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Abstract
Radio-frequency capacitively coupled plasmas that incorporate structured electrodes enable
increases in the electron density within spatially localized regions through the hollow cathode
effect (HCE). This enables enhanced control over the spatial profile of the plasma density, which
is useful for several applications including materials processing, lighting and spacecraft
propulsion. However, asymmetries in the powered and grounded electrode areas inherent to the
hollow cathode geometry lead to the formation of a time averaged dc self-bias voltage at the
powered electrode. This bias alters the energy and flux of secondary electrons leaving the surface
of the cathode and consequentially can moderate the increased localized ionization afforded by
the hollow cathode discharge. In this work, two-dimensional fluid-kinetic simulations are used to
demonstrate control of the dc self-bias voltage in a dual-frequency driven (13.56, 27.12MHz),
hollow cathode enhanced, capacitively coupled argon plasma over the 66.6–200Pa
(0.5–1.5Torr) pressure range. By varying the phase offset of the 27.12MHz voltage waveform,
the dc self-bias voltage varies by 10%–15% over an applied peak-to-peak voltage range of
600–1000V, with lower voltages showing higher modulation. Resulting ionization rates due to
secondary electrons within the hollow cathode cavity vary by a factor of 3 at constant voltage
amplitude, demonstrating the ability to control plasma properties relevant for maintaining and
enhancing the HCE.
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1. Introduction

The hollow cathode effect (HCE), generated in capacitively
coupled plasmas through the use of structured electrodes,
offers the capability to locally increase the plasma density. To
achieve this, hollow cathode discharges are typically char-
acterized by a cylindrical electrode cavity electrically con-
nected to a larger grounded area and can be operated with
radio-frequency [1] (rf) or dc [2] power. They are employed
over a wide range of pressures from atmospheric [3] to high

vacuum [4–6] and can form part of the gas source [7] or
operate external to it [8]. Hollow cathodes are being resear-
ched for use in a large variety of industrial processes
including etching and deposition [1, 9], CO2 dissociation
[10], light sources [11] and spacecraft propulsion [12–14].
For pd (pressure×distance) values in the range of
0.01–10Torrcm, the HCE can be initiated, resulting in a
large increase in plasma density for a given voltage [2, 15].

One of the proposed mechanisms of the HCE arises from
the pendular motion of electrons produced within the
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electrode cavity, resulting in an increased number of ioniz-
ation events per secondary electron [5]. Positive ions
impacting on the inside surface of the hollow cathode produce
secondary electrons that are subsequently accelerated through
the plasma sheath [16]. These electrons typically have non-
thermal ‘beam-like’ energy distributions with a mean energy
much higher than electrons produced through collisions in the
plasma bulk. These high energy electrons reflect from the
opposite cathode sheath, return to the original sheath, and
reflect again leading to pendular motion within the cavity.
They predominately slow by ionization collisions which,
when coupled with the higher specific power deposition of the
pendular motion, produces a high plasma density [5, 15].
Hollow cathodes operated at low pressures (�13Pa) can also
enforce higher electron energies by enhancing the maximum
sheath expansion within/above the hollow cathode cavities
[8]. At higher pressures, where the electron collision fre-
quency is high, pendular electron motion within the cavity is
inhibited and collisionless heating at the sheath expansion
decreases in efficiency. Under these conditions, control of
secondary electron energies via tailoring the sheath voltage
drop represents a promising mechanism to control the plasma
density in hollow cathodes.

