because no such chamber was available. However, we did
calculate the rf breakdown curve for such a chamber filled
with argon gas. More precisely the calculations were performed for a chamber design similar to Fig. 2, but somewhat
changed to be similar to a GEC reference cell 共see Fig. 5兲.7,8
In this case, we assumed the rf voltage to be applied only to
the plane surface of the rf electrode, whereas the edge of the
rf electrode was surrounded with a grounded screen 共in
agreement with the design of the GEC reference cell兲. The
authors of Refs. 29 and 30 also used chambers similar to the
GEC reference cell.
IV. RESULTS

Let us consider how the discharge chamber configuration
affects the rf capacitive discharge breakdown curves. Figure
6 shows our measured rf breakdown curves in argon with an

FIG. 6. Breakdown curves of an rf discharge in argon at L = 20.4 mm: Full
circles and empty circles are our measured data for the symmetric discharge
and for the large chamber, respectively; empty triangles depict the experimental data from Ref. 5 共electrodes inside a large chamber, L = 20 mm兲;
empty squares depict the experimental data from Ref. 31 共parallel-plate rf
discharge, L = 20 mm兲; solid line, dashed line, and dashed–dotted line depict
our calculated data for the parallel-plate rf discharge, electrodes in a large
chamber, and a GEC cell, respectively.

interelectrode distance of L = 20.4 mm for the symmetric and
large chamber configurations. For the symmetric configuration the drift-diffusion branch possesses a multivalued section to the left of the breakdown minimum which, at Urf
⬎ 200 V, transforms into the Paschen branch. Also shown
are the results of Sato and Shoji,31 who measured the breakdown curve in argon in the vicinity and to the right of the
minimum for L = 20 mm, in good agreement with our results.
Figure 6 also shows the results for the large chamber
configuration 共Fig. 2兲. These are very similar to the symmetric chamber at pressures above 1 Torr, but for lower pressures the breakdown curve shifts to lower rf voltages. At the
minimum it lies 2–3 V below the curve of the symmetric
chamber. Thereafter, this curve appears to approach the same
turning point as for the symmetric case, but then deviates
toward lower pressure values, and possesses no multivalued
section at all.
The breakdown curve we observed for the large chamber
configuration agrees qualitatively with the results of Smith
et al.5 Their results, although showing a large spread, consist
of two branches joined by a dogleg feature at p ⬇ 0.08 Torr.
In contrast, above 0.1 mTorr their values of the breakdown rf
voltage are higher than ours 共and those of Sato and Shoji兲.
The uncertainty in measuring the rf voltage values in Smith
et al. was probably associated with the use of an rf probe
inside the match box32 to measure the rf voltage. They give
no indication how far the measurement point was from the rf
electrode, and did not discuss the correspondence between

FIG. 8. Breakdown curves of the rf discharge in hydrogen at L = 20.4 mm:
Full circles and empty circles are for our measured data for the symmetric
discharge and for planar electrodes in a large chamber, respectively.
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FIG. 9. Breakdown curves of the rf discharge in helium at L = 20.4 mm: Full
circles and empty circles are for our measured data for the parallel-plate
discharge and for planar electrodes in a large chamber, respectively.

