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The electron bounce resonance heating (BRH) in dual-frequency capacitively coupled plasmas
operated in oxygen and argon has been studied by different experimental methods. In comparison
with the electropositive argon discharge, the BRH in an electronegative discharge occurs at larger
electrode gaps. Kinetic particle simulations reveal that in the oxygen discharge, the bulk electric field
becomes quite strong and is out of phase with the sheath field. Therefore, it retards the resonant
electrons when traversing the bulk, resulting in a suppressed BRH. This effect becomes more
pronounced at lower high-frequency power, when the discharge mode changes from electropositive
to electronegative. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4751984]

Recently dual-frequency (DF) capacitively coupled plas-
mas (CCPs) have attracted increasing attention due to their
interesting physics and particularly wide applications. Elec-
tron heating by the time-varying fields is fundamental for the
operation of various rf plasmas,'™ and the two typical heat-
ing mechanisms, i.e., Ohmic and stochastic heating, have
been extensively studied over the past two decades.”™®
In recent years, due to the growing industrial applications of
rf discharges in the mTorr range, it becomes also increas-
ingly important to understand the collisionless heating in rf
discharges.*™®

The so-called “hard wall” model has been frequently
employed as a paradigm to describe the collisionless heating.
A phase randomization mechanism, which breaks the phase
coherence between the electron motion and the electric field,
is generally assumed, so that the electrons can gain net energy
over a rf period.>” Most earlier studies generally considered
electron collisions with only one oscillating sheath. However,
the so-called “double-sheath coherent heating,” now generally
called “bounce resonance heating (BRH),” has been eluci-
dated in a particle-in-cell (PIC) Monte Carlo collision (MCC)
simulation by Wood” for a CCP at low pressure (~3 mTorr).
The BRH occurs in low pressure CCPs, when the driving fre-
quency and electrode gap satisfy certain conditions, so that
high-energy beamlike electrons created by one sheath expan-
sion are bounced back and forth between two sheath edges,
during which they can gain energy in each collision with ei-
ther of the expanding sheaths, and consequently they can be
heated by the two sheaths coherently. This BRH was later
also studied by theories,*® modeling,'® and experiments."'
However, in some cases,'™!" the resonant electron energy is
too small to affect the overall discharge. Recently, the BRH
effect has been experimentally observed' in DF CCPs, and it
was found to markedly enhance the discharge performance
under certain conditions.

Generally, most studies of electron heating have focused
on Ar discharges. However, in real applications, electronega-
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tive gases are most frequently employed. They are different
from electropositive gas discharges in some basic, important
features, such as the development of double layers,'*'* a
strong electric field and thus a high ionization rate in the
bulk,"” more pronounced modulation of the bulk electric
field,'®'” and a discharge mode transition induced by voltage
or pressure.'® " These pronounced differences will have a
substantial impact on the BRH, and the resultant electron
energy probability function (EEPF) determines the basic dis-
charge dynamics, such as dissociation, excitation, and ioni-
zation in electronegative discharges. Therefore, it is of
fundamental importance to study the features of BRH in
electronegative discharges.

In this letter, we investigate the BRH effects in a
capacitive O, discharge with weak electronegativity
(=n_/n, < 12) by a combination of different approaches:
(i) a floating double probe to measure the positive ion density
at the discharge center; (ii) a hairpin resonant probe to deter-
mine the electron density at the discharge center; (iii) an op-
tical probe to detect the radially integrated light intensity at
the center between both electrodes; and (iv) PIC MCC simu-
lations to provide a description of the discharge dynamics
and information about the spatiotemporal distribution of var-
ious plasma quantities. The combination of these approaches
will elucidate the different behavior of BRH in electroposi-
tive and electronegative discharges.

Our experiments are performed in a parallel-plate DF
(2/60 MHz) capacitive discharge chamber.?' When conduct-
ing the optical measurements, the O, discharge is diluted
with 5% Ar, as it is difficult to probe the emission from the
direct excitation of molecule O,. The measured electron den-
sity by the hairpin probe is corrected by using the fluid
model described by Piejak.”” In the experiment, we will
compare the different behavior of BRH in Ar and O, and
study the effect of high-frequency (HF) power on the BRH
in the O, discharge.