In capacitively coupled plasmas operating at rf voltages,
an electrical asymmetry may result when the powered and
grounded electrodes have different current collecting areas.
This physical asymmetry gives rise to a dc self-bias voltage
forming at the powered electrode, which ensures that the
time-averaged current reaching each electrode is zero [17].
Implementing a hollow cathode structure into the powered
electrode introduces, or exaggerates, this geometrical asym-
metry between the powered and grounded electrode surface
areas. The formation of a dc self-bias voltage creates chal-
lenges for maintaining desired plasma properties as it alters
the voltage drop at the powered electrode [18]. A negative dc
bias increases the time averaged voltage drop, while a positive
dc bias decreases the time-averaged voltage drop. A reduction
in the voltage drop at the powered electrode may decrease the
ion energies at the electrode surface, which for sufficiently
high ion energy, may reduce the probability of producing
secondary electrons [15]. Additionally, for a positive dc bias,
secondary electrons are accelerated through a smaller sheath
potential, compounding the reduction of the HCE. On the
other hand, a negative dc bias will increase both the incident
ion energy, which may increase the secondary electron
emission coefficient, and will increase the secondary electron
energy entering the bulk plasma, which will increase ioniz-
ation. Both lead to an enhancement in the HCE.

Recent investigations employing hollow cathode geo-
metries in capacitively coupled plasmas [19, 20] have oper-
ated with a relatively small powered electrode surface area
compared to that of the grounded vacuum chamber, ensuring
a negative dc self-bias. However, in large scale industrial
processes, for example plasma deposition of soft materials, it
is often the case that the powered electrode may have the
larger area [21, 22]. In reactors of this type, the imple-
mentation of a hollow cathode structure would increase the
surface area of the powered electrode, leading to an

increasingly positive dc self-bias voltage which inhibits the
HCE. It would therefore be beneficial to regulate the dc self-
bias voltage and hence more effectively control the formation
of the HCE.

The dc self-bias is dependent upon the electrode areas
and sheath width asymmetry [23, 24], secondary electron
emission coefficient asymmetry [25], and electrical asym-
metries [26]. Of these, the electrical asymmetry is the only
property that does not depend on reactor geometry and mat-
erial choice and can therefore be controlled for a given reactor
configuration.

Introducing non-sinusoidal waveforms can induce an
electrical asymmetry effect (EAE), allowing control over the
dc self-bias voltage [17]. The application of the EAE to
enhance process control in capacitively coupled plasmas has
been a topic of growing interest over the last decade [26–28].
Applying a dual-frequency voltage waveform, e.g. the fun-
damental at frequency 0w and first harmonic at frequency 2 0w ,
allows for the creation of asymmetric waveforms, the specific
shape of which can be tailored by varying the phase offset
between the fundamental and first harmonic voltages [29].
Varying the phase offset while maintaining the applied
waveform amplitude results in a controllable dc self-bias
voltage, which has been demonstrated to provide effective
control over the ion energy and fluxes to surfaces [30, 31].
The application of additional harmonics with specific phase
shifts allows for production of sawtooth-like and pulse-like
waveforms to enable additional control [32, 33].

In this work, we use two-dimensional numerical simu-
lations to demonstrate enhanced control over the dc self-bias
in a hollow cathode geometry excited by dual-frequency
electrically asymmetric waveforms. Control over the dc self-
bias voltage is demonstrated by varying the phase offset
between the fundamental frequency (13.56MHz) and its first
harmonic (27.12MHz), achieving a maximum variation of
one eighth of the peak-to-peak voltage. The model used in
this investigation is described in section 2, and results for
1Torr argon hollow cathode discharges operated with
800Vpp single and dual-frequency waveforms are presented
in sections 3.1 and 3.2, respectively. Section 3.3 presents
dual-frequency results for a wider range of pressures;
0.5Torr, 1.0Torr and 1.5Torr, and voltages; 600Vpp,
800Vpp and 1000Vpp.

2. Description of the model

The hollow cathode reactor configuration used in this
investigation is illustrated in figure 1. An external circuit
comprising of an rf voltage source and blocking capacitor is
connected to the powered electrode (not shown in figure 1),
where the blocking capacitor prevents a dc current back to the
power source and maintains the time averaged dc self-bias
voltage on the powered electrode. The voltage waveform,

trff ( ), is applied either as a single frequency sinusoidal
waveform or a dual-frequency non-sinusoidal waveform.