this measured voltage and the actual rf voltage at the electrode.
The results of our calculations are also shown in Fig. 6.
In the pressure range above 1 Torr they are close to the
experimental data, and to those of Sato and Shoji. At lower
pressure, the calculated curves lie somewhat above the measured ones. The calculated curve for the symmetric configuration lies very close 共approximately 2 V above兲 to that for
the large chamber 共in agreement with the results of our measurements兲. On further decreasing the pressure, the calculated curve for the symmetric configuration passes through a
turning point and deviates back towards higher pressure, i.e.,
we observe a multivalued section. The calculated curve for
the large chamber is simply U-shaped and does not contain a
multivalued section. In the calculations we did not include
electron-induced secondary electron emission from any surfaces. It has been shown that the presence of secondary electron emission from the electrode surfaces shifts the breakdown curve to lower voltages.1,33,34 Smith et al.5 also drew
similar conclusions on the role of secondary emission. However, our aluminum electrodes were undoubtedly covered
with an oxide film with an unknown secondary electron
emission coefficient, ␦ 共for Al2O3 the maximum reported
values of the coefficient ␦ vary from 1.5 to 4.835兲. Furthermore, the emission properties of the stainless-steel walls of
the large discharge chamber are unknown. Therefore, we preferred to neglect secondary emission, and the calculated
breakdown curves should be regarded as the maximum values of the rf breakdown voltage.
The breakdown curves for nitrogen and hydrogen are
shown in Figs. 7 and 8 for the symmetric and large chamber
configurations. The breakdown curves for the symmetric
chamber in nitrogen, hydrogen, and helium again possess a
multivalued section. The curves for the large chamber configuration are very similar 共but slightly lower兲 in the driftdiffusion section, but on approaching the turning point they
deviate abruptly towards lower pressure. For helium 共Fig. 9兲
the breakdown curve for the large chamber is U-shaped.
The breakdown curve for argon with a smaller distance
between the electrodes 共L = 11.9 mm, Fig. 10兲 has a
diffusion-drift branch, and for low pressures and rf voltages
above 180 V we also observe the Paschen branch. The break-
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FIG. 10. Breakdown curves of the rf discharge in argon at L = 11.9 mm: Full
circles depict the breakdown curve for the symmetric discharge; full triangles depict the breakdown curve for the planar electrodes in a large chamber, respectively.

down curve for the large chamber 共with L = 11.9 mm兲 is
similar to the case of L = 20.4 mm.
For nitrogen 共Fig. 11兲 the breakdown curve for the symmetric configuration shows a diffusion-drift branch, a Paschen branch 共for Urf ⬇ 400–800 V and p ⬍ 1 Torr 兲, and transits to a multipactor branch at pressures below 0.4 Torr. For
the large chamber, the breakdown curve approaches the turning point of the diffusion-drift branch before deviating
abruptly to lower rf voltages, giving a second minimum. To
summarize, at pressures below the diffusion-drift branch, the
breakdown curves are qualitatively different for the symmetric and large chambers for all of the gases studied here.
Now let us consider what causes the multivalued section
to appear in the breakdown curve of the symmetric chamber.
First, consider a point on the diffusion-drift branch to the
right of the breakdown curve minimum. The rf discharge can
be ignited when the electrons acquire, in the rf electric field,
an energy exceeding the ionization potential of the gas molecules. The number of electrons generated by ionization
must exceed the number of electrons lost to the electrodes
and walls of the discharge chamber due to both diffusion and
the oscillating motion 共drift兲 in the rf field. Under sufficiently
high gas pressure, the amplitude of the electron displacement
in the rf field A = eErf / men 共where e and m are the electron