Our simulations, which serve as a numerical explanation
of the experiments of O, and Ar discharges, are based on the
standard one-dimensional in space three-dimensional in
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FIG. 1. Experimental measurements: positive ion and electron density
(a) and light emission intensity (b) versus gap length, in Ar (black) and O,
(red lines) discharges, at a fixed HF and LF power of 30 W and 100 W,
respectively. All measurements are conducted at the center of the discharge
gap. The light emission is detected for the Ar line at 811.5nm and divided
by the average intensity. Note that the pressure increases from 1.3 Pa in Ar
to 4.0 Pa to sustain the O, discharge.

velocity (1D3V) electrostatic PIC MCC method. More
details can be found in Ref. 21. To shed light on the BRH
behavior at different HF powers in the experiments of O,
we compare the spatiotemporal distribution of various
plasma quantities (i.e., the electron impact ionization rate,
bulk electric field, trajectory of a typical bouncing electron
and its energy) for a range of HF voltages. In the case of the
O, discharge, the charged particles 07, O™, and the elec-
trons are traced using cross sections from Ref. 23. For Ar,
the cross sections are the same as in Ref. 21.

Fig. 1 illustrates the measured positive ion density and
electron density (a) as well as the emission intensity (b) ver-
sus gap length L, at a fixed HF and low-frequency (LF)
power of 30W and 100W, for the Ar and O, discharge
(black and red curves, respectively). The Ar" ion density is
measured in absolute terms, whereas the O; density is only
obtained in relative terms. The BRH effect is illustrated by
the peak in ion and electron density and emission intensity at
a certain gap length, called the resonant gap length. From
this figure, the differences of the BRH effect between Ar and
O, discharges can be generally summarized as followings.

(i) Compared with the Ar discharge, the most significant
BRH effect in the O, discharge occurs at a somewhat
larger gap, with the resonant peak broadened. The
larger resonance gap and broader peak in the O, dis-
charge is related to the electronegative discharge struc-
ture. In experiments, for instance, we observe an
abnormal bright region, i.e., a double-layer structure,
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in the sheath region, as will be presented in a forth-
coming paper.”* In simulations, we observed a nar-
rower bulk region and higher bulk electric field, as
demonstrated below. The latter will influence the BRH
in a subtle, but important manner, as explained below.
Note that the position of the resonance peak is almost
independent of the pressure in both Ar*' and O,.**

(i) AtL > 2.5 cm, the positive ion and electron densities
drop monotonously in the O, discharge upon increas-
ing L, while the plasma density rises in the Ar case.
This is due to the more significant drop of the BRH
with increasing L in the O, discharge, as can be
observed from the light intensity curve in Fig. 1(b). It
is worth to mention that our PIC MCC simulations
have qualitatively reproduced the experimental density
curves both in Ar and 02.24

(iii) Comparing the O3 ion and electron density in the O
discharge in Fig. 1(a), we can see that with decreasing
L from 6 to 2.5cm, the O ion density increases by a
factor of 1.8, while the electron density increases only
by a factor of 1.1. Hence, at lower L, the electronega-
tivity increases, which agrees qualitatively with the
PIC MCC simulation (see below). This is attributed to
the fact that for lower values of L, the electron disso-
ciative attachment reaction ¢+ 0O, — O+ 0O is
enhanced by the BRH, since this reaction has a consid-
erable cross-section at ¢ > 20 eV, which lies well in
the high-energy tail of the EEPF due to the BRH.

In order to understand better the underlying physics of
the BRH effects, we analyze the different discharge structure
in Ar and O, based on PIC MCC simulations. Fig. 2 illus-
trates the simulation results for 1.3 Pa in Ar (a) and 2.7 Pa in
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FIG. 2. PIC MCC simulation results obtained for 2 HF periods: spatiotempo-
ral ionization rates ((al) and (bl)), electric field inside the bulk and the tra-
jectory (black solid line) of a typical bouncing electron ((a2) and (b2)), and
its kinetic energy ((a3) and (b3)). The figures (a) and (b) correspond to Ar
and O, respectively. The HF and LF voltage are 75V, the electrode gap is
2cm, and the pressure is 1.3 Pa in Ar and 2.7 Pa in O,. Note that in figures
(a2) and (b2), the thick blue and red dashed arrows indicate the direction of
the electric field inside the bulk and the thin dashed black lines indicate the
zero electric field contour line, to indicate where the bulk electric field
changes direction.
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the O, discharge (b) at fixed HF and LF voltages of 75V and
an electrode gap of 2 cm, during two HF cycles. The top fig-
ures (al) and (bl) show the ionization rates, the middle fig-
ures (a2) and (b2) denote the bulk electric field and the
typical trajectory of a bouncing electron (black curve),
whose energy is plotted in the bottom figures (a3) and (b3).
Comparing Fig. 2(a2) with Fig. 2(b2), we can see that the
electric field in the bulk is stronger in O, (~ 10V /cm) and
out of phase with the sheath field. This affects the BRH in
two ways. On one hand, the low-energy electrons can obtain
a substantial amount of energy from the high bulk electric
field in O, so that their energy is beyond the minimum
energy needed to join the BRH.'>?!' Some of these electrons
may be assigned a large axial momentum by elastic colli-
sions and collide with the sheath more efficiently. This
enhances the BRH. On the other hand, and more importantly,
the high-energy resonant electrons in O, will be retarded by
the electric field reversal when traversing the bulk to the
other electrode, resulting in a suppressed BRH, especially at
strongly electronegative discharge conditions.

