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Both high and low frequency relaxation oscillations have been observed in an argon capacitive discharge connected

to a peripheral grounded chamber through a slot with dielectric spacers. The oscillations, observed from time-varying

optical emission of the main discharge chamber, show, for example, a high frequency (46 kHz) relaxation oscillation

at 100mTorr, with an absorbed power near the peripheral breakdown, and a low frequency (2.7–3.7Hz) oscillation, at

a higher absorbed power. The high frequency oscillation is found to ignite a plasma in the slot, but usually not in

the periphery. The high frequency oscillation is interpreted by using an electromagnetic model of the slot impedance,

combined with the circuit analysis of the system including a matching network. The model is further developed by using

a parallel connection of variable peripheral capacitance to analyse the low frequency oscillation. The results obtained

from the model are in agreement with the experimental observations and indicate that a variety of behaviours are

dependent on the matching conditions.
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1. Introduction

A configuration of both theoretical and practical
interest is a capacitive discharge connected through a
dielectric slot to a peripheral grounded region. A par-
ticular configuration, which has been found to have
desirable processing applications,[1] is a dual frequency
capacitive discharge, with the main cylindrical dis-
charge connected to a peripheral cylindrical (pump-
ing) region through an annular slot narrowed with a
dielectric. The feedstock gas flows from the main dis-
charge region through the slot, and is pumped in the
grounded peripheral chamber.

In a previous study,[2] we examined both theoret-
ically and experimentally the conditions under which
the peripheral ignition occurs, and we determined the
conditions required to confine the discharge to the cen-
tral region.

The apparatus is illustrated in Fig.1. The dis-
charge, having a plate separation l, is connected to a
peripheral region with a width wper through an an-
nular dielectric slot with a gap width w and a gap

spacing g. The parameters of the experiment are as
follows: the radius of central discharge powered elec-
trode R1 = 6.35 cm, and the radius of the ground
electrode extending to the inner radius of the dielec-
tric slot R2 = 8.9 cm, with a 2.54 cm gap between the
powered electrode insulated by a quartz dielectric and
the lower grounded electrode (see Fig.1). The axial
separation between the powered electrode and the up-
per grounded electrode is l = 2.54 cm, the slot width
is w = 3.8 cm, and the grounded peripheral length is
wper cm. The separation between the dielectric spac-
ers in the slot can be varied, but in our previous study
and in the experiment reported here only the widest
spacing g = 0.635 cm is used.

An unexpected phenomenon is the observation of
both high frequency (kHz range) and low frequency
(Hz range) relaxation oscillations under the condition
that plasma extends out of the central discharge re-
gion. Such oscillations can prevent good matching,
which is one of the causes of the deterioration of the
performance of reactors with peripheral breakdown.
The kilohertz oscillation is initiated when a plasma is
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Fig.1. Schematic a capacitive discharge plasma apparatus.

ignited in the slot, but not necessarily in the periph-
ery. The hertz oscillations occur as spatially moving
plasmas, with both the slot and periphery ignited. We
have observed that a hysteresis occurs such that the
peripheral plasma can be maintained at a lower volt-
age, as shown in Fig.2, when reducing the voltage,
than that required to create the peripheral discharge.
Measurements are performed at 50, 75, and 100mTorr
(1Torr = 133 Pa) in argon. For all the pressures the
discharges show similar hysteresis behaviours. In this
work, we present detailed measurements of the oscilla-
tions and interpret them by using an electromagnetic
model of the slot impedance, combined with a circuit
model of the entire system.

Fig.2. Hysteresis curve at 100mTorr, with upper level in-

dicating breakdown of peripheral plasma, and lower level

indicating a confined plasma; the separation between the

upper and the lower curves is only for convenience of view-

ing.

In Section 2, we present some typical observations
of the instability. In Section 3, a theory is developed to
predict the onset and the dynamics of the high and the
low frequency oscillations, with the results compared
with experimental observations. Conclusions and fur-
ther discussion are given in Section 4.