FIG. 11. Breakdown curves of the rf discharge in nitrogen at L = 11.9 mm:
Full circles depict the breakdown curve for the symmetric discharge; full
triangles depict the breakdown curve for the planar electrodes in a large
chamber, respectively.
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charge and mass, respectively兲 is small compared with the
interelectrode distance L, and the oscillating motion has little
effect on the electron loss.
As the gas pressure is decreased, the rate of electron
collisions with gas molecules decreases, so that their mean
free path increases, and they gain more energy from the rf
field between inelastic collisions, leading to more ionization.
Therefore, rf breakdown can occur at lower rf voltages.
However, as the gas pressure decreases further, the amplitude
of the electron displacement A in the rf field increases and
becomes a significant cause of electron loss. The loss due to
diffusion also increases. These increasing losses must be
compensated by more ionization. Therefore, the rf breakdown voltage approaches a minimum and then starts to increase. When the amplitude of the electron displacement amplitude becomes equal to one-half of the interelectrode
distance A = L / 2, the electron losses due to the oscillations in
the rf field become very large 共indeed, within the approximations of the fluid model they become infinite兲, and the breakdown curve passes through a turning point with the coordinates p = pt and Urf = Ut.
Let us now fix the gas pressure p = pt and apply an rf
voltage slightly exceeding Ut. Under these conditions the
amplitude of the electron displacement in the rf field exceeds
one-half of the interelectrode distance, and the electrons are
lost to the electrodes before they can have a sufficient number of ionizing collisions with gas molecules. Any further
increase in the rf voltage will increase the losses more than
the ionization, and cannot cause breakdown 共until the voltage
is high enough to pass into a resonant multipactor regime兲.
Breakdown can only occur if the gas pressure is increased.
Therefore, after running through the turning point the breakdown curve deviates towards higher gas pressure, and we
observe a multivalued section of the rf breakdown curve.
Thus, when the electrodes occupy the total cross section of
the discharge tube and the discharge can ignite only within
the gap between the planar electrodes, the distance between
those electrodes determines the shape of the breakdown
curve.
Now consider the case of planar electrodes installed inside a large chamber. At high gas pressure, the breakdown
occurs between the electrodes, giving similar results to the
symmetric chamber 共the breakdown may tend to occur near
the edges of the planar electrodes where the rf electric field is
higher, giving slightly lower breakdown voltages兲. Rf breakdown will occur along any electric field line for which the
ionization rate exceeds the losses. At high pressure this condition is satisfied first for electric field lines that directly
cross the electrode gap. However, as the pressure is lowered,
the amplitude of the displacement approaches one-half of the
interelectrode distance and breakdown within the gap becomes impossible. Nevertheless, breakdown can now begin
to occur via longer paths, for example, between the edge of
the rf electrode and the external surface of the grounded
electrode. Along these longer paths the electric field is lower
共giving less ionization兲, but the distance is longer 共increasing
ionization and reducing losses兲. As is well known from measurements in symmetric chambers,1–4,33 increasing the electrode spacing shifts the drift-diffusion branch to lower pres-
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sure. As the pressure decreases further, the discharge may
ignite between the rf electrode and the grounded wall of the
chamber and so forth. Thus with planar electrodes inside a
large chamber the multivalued section of the breakdown
curve is not observed, because for any pressure below the
turning point p = pt, an rf electric field line may be found
共outside the gap between the planar electrodes兲, where with a
sufficient rf voltage across the electrodes the electron losses
are compensated by ionizing collisions, and the discharge
can be ignited. This is the reason Smith et al. did not observe
a multivalued section of the rf breakdown curve in their
chamber.
Further understanding of this process can be obtained
from the fluid simulations. Figure 12 shows the simulated
electron concentration profiles during breakdown in the large
chamber in low-pressure Ar. It is clear that the discharge
ignites outside the gap between planar electrodes. At 0.01
Torr the discharge ignites close to the wall of the discharge
chamber. On increasing the pressure, the discharge ignition
region moves towards the electrodes. At ⬇0.1 Torr the
breakdown occurs around the electrode edges. At higher
pressure, breakdown occurs within the interelectrode gap.
These results are in good agreement with the observations of
Githens36 who measured rf discharge breakdown curves in
the chambers of different design and presented clear photographs of the steady-state discharge for the case of small
planar electrodes inside a large chamber.
We also performed the calculations for the chamber
shown in Fig. 5, which is similar to the widely used GEC
reference cell. These calculated breakdown curves are also
presented in Fig. 6. It is clear that these calculated breakdown curves are U-shaped and do not have a multivalued
section, in agreement with experimental observations in a
GEC reference cell.6
Now let us consider the rf breakdown in the asymmetric
chamber shown in Fig. 3. Figures 13 and 14 show the breakdown curves in argon and nitrogen, respectively, for both the
symmetric and asymmetric configurations 共i.e., with the inner surface of the fused silica tube almost completely covered with grounded aluminum foil兲. The breakdown curve
for the symmetric configuration shows a diffusion-drift
branch with a clearly expressed multivalued section. The
breakdown curve for the asymmetric configuration also has a
multivalued section, but the turning point is shifted to lower
pressure and rf voltages. The minimum breakdown voltages
are somewhat lower than for the symmetric case. Near the
minimum, and to the right of it, the breakdown curves for
both configurations coincide over a certain range of pressure.
Over this range the breakdown occurs in the central region of
the gap, so that the interelectrode spacing plays the determining role. On increasing the gas pressure further, the breakdown voltage for the asymmetric case is lower than for the
symmetric case, and the spacing between the curves increases with pressure. For the experiments with a smaller
diameter 共100 mm兲 tube and larger interelectrode distance
L = 33 mm 关Fig. 14共c兲兴 the curves are already separate at
their minima. In this chamber, the rf field nonuniformity, due
to the presence of the foil on the tube wall, plays a substantial role over the whole range of gas pressure studied.
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FIG. 12. 共Color online兲 Electron density profiles in a large chamber with
inner planar electrodes under conditions corresponding to discharge ignition:
共a兲 p = 0.0275 Torr and Urf = 620 V,
共b兲 p = 0.04 Torr and Urf = 218 V,
共c兲 p = 0.1 Torr and Urf = 83 V,
共d兲 p = 1 Torr and Urf = 87 V.