Two-dimensional, fluid-kinetic simulations were under-
taken using the hybrid plasma equipment model [34]. The
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simulation domain, shown in figure 1, consisted of a cylin-
drically symmetric chamber 25.5mm in radius, layered with
3mm of alumina on the radial and top walls. A gap of 40mm
separates the grounded and powered electrodes, which are
22.5mm in radius. The powered electrode incorporates two,
10mm deep cavities spaced 5mm apart radially. Two cav-
ities and a dielectric layer were employed such that inter-
ference from the wall on the inner cavity was minimized. The
dielectric layer also acted to shield the grounded side wall
from the plasma, and therefore increase the physical sym-
metry of the reactor. The focus of the investigation was on the
inner cavity centred at 5mm, denoted by the shaded region in
figure 1.

Points A(R=5mm, Z=12mm) and B(R=5mm,
Z=20mm) mark locations from which ionization due to
secondary electrons and plasma density were investigated.
These were chosen to be representative of conditions within
the cavity and in the discharge bulk, respectively.

The reactor was operated with a fixed pressure of argon
at 66.6, 133.3, 200Pa (0.5, 1 or 1.5Torr). The discussion of
plasma properties in sections 3.1 and 3.2 are for 133.3Pa
(1Torr), while discussion in section 3.3 addresses all three.
The charged particle species included in the simulation are
Ar+, Ar2

+ and e-, with secondary electrons solved for sepa-
rately from electrons created in the plasma bulk. Neutral
species included are: Ar, Ar(4s), Ar(4p), Ar(4d) and Ar2*
where the reaction mechanism is the same as discussed in
[35]. All particle species densities, with the exception of
secondary electrons, are obtained from the solution to mass,

momentum and energy conservation equations. The electron
energy distribution function for electrons created in the
plasma bulk is determined using the two-term approximation
of the Boltzmann equation. At the pressures employed, the
plasma is considered to be collisional and therefore the ion
and neutral energy distribution functions can reasonably be
considered to be Maxwellian. Poissonʼs equation is solved to
obtain the temporally and spatially resolved potential.

Secondary electron emission is introduced through an
energy independent model with an emission coefficient of

0.2g = at the powered electrode [15] and 0.0g = at the
grounded electrode and dielectric surfaces. It is important to
note that the particular values of γ used at powered and
grounded electrodes have an influence on the symmetry of the
plasma and therefore the value of the dc self-bias. As a result,
the magnitude of the effects considered in this work will
depend on these values, however, the trends presented are
expected to be valid for most realistic values of γ. Ion fluxes
are collected on the powered electrode and a Monte Carlo
method is then used to track the trajectories of secondary
electrons emitted from the powered electrode in proportion to
the ion flux and secondary electron emission coefficient [36].
Secondary electron pseudo-particles are launched at the
powered electrode surface with an initial energy of 4eV and
are accelerated through the local potential gradient. As this is
the outcome of a Monte-Carlo simulation there are no further
assumptions made regarding the shape of the secondary
electron energy distribution [37].

Electron-neutral collisions included in the model include
elastic, excitation and ionization reactions, the interaction
cross-sections for which are obtained from [38–42], full
details are given in [35]. Ion-neutral charge exchange colli-
sions are employed with a rate coefficient of
5.66×10−10cm−3 T 300g

0.5( ) where Tg is the neutral-gas
temperature [43].

Dual-frequency voltage waveforms, constructed through
the superposition of 13.56 and 27.12MHz sinusoids with a
variable phase delay, are generated using equation (1) and an
example of a dual-frequency waveform is shown in figure 2

t
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Here, trff ( ) is the voltage amplitude of the combined
waveform, 0f is the maximum amplitude, f20 0w p= is the
fundamental angular frequency, kq is the k’th harmonic offset
and n is the total number of applied frequencies. Here n =2,

01q = and 0 3602q < < , from this point forward 2q will
be referred to as θ.