2. Phenomenological description

of relaxation oscillations

In Figs.3 and 4, the several types of relaxation
oscillations that occur in the discharge are shown.
The optical emission from a central region is ob-
served through a 6mm wide optical slot located in
the ground electrode. In the figures, I is the relative
optical emission intensity in the main and the periph-
eral discharge regions of the neutral argon emission
at 748.7 nm, detected through a notch filter and a
fibre optic cable. The plasma potential signal from
the potential ring measurement system is also shown
in Fig.3. In that figure, a high frequency relaxation
oscillation (46.5 kHz) is observed at 100mTorr and
15W absorbed power. The peak of the plasma po-
tential corresponds, roughly, to the peak of the light
signal (the small shift is thought to be due to the
instrument). The light oscillation also occurs in the
slot, while, at these parameters, the periphery remains
dark. In Figs.4(a), 4(b) and 4(c), at 100mTorr and
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Fig.3. Time-varying optical emission I from the main dis-

charge region, showing a high frequency (46 kHz) relax-

ation oscillation at 100mTorr and 15W absorbed power

and an argon emission at 748.7 nm detected through a

notch filter and a fibre optic cable, where the zero of I is

not calibrated.

at 325, 260, and 176 W absorbed powers, the time-
varying optical emissions from both the main and the
periphery discharge show the relaxation oscillations
at low frequencies (2.717, 3.484, and 3.697Hz). The
oscillation visually has spatial motion, typically balls
of light rotating around the discharge. In these cases
the minimum of the optical emission is close to zero,
indicating that the central and peripheral discharge
electrons producing the emission are cooled or absent.

In the rest of this section, and in the analysis
to follow, we consider the high frequency (kilohertz)
and the low frequency (hertz) oscillations. We ob-
serve the kilohertz oscillation under a variety of con-
ditions, with the general characteristic that the be-
haviour corresponds to a matching network that is
of somewhat mismatching at the initiation and dur-
ing the oscillation. For the particular case shown
in Fig.3, approximately 3/4 of the incident power is
reflected just before the initiation of the oscillation.
During the oscillation, the matching further degrades,
with Pfwd = 100 W and Prefl = 85 W, leading to
the net power indicated above. In a second, some-
what higher absorbed power case, at p = 100 mTorr
and Pabs = 20 W, the average forward and reflected
powers during the instability are Pfwd = 100W and
Prefl = 80W. For the low frequency oscillations, the
matching network is of good-matching, the average
forward and reflected powers are Pfwd = 300 W, and
Prefl = 45W. The difference in value of Pabs between
in Figs.3 and 4 is due to a sensitive dependence on
the mismatch between the discharge and the power
source, as will be seen in Section 4 for analysing the

Fig.4. Time-varying optical emission I from the periph-

ery, showing low frequency relaxation oscillations at p =

100mT, (a) f = 2.717Hz, Pabs = 325W; (b) f =

3.484Hz, Pabs = 260W; (c) f = 3.697Hz, Pabs = 176W,

where the zero of I is not calibrated.

instability. We present in Table 1 ranges of the ob-
served kilohertz and the hertz oscillations during a
typical run in which the power is increased at a fixed
pressure. When the absorbed power increases to 58 W,
low frequency oscillations begin in the periphery ig-
nited, in cases 8 to 11 low frequency oscillations occur
in the periphery ignited. With the power increasing,
the low frequency (several hertz) oscillation somewhat
decreases. Low frequency oscillation depends on the
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match extent between the discharge and the power
source. In the first five cases of ascending Pabs (and
also Pfwd) but with slightly different matching con-
ditions from each other, kilohertz oscillations are ob-
served in the main discharge. Although not measured
simultaneously, in similar cases oscillations with the
same frequencies also occur in the slot. In cases 6–11,

the peripheral plasma is ignited. The low frequency
oscillation persists in the entire system due to the pe-
riphery that is ignited after the main discharge and the
slot have been ignited, and then the main discharge
plasma connects to the periphery by the slot, thereby
with the periphery is ignited.