The asymmetric chamber has specific characteristics.
Obviously, near the chamber axis the rf electric field is uniform, and the length of the electric field lines is equal to the
interelectrode distance L. However, toward the edge of the
chamber the electric field lines are distorted. There now exist
field lines 共specifically, from the corner of the grounded
electrode/foil interface to the rf electrode兲, which are longer
than L, and at low pressure, breakdown occurs here, at
slightly smaller voltages than are observed for the symmetric
chamber. Therefore, the breakdown curve in such nonuniform fields is shifted to lower pressures and rf voltages.
However, at pressures above the breakdown minimum,
breakdown occurs at lower voltages for smaller discharge
gaps. Therefore, the higher the pressure, the closer the breakdown region is to the edge of the rf electrode, where there
are short field lines to the aluminum foil. As the rf field
strength is much larger between the rf electrode and the foil,
much lower rf voltages are required to ignite the discharge

than for the symmetric configuration. Thus the behavior of
the right-hand branch of the breakdown curve is due to the
field nonuniformity caused by the grounded foil fixed to the
wall of the discharge tube.
The calculated breakdown curves in argon for the symmetric and asymmetric chambers 共Fig. 13兲 are in reasonable
agreement with the observations. The presence of the multivalued section at low pressure and the divergence of the

FIG. 13. Breakdown curves of an rf discharge in argon at L = 20.4 mm: Full
circles and empty circles depict our measurements for the symmetric discharge and for a discharge with foil on the tube wall, respectively; the solid
line and dashed lines depict our calculated data for the symmetric rf discharge and for the asymmetric chamber, respectively.

FIG. 14. Breakdown curves of an rf discharge in nitrogen 共full circles and
empty circles depict our measured data for the symmetric discharge and for
the discharge with a foil on the tube wall, respectively兲 with the interelectrode distances: 共a兲 L = 20.4 mm; 共b兲 L = 27 mm 共electrode diameter equals
143 mm兲; 共c兲 L = 33 mm 共electrode diameter is 100 mm兲.
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curves at higher pressure are clearly reproduced by the
model.
V. CONCLUSIONS

Correct 共Levitskii-type兲 measurements of the breakdown
curves of rf discharges of different design give the following
results. In a truly symmetric rf discharge, with the electrodes
limited by a dielectric tube, the breakdown curve in the lowpressure range may possess a multivalued section. If the dielectric tube is replaced with a metallic grounded wall, the
breakdown curve shifts to lower pressure and rf voltage values, but the multivalued section is still present. At higher gas
pressures, the breakdown curve in this case runs much lower
than for the parallel-plate rf discharge, and breakdown occurs between the planar surface of the rf electrode and the
foil. When the small planar electrodes are located inside a
large discharge chamber with grounded walls, as well as in
the case of a GEC cell, the multivalued section is absent
from the breakdown curves. The results of our fluid simulation are in satisfactory agreement with our measured data.
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