Figures 2(a) and (b) show two examples of dual-fre-
quency waveforms generated using equation (1) with phase
offsets of 60q =  and 210q = , respectively.

As the phase offset of the 27.12MHz harmonic is varied
the time-averaged bias of the waveform is altered, this results
in a time-averaged electrical asymmetry over an rf cycle and
provides a mechanism for controlling the electrode dc self
bias voltage. However, due to the phase offset, such asym-
metric voltage waveforms do not have a single voltage
amplitude, it is therefore often easier to discuss them in terms

Figure 1. Illustration of the simulation domain (not to scale), radially
symmetric around the Z -axis. The shaded area shows the region-of-
interest where the centre of the hollow cathode cavity and a point
representative of the plasma bulk are denoted by A and B,
respectively. Z=0mm is located in the top-left corner.
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of the absolute peak-to-peak voltage, Vpp, defined as follows:

V t tmax min . 2pp rf rff f= -( ) ( ) ( )

In sections 3.2 and 3.3, the fundamental frequency
13.56MHz and first odd harmonic 27.12MHz were
employed, each with an amplitude of 20f to enable an
effective comparison with the single frequency case.

3. HCEs in a rf powered discharge

3.1. Single frequency operation

A single frequency control case was performed to confirm the
presence of the HCE and establish a baseline for the resulting
dc self-bias voltage formation. The control case employed a
400V amplitude (800Vpp), 13.56MHz driving voltage and
an argon pressure of 133.3Pa (1Torr). The time-averaged
spatial distributions of the plasma density and ionization rate
due to secondary electrons are shown in figures 3(a) and (b),
respectively.

The time-averaged plasma density shows little variation
between the cavity (A) and bulk (B), with maximum values of
2.0×1017m−3 and 2.3×1017m−3, respectively. The HCE
can be observed in figure 3(b) as an increased rate of ioniz-
ation by secondary electrons within the cavity region (point
A) as compared to the discharge bulk (point B). The powered
electrode dc self-bias voltage is 98V with a peak plasma
potential of 224V. These results qualitatively agree with
previous particle-in-cell simulations using a similar reactor
configuration at 34Pa (0.258Torr) [15].

The dc self-bias voltage η, normalized to Vpp, increased
for increasing applied voltage amplitude as shown in figure 4.
This trend is consistent with a previously developed analytical
model as summarized in equation (3) [17]:
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1

1
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where 0f is the voltage waveform amplitude, ò is the sym-
metry parameter, Ap and Ag are the powered and grounded
electrode surface areas, and nsp¯ and nsg¯ are the spatially
averaged ion densities in the powered and grounded sheaths,
respectively. For a single frequency discharge, the symmetry
parameter, and hence the dc self-bias voltage, increases due to
the increasing asymmetry in ion density between the powered
and grounded electrode sheaths.

Note that the dc self-bias in equation (3) is defined with
respect to the voltage waveform amplitude, however results
presented here are normalized to Vpp. This is necessitated as
asymmetric waveforms do not have a single voltage ampl-
itude. The result is that the dc self-bias is normalized from

0.5 0.5 h- , as opposed to 1 1 h- .

Figure 2. Examples of dual-frequency, 13.56, 27.12MHz, wave-
forms generated using equation (1) with the 27.12MHz waveform
applied with a phase offset θ of (a) 60° and (b) 210°. Zero potential
is shown with a black dotted line and the mean of the waveform
(denoted as average bias) is shown with the red dotted line.

Figure 3. Time-averaged spatial distributions of (a) plasma density
and (b) secondary-electron ionization rates in a 133.3Pa (1Torr)
argon discharge driven by a single-frequency 13.56MHz voltage
waveform at 400V amplitude (800Vpp). The boundary of the
hollow cathode cavity is shown by the solid line.