Table 1. Ranges of the observed high and low frequency oscillations.

case Pfw Prefl Pabs Vrf(p-p) IM (p-p) f Visual inspection

/W /W /W /V /A kHz Hz

1 60 45 15 151 3.29 38.2 slot mainly dark

2 80 60 20 169 3.68 35.2 plasma diffusion into slot

3 100 75 25 185 4.06 32.3 plasma diffusion into 1/4 slot

4 120 85 35 198 4.32 30.2 plasma diffusion further 1/2 slot

5 150 105 45 219 4.80 26.7 plasma diffusion further 3/4 slot

6 200 132 68 239 5.25 22.7 plasma diffusion into the entire slot

7 200 145 55 186 4.16 49.0 peripheral plasma ignited

8 250 192 58 188 4.26 low frequency oscillations begin in periphery

9 200 24 176 432 8.21 3.70 plasma diffusion further, grounded area increase

10 300 40 260 512 9.65 3.48 plasma diffusion further, grounded area increase

11 400 75 325 587 10.98 2.72 plasma diffusion further, peripheral plasma still ignited

3. Theory of high and low fre-

quency relaxation oscillations

Ignition of slot plasma causes the main plasma
voltage Vp to drop due to an increase of the grounded
area seen by the main discharge. This will extinguish
the slot discharge but may leave the main discharge ig-
nited. However, the additional detuning of the match
and the overall lowering of the circuit Q can also re-
sult in extinguishing the main discharge. Because the
formation of a slot plasma results in the propagation
of a surface wave with a significant phase shift and
resistive decay, an electromagnetic analysis in the slot
and periphery is relevant. However, this requires some
simplifications as described below.

3.1. Electromagnetic analysis of the slot

impedance

The impedance Zsl of the slot seen from the main
discharge is determined by an electromagnetic anal-
ysis. The slot plasma is driven at one end (its in-
ner radius) by the rf voltage Vp of the main dis-
charge plasma, with the top and bottom slot surfaces
grounded through the quartz confinement rings. As

shown in Refs.[2, 3], a transverse magnetic (TM) sur-
face wave that propagates along the quartz-plasma in-
terface is excited at the slot entrance. A rectangular
coordinate model is used to determine the propaga-
tion and impedance characteristics, with x, y, and z

corresponding respectively to the radial, axial and cir-
cumferential directions in a cylindrical geometry. The
TM mode is independent of z. We assume open-circuit
boundary conditions for the reflection of the wave at
the slot exit. We determined the mode characteristics
with Maxwell equations, of which the detailed discus-
sion may be found in our previous paper.[5]

3.2. Interaction between the matching

network and discharge

The kilohertz oscillation is found by increasing
the source voltage VT supplying rf power to the main
discharge. As the voltage increases, the matching net-
work elements CM and LM are adjusted to achieve
a match of typically 75% in reflected power near the
transition. For lower voltages, the main discharge ap-
pears steady and the slot appears to be dark, except
for a ‘finger’ of plasma that diffuses about a half-
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centimetre into the slot. When VT is increased to over
a certain threshold value, the kilohertz main discharge
oscillation appears, and the slot lights up. Continue
to increase power, then the low frequency oscillation
will appear in the periphery. For the calculation we
take the reflected power to be about 75% for a high
frequency oscillation and the average reflected power
to be 15% for a low frequency oscillation. The pe-
riphery usually remains dark during a high frequency
oscillation, while a low frequency oscillation occurs in
the periphery ignited, which will be assumed in the
following calculation.

To determine the interaction between the source
and the matching network with the whole system dis-
charge, we solve the ladder-network shown in Fig.5,
thereby obtaining the source voltage VT as a func-
tion of the plasma voltage Vp in the main discharge.
For a linear network, VT is a linear function of Vp

for any chosen slot density, but the slot and the
periphery discharge nonlinearities significantly mod-
ify this property. The most important nonlineari-
ties, which we retain in the analysis below, are the
voltage-dependent main discharge sheath capacitances
Ca(Va), Cb(Vp) and Cperi(Vperi), where Va = VD − Vp

is the voltage across the powered electrode sheath, Vp

is the voltage across the grounded electrode sheath,
Vperi is the voltage across the peripheral sheath, and
Vperi = Vp − IslZsl. We use a collisional (constant
mean free path) sheath model[4] to determine these
capacitances