Figure 4. Normalized powered electrode dc self-bias voltage with
respect to applied voltage amplitude. Single-frequency operation at
13.56 MHz, in 133.3Pa (1Torr) of argon.
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As the ratio of the dc self-bias voltage to applied voltage
increases, and the dc self-bias is positive, the resulting nor-
malized voltage drop through the powered electrode sheath
decreases as shown in figure 5.

This decrease in sheath voltage drop reduces the HCE
through a decrease in the acceleration of secondary electrons
through the powered electrode sheath. Since the dc self-bias
voltage increases with increasing applied voltage amplitude,
this behaviour limits the range of applied voltages for a given
reactor geometry for which the HCE can be effectively
employed when operated using a single frequency.

3.2. Dual-frequency operation

To increase control over the HCE through regulation of the dc
self-bias voltage two driving frequencies, 13.56 and
27.12MHz, were applied to the powered electrode using the
waveform of equation (1). The applied voltage amplitude was
maintained at 400V, however due to the phase shift between
the two harmonics they add such that V 800pp  V. The
resulting variation in the dc self-bias voltage, secondary
electron ionization rate and electron density within the cavity
(point A) and bulk (point B) with respect to first harmonic
phase offset θ are shown in figure 6.

Figure 6(a) shows that the powered electrode dc self-bias
voltage varies approximately sinusoidally with respect toθ.
Note that the dc self-bias has been reduced to approximately
zero for phase angles of 210◦and240◦. The difference
between the maximum and minimum self-bias, indicated by
the red circles, is 96V, corresponding to approximately

V1 8 pp. The waveforms resulting in the most positive and

negative dc self-bias voltages, 60q =  and 210q = , are
shown in figures 2(a) and (b), respectively. This trend in dc
self-bias modulation qualitatively agrees with a previous
analytical model making use of a physically symmetric geo-
metry [26, 44]. The variation in dc self-bias voltage is not
symmetric about zero due to the existing physical asymme-
tries within the reactor [44].

Figures 6(b) and (c) show the secondary electron ioniz-
ation rates and plasma density at points A and B as a function
of the phase offset between the 13.56 and 27.12MHz voltage
waveforms. The maximum values for plasma density and
secondary electron ionization rate both coincide with the
minimum dc self-bias voltage of 0.4 V- at 210q =  phase
offset. This trend is expected as the secondary electrons
emitted will appear at the bottom of a larger potential well if
the electrode has a less positive bias, and will be subsequently
accelerated to higher energies resulting in a higher power
coupling efficiency to the electrons. Further, the higher
energy secondaries are more efficient ionizers, not only
penetrating deeper into the bulk plasma but also capable of
generating a greater number of ionization events. As pre-
viously described, the fraction of the waveform for which the
voltage is less than zero decreases as the dc self-bias becomes
more positive. It follows that the least positive self-bias
voltage, i.e. 210q =  in figure 6(a), will correspond to the
largest number of secondary electrons with sufficient energy
to contribute to the HCE.

Contour plots of the plasma densities at the extrema in dc
self-bias voltage, 60q =  and 210q = , respectively, are

Figure 5. Plasma potential profiles along the inner cavity central axis
(R=5mm), normalized to Vpp, with respect to applied voltage
amplitude. Inset displays normalized voltage drop from point A to
the electrode surface (Z=7mm) for the voltage amplitudes shown.
Single-frequency operation at 13.56 MHz, 133.3Pa (1Torr) argon.

Figure 6. Variation in (a) normalized powered electrode dc self-bias
voltage, (b) ionization rate due to secondary electrons and (c) plasma
density as a function of first harmonic phase offset within the hollow
cathode cavity (point A) and in the discharge bulk (point B). The
dashed line in figure (a) represents zero dc self-bias voltage, solid
lines added for clarity.
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shown in figures 7(a) and (b) and the corresponding sec-
ondary electron ionization rates are shown in 7(c) and (d).