Ca = κcapAa/|Va|3/5; Cb = kcapAb/|Vb|3/5;

and

Cperi = kcapAperi/|Vperi|3/5 (1)

where

κcap = 1.25ε0(ensuB/ε0)2/5(M/eλi)1/5 (2)

with ns being the density on the plasma-sheath edge.
The sheath edge density (ns) is taken to be 2.0 ×
109 cm−3, consistent with the value of Vbd determined
from the breakdown model, and the electron temper-
ature (Te) taken to be 2 V. The matching network ca-
pacitance (CM ) was measured just prior to the tran-
sition to kilohertz oscillations to be about 2500 pF.
We have chosen the discharge resistance (RD) to be
consistent with this measurement, thereby obtaining
quite a reasonable value of 1.2Ω, which keeps fixed in
the calculation. The procedure for solving the ladder-
network of Fig.5 is as follows: choosing a real Vp and

a slot density nsl, then Isl = Vp/(Zsl + 1/jωCperi), Cb

and Cperi are determined from expression (1) for the
given Vp, Vperi, Ib = jωCbVp and Irf = Ib +Isl, and we
obtain the equation |Va|ωCa(|Va|) = |Irf |, which can
be solved to determine |Va| and Ca by using expres-
sion (1). When the peripheral plasma is ignited, the
slot density nsl is too large, thus Zsl is too small and
Vperi ≈ Vp. In other words, Cperi can be considered to
be connected to Cb in parallel, then Cp = Cb +Cperi =
κcap(Ab +Aperi)/|Vp|3/5 = κcapAground/|Vp|3/5, where
Aground is a total grounded area. With the power in-
creasing, Aground is becoming large and the slot is ig-
nited at high frequency oscillations. With the fur-
ther increase of power, the ground area Aground is
much large, and the periphery is also ignited at a low
frequency oscillation. Then Va = Irf/jωCa, VD =
Va + Vp, Vrf = VD + IrfRD, IM = Irf + jωCstrayVrf ,
VM = jωLMIM + Vrf , IT = jωCMVM + IM , and,
finally, VT = IT RT + VM .

Fig.5. Circuit model of the rf power source, L-type match-

ing network, main discharge region, dielectric slot region

and peripheral region.

Fig.6. Maintenance curves for experimental condition:

f = 27.12MHz, l = 2.54 cm, g = 0.635 cm, w = 3.8 cm,

and wper = 5.1 cm with quartz dielectric confinement

rings, where stars denote the measurements of peripheral

plasma ignition. The slot plasma ignites at about 28V

(curve a). Once the slot ignites, the periphery also ignites,

and periphery maintenance voltage is about 6V with an

ignited plasma in the slot (curve e).
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Figure 7 shows |VT | versus Vp for eleven different
slot densities, which we use below to provide a possible
explanation for the kilohertz and the hertz oscillations
that are observed experimentally. We discuss first the
situation at the lowest density of nsl ≈ 1.0× 1013 m−3

(curve a in Fig.7), where the slot plasma is essentially
absent. For the chosen value of |VT | , shown as the
horizontal dashed line VT0 = 44.7V, there are three
solutions for Vp, due to the high-Q resonance just be-
low the breakdown voltage Vbd = 29 V of the slot.
The largest solution for Vp corresponds to an oper-
ating point of the main discharge with the periph-
ery ignited, the smallest Vp near zero corresponds to
an extinguished main discharge, and the intermediate
value is unstable. However, the matching elements
LM and CM , and the source voltage VT0 have been
chosen such that the value of Vp at |VT0 | just exceeds
the breakdown voltage of the slot, i.e. Vbd = 29 V,
with a 75% reflected power. In that case, the slot
density increases on a fast (ionization) timescale to its
maintenance value of nsl ≈ 2.0× 1015 m−3 (curve f in
Fig.7), determined from the condition of maintenance
of plasma in the slot discussed in Ref.[2]. For this new
slot density as shown in Fig.7, the only solution for Vp

at the chosen |VT | is the extinguished main discharge
state near Vp = 0. Hence the voltages Va and Vp de-
crease rapidly to zero. Since Vp now lies below Vbd,
the slot plasma density decays. Referring to Fig.7,
the main discharge remains extinguished until the slot
density falls to a value just below nsl ≈ 6.8×1014 m−3