The secondary electron ionization rates in the cavity, at
point A, vary by a factor of 3 as the phase offset is varied over
0 360q < < , reaching a maximum of 9.0×1022m−3 at
210° offset. Secondary electron ionization rates outside the
cavity, point B, are not significantly influenced by the var-
iation in dc self-bias voltage, remaining at approximately
1.7×1022m−3 s−1 for all phase angle offsets, shown pre-
viously in figure 6(b).

In figures 7(d) and (b), it should be noted that although
the peak secondary ionization rate was found within the
cavity at point A, the peak plasma density was found within
the discharge bulk at point B. The plasma density within the
cavity and within the bulk follow a similar trend to the sec-
ondary electron ionization rate, reaching a maximum value at

210q = , corresponding to the minimum dc self-bias voltage.
The maximum plasma density at point B increases to
3.6×1017m−3 at 210q =  and is modulated by 40% over
the full range of phase offsets.

Argon ion (Ar+) density profiles, centred along the inner
cavity central axis (R=5mm), between the powered and
grounded electrodes are shown in figure 8 for 13.56MHz
operation and dual-frequency operation at the maximum and
minimum dc self-bias voltages, 60q =  and 210q = ,
respectively.

A localized increase in argon ion density within the
cavity at point A (Z=12mm) can be observed as well as an
increase in the density in-front of the powered electrode at
point B (Z=20mm) where the density peaks at approxi-
mately Z=25mm. The enhanced argon ion densities

achieved for the, most negative, 210° case can be seen to
extend until the grounded electrode surface at Z=55mm.
The extent of the enhancement is greatest between 15mm
Z 30mm.

Note that, although performed at approximately constant
peak-to-peak voltage, the power deposited varies by 32%
over the range of phase offsets. Resulting argon ion densities
vary by 60% in the HC cavity (point A) and 40% in the
discharge bulk (point B) respectively.

3.3. Voltage and pressure dependence

The first harmonic phase offset was varied as described in
section 3.2 for values ofVpp of 600, 800 and 1000V at a fixed
pressure of 133.3Pa (1Torr) and also for pressures of 66.6,
133.3, 200Pa (0.5, 1 or 1.5Torr) at a fixed Vpp of 800V; the
results of which are shown in figure 9.

An increase inVpp results in a higher average dc self-bias,
this agrees with the single frequency case shown in figure 4.
The achievable modulation in dc self-bias is 14.2% at 600Vpp

as compared to 12.0% at 800Vpp and 10.6% at 1000Vpp

suggesting that the EAE is more pronounced at lower vol-
tages. This variation in the modulation is found to be
approximately linear for changes in voltage which suggests
that it may be dominated by variation in the sheath width
asymmetry between the powered and grounded electrode as
described in equation (3).

The effects of varying reactor pressure, figure 9(b), show
that increased pressures result in more positive dc self-biases.
The dc self-bias modulations are 14.3% at 66.6Pa (0.5Torr),
12.0% at 133.3Pa (1.0Torr) and 11.8% at 200Pa (1.5Torr).
The decrease in achievable modulation with increasing pres-
sure is not as pronounced as with increasing voltage. The
change in modulation varies nonlinearly with pressure, with a
sharp change in modulation observed between 133.3Pa

Figure 7. Spatial distributions of time-averaged plasma density for
(a) 60q =  and (b) 210q =  and ionization rates due to secondary
electrons at (c) 60q =  and (d) 210q = . Images are normalized to
maximum value in the 210q =  case where, 60q =  and 210q = 
represent the minimum and maximum dc self-bias voltages, −0.4V
and +95V, respectively shown in figure 6(a). Dual-frequency
operation at 800Vpp with 133.3Pa (1Torr) argon.

Figure 8. Time-averaged argon ion (Ar+) density profiles centred
along the inner cavity central axis (R=5mm) for single frequency
13.56MHz operation, and dual-frequency operation with 60q = 
and 210q = , where, 60q =  and 210q =  represent the minimum
and maximum dc self-bias voltages, −0.4V and +95V, respec-
tively. Performed at 800Vpp with 133.3Pa (1Torr) argon.
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(1.0Torr) and 66.6Pa (0.5Torr) where the dc self-bias
becomes negative.