(curve d in Fig.7) when

Fig.7. The source voltage |VT | versus sheath voltage Vp

of main discharge grounded electrode for the whole pro-

cesses of high and low frequency relaxation oscillations at

different densities: 0.01 (a), 0.063 (b), 0.186 (c), 0.68 (d),

1.17 (e), 2.0 (f), 3.0 (g), 4.0 (h), 6.0 (i), 10 (j), 20 (k),

in units of (1015m−3) with variable capacitance Cp and

variable impedance Zsl at p = 100mT.

the high-Q resonance dips (curves c and b in Fig.7) are
below the horizontal dashed line VT0 . At this point the
main discharge re-ignites. The slot density continues
to decay until nsl ≈ 1.0× 1013 m−3 (curve a in Fig.7)
when Vp again exceeds Vbd. At this point the slot re-
ignites, and the cycle (a → f → a) repeats. This is
reasonable explanation for high frequency relaxation
oscillations in the main and the slot discharges.

For a low frequency relaxation oscillation in the
peripheral discharge, when the absorbed power in-
creases about 58 W, a low frequency oscillation be-
gins. Specially, with about a 15% reflected power,
Pabs = 176W, a low frequency(3.7Hz) relaxation os-
cillation occurs in the periphery. The low frequency
oscillation leads to an increase in grounded area when
the periphery is ignited, thereby reducing the slot
plasma potential (Vp) with respect to ground, and fur-
ther reducing the potential to below the breakdown
voltage (Vp < Vbd). The densities in the main dis-
charge chamber and the slot increase, when the slot
density nsl ≈ 6.0 × 1015 m−3 (curve i in Fig.7) in ac-
cordance with the case of Pabs ≈ 176W. The high-
Q resonance dips drop to just below Vp = 6 V, and
the discharges in the periphery and the slot are extin-
guished (the periphery maintenance voltage is about
6V, as shown by curve e shown in Fig.6) and then
Vp drops rapidly to zero, the main discharge is also
extinguished. The slot and the periphery are restored
to the plasma voltage, and the slot density decays.
The process ‘i → h → g → f → e → d → c → b → a’
restarts, and the main discharge and the slot re-ignite.
Once the slot is ignited, the periphery is also ignited,
with absorbed power exceeding 55 W (shown in Table
1). Vp re-decreases; the density in the slot re-increases.
When the density increases to 2.0×1015 m−3, Vp does
not continue to decrease to zero because the absorbed
power is 176 W in this case in which the reflected
power is 15%, rather than Pabs = 15 W, for the case in
which the reflected power is 75%. The main discharge
and the periphery are still ignited, so the slot density
continues to increase. The slot and the periphery are
ignited until nsl ≈ 6.0 × 1015 m−3. And then Vp de-
creases rapidly to zero, and the main discharge plasma
is extinguished, thus the process ‘a → b → c → d →
e → f → g → h → i’ is completed. The next step
restarts the cycle ‘i → a → i’. The absorbed power
is 260 W, where the reflected power still maintains
15%(in case 10 in Table 1). A low frequency (3.48Hz)
relaxation oscillation appears in the periphery, and the
density in slot continues to increase. When the slot
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density nsl ≈ 1.0 × 1016 m−3 (curve j in Fig.7) in ac-
cordance with the case of Pabs ≈ 260W. The high-Q
resonance dips drop at Vp ≈ 4.9V, due to the hystere-
sis behaviour below the periphery-discharge maintain-
ing voltage 6 V. The discharges of periphery and slot
are extinguished, and the main discharge is also extin-
guished when Vp decreases to zero. Thus the process
‘a → b → c → d → e → f → g → h → i → j’ is com-
pleted, and the cycle ‘j → a → j’ repeats. With the
same analysis, another low frequency (2.72Hz) oscil-
lation is present in the periphery in case 11 of Table
1, and a new cycle ‘k → a → k’ occurs as shown in
Fig.7.

From Fig.7, we can see that each cycle of low fre-
quency oscillations (e.g. ‘i → a →i’, ‘j → a →j’ and
‘k → a →k’) has a longer period than that of high
frequency oscillations (e.g. ‘f → a → f’). we also see
that the period of ‘k → a → k’ is longer than one of ‘j
→ a → j’ or ‘i → a → i’, due to fk < fj < fi (2.717Hz
< 3.484Hz < 3.697Hz). We can explain the low fre-
quency relaxation oscillation phenomena successfully.
We obtain an oscillation frequency from the following
derivation:

V dne/dt = KizngneV − nsuB2A.

where V = Ad, ns = hlne, hl = 0.86(3 + l/2λi)−1/2,
and λi = 1/33p, with λi being in metres, p in mTorr,
A being plate area, d plasma thickness, ns edge den-
sity, ne central density, hl Godyak factor.[3] For the
decay time, drop the Kiz term, then we will have

V dne/dt = −nsuB2A, and ddne/dt = −2hlneuB,

where uB = (eTe/M)1/2 is the Bohm speed. From the
above, we have
∫ t

0

dt = −d/2hluB

∫ ne

n0

dne/ne, ne = n0e−2hluBt/d,

thereby obtaining the decay time:

t = d/2hluB ln(n0/ne) = τsl ln(n1/n2).

We have used a simple exponential model for the
high frequency oscillation in slot plasma density de-
cay, with the timescale τSR determined from diffusion
theory to be

τsl = g/2hgsluBsl, (3)

with
hgsl = 0.86/(3 + g/λi)1/2, (4)

the edge-to-centre density ratio in the slot. Using
a reasonable slot temperature during the decay, i.e.

Tesl = 1 V, we obtain the decay time τsl = 8.8 µs,
due to the signal pulse rising rapidly during the on-
time. With a density decay from n1 ' 2×1015 m−3 to
n2 ' 1.86 × 1014 m−3, f = 1/τsl ln(n1/n2) ' 46 kHz.
For the low frequency oscillation in slot plasma density
decay, with the timescale τSR determined from diffu-
sion theory to be τsl = l/2hluB, where hl = 0.86(3 +
l/2λi)−1/2. So the estimate decay time τsl = 48.36ms,
with a density decay from n1 ' 2.0 × 1016 m−3 to
n2 ' 1.0× 1013 m−3, f = 1/τsl ln(n1/n2) ' 2.7Hz.

4. Conclusions and further dis-

cussion

The kilohertz oscillations observed in the cen-
tral plasma and in the slot connected to the periph-
eral chamber, at voltages below which the peripheral
plasma ignites, are essentially understood as an insta-
bility induced by the increased resistance and capac-
itance of the discharge when the slot plasma ignites.
A particular tuning of the matching network that we
have investigated, both experimentally and theoreti-
cally, indicates that the transient ignition of the slot
plasma increases the capacitance of the plasma to
ground and lowers the system Q in such a way that
the overall equilibrium is lost. This causes the volt-
age across the discharge to drop dramatically, thereby
leading the electron temperature to decrease. The
main discharge density correspondingly decays but at
a slower rate, until the faster decay of the slot plasma
density re-ignites the discharge, repeating the sce-
nario. The oscillation frequency as well as the shapes
of the light emission signal and plasma density, ob-
tained from the model, agree reasonably well with the
corresponding experimental observations.

We have explained high frequency relaxation os-
cillations by using an electromagnetic model of the
slot impedance combined with the circuit analysis of
system including the match network in the previous
study. For low frequency relaxation oscillations, al-
though we described some experimental phenomena of
low frequency oscillations in the previous papers,[5−8]

we did not further discuss the origin of low frequency
oscillations. In this paper we develop a model in which
various capacitances in the slot and the periphery
varying with increase of absorbed power are consid-
ered and the grounded area Ab increases. The capac-
itance Cb increases with the increase of the grounded
area Ab when the periphery is ignited, which is equiv-
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alent to a parallel connection of a variable peripheral
capacitance Cperi to Cb. The relaxation oscillations,
which depend nonlinearly on the two states of the dis-
charge, have some similarities to those we have pre-
viously studied in electronegative discharges.[9,10] In
that case the timescales of the electrons and nega-
tive ions, which controlled the frequency and the am-
plitude of the instability were different, the slowest
timescale for decay of the negative ion density es-

sentially controlled the frequency. For the configu-
ration under study here, there is also a difference in
timescale, on the assumption that the fast ionization
time controls the ignition of the slot plasma and the
slower timescale for plasma decay in the slot con-
trols the oscillation frequency. In both situations, the
matching network dynamics has been found to play
an important role in the instability dynamics.
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