The secondary ionization rate increases for increasing
pressure as can be seen in figures 10(a) and (b). The spatial
distribution of secondary ionization moves from the centre of

the hollow cathode at low pressures to near the surface of the
electrode (Z=7mm) at higher pressures.

The location of maximum secondary ionization rate can
be seen more clearly in 10(c). These locations are 11.5mm,
9.5mm and 9mm for 66.6Pa, 133.3Pa, 200Pa (0.5Torr,
1Torr or 1.5Torr) respectively. The magnitude of the
ionization rate and the location of peak ionization both change
most between 66.6Pa and 133.3Pa. This correlates with the
large difference in the dc self-bias between these two pres-
sures, as compared to 133.3 and 200Pa, shown in figure 9(b).
The peak in secondary ionization rate is also much more
pronounced for 133.3 and 200Pa than the lower 66.6Pa
case. This is attributed to the decreased electron mean free
path at these pressures, with the region of peak ionization
shifting from the centre of the cavity to just beyond the sheath
edge in figure 10(b). However, distances beyond Z=17mm
in the bulk region show the opposite trend in secondary
ionization, which is observed to increase with decreasing
pressure. This is attributed to an increased electron mean-free
path at lower pressures leading to a reduced diffusive (colli-
sional) confinement within the cathode.

The increase in secondary ionization rate with increasing
pressure arises from a combination of a reduced secondary
electron mean-free path nd Ar

1l µ - and a reduced sheath width
S nx Ar

0.5µ - at higher pressures, where Sx is the sheath width
[23]. This nonlinear relationship between pressure and sec-
ondary ionization rate within the hollow cathode cavity will
lead to a nonlinear change in the relative plasma densities at
the powered and grounded electrode surfaces as described by
the symmetry parameter ò in equation (3). This explains the
nonlinear dc self-bias modulation observed for changes in
pressure, figure 9(b), as compared to changes in voltage, 9(a).

4. Conclusions

Two-dimensional, fluid-kinetic simulations have been
undertaken to investigate a capacitively coupled, hollow
cathode enhanced discharge driven by a dual-frequency
voltage waveform. Control over the dc self-bias voltage has
been demonstrated by varying the phase offset between the
fundamental frequency (13.56MHz) and 1st harmonic
(27.12MHz). This is in contrast to discharges driven by
single rf frequencies where only limited control can be
achieved for a constant peak-to-peak voltage. The dc self-bias
modulation was found to vary by 10%–15% over an applied
peak-to-peak voltage range of 600–1000V. This modulation
was found to decrease approximately linearly with increasing
voltage and decrease nonlinearly with increasing reactor
pressure. Resulting secondary ionization rates within the
cavity can be regulated by a factor of 3 and plasma densities
were demonstrated to increase by 40% over a 360° range of
phase offsets. As a result of the enhanced control over the dc
self-bias voltage, and resultant ionization rate, increased
flexibility in the design of plasma processing reactors is
achieved through the HCE.

Figure 9. Normalized powered electrode dc self-bias voltage as a
function of first harmonic phase offset for varying (a) applied peak-
to-peak voltage and (b) argon pressure. The dashed lines represent
zero dc self-bias voltage, solid lines added for clarity. Dual-
frequency operation, pressure varied forVpp =800V, voltage varied
for a pressure of 133.3Pa (1Torr).

Figure 10. Spatial distributions of time-averaged secondary ioniz-
ation rates at 210q =  for (a)66.6Pa (0.5Torr) and (b)200Pa
(1.5Torr). Profiles of the secondary ionization rates along the inner
cavity central axis (R=5mm) are shown in (c) for varying reactor
pressures. Dual-frequency operation at 800Vpp.
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Data underpinning the figures in this manuscript can be
accessed at: http://doi.org/10.15124/3769f706-3c5d-4594-
9083-73e9fb99de09
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