To elucidate the importance of the latter effect, we study
the influence of the bulk electric field reversal on the high-
energy bouncing electrons in detail. In Ar, we clearly see the
electron beam bouncing between the two sheath edges, i.e.,
the BRH, from Fig. 2(al) (marked by the black dashed arrow).
In Figs. 2(a2) and 2(a3), one can see that a typical resonant
electron sees a weak bulk electric field (~ 1 V/cm) and its
energy is almost constant when traversing the bulk. However,
as seen in Fig. 2(a3), the electron clearly gains energy over
1 rf cycle.

In the electronegative O, discharge, on the other hand,
the energetic beamlike electrons (marked by the black
dashed arrow in Fig. 2(bl)) created by one-side sheath
expansion are retarded and even repelled by a considerable
bulk electric field reversal (~10 V/cm) (see Fig. 2(b2))
when penetrating into the plasma bulk. Hence, only the high-
energy electrons can overcome this reversed bulk electric
field and arrive at the opposite sheath at its expanding phase,
where they obtain energy again so that BRH occurs. The
repelled electrons, together with many other electrons that
obtain energy only from the high bulk electric field, produce
a visible ionization and their trails can be easily identified by
the ionization zone (marked by the red dashed arrow in
Fig. 2(b1)). However, the beamlike electrons, that suffer no
collisions during their trajectory, arrive at the collapsing
sheath and become decelerated. From Figs. 2(b2) and 2(b3),
one can clearly see that a typical resonant electron always
undergoes the reversal (retarding) electric field and loses its
energy every time when traversing the bulk. In this sense,
the BRH is suppressed by the bulk electric field in the elec-
tronegative discharge. However, since the bulk electric field
is not strong enough, in general, the energy of a resonant
electron still increases over 2 rf cycles.

The effect of HF power Py on the BRH in the O, dis-
charge is shown in Fig. 3, which displays the measured rela-
tive O ion density and emission intensity versus L at
different values of Py with a fixed P, of 100 W and a pres-
sure of 4.0 Pa. At lower Py, both the O; ion density and the
plasma emission peaks gradually drop and almost disappear
at Py = 20 W, which indicates a suppressed BRH. It should
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FIG. 3. Experimental measurements in the O, plasma: (a) relative OF ion
density and (b) emission intensity (Ar line: 811.5 nm) at the discharge center
versus L, at a range of HF powers Py for a fixed LF power P of 100 W, at a
gas pressure of 4.0 Pa. Note that the measured positive ion density has only
relative values, because the ion Bohm velocity needs to be corrected accord-
ing to the electronegativity in the sheath.

be noted that the results are quite different from the electro-
positive Ar discharge, where the BRH is hardly affected by
Py.2! This is attributed to the fact that the O, discharge
experiences a mode transition from electropositive to elec-
tronegative due to the lower amount of sheath heating with
the drop of Py. This mode transition induced by the driving
voltage has been observed in CCPs with other electronega-
tive gases as well.'®!?

To reveal the different behavior of the BRH by changing
the HF voltage Vi, we do again an analysis based on the PIC
MCC simulations. In Fig. 4, simulation results are presented
for the O, discharge in two HF cycles, at different values of
Vi, i.e.,200V, 75V, and 50 V with a fixed V;, of 50V, a gap
of 2cm, and a pressure of 4.0Pa. By decreasing Vy from
200V in Fig. 4(a) to 50V in Fig. 4(c), our simulations pre-
dict that the discharge experiences a mode transition from
electropositive (o« = 0.3) to electronegative (o« = 11). In the
electropositive discharge (Fig. 4(a)), at a resonance gap of
2cm, we see that the high-energy beamlike electrons
(marked by the black dashed arrow) are bounced back and
forth between the two sheath edges. From Figs. 4(a2) and
4(a3), one can see that a typical resonant electron sees a
weak bulk electric field (~1V/cm) when traversing the
bulk, similar to the Ar discharge in Fig. 2(a). With decreas-
ing Vy, the O, discharge becomes more electronegative, and
consequently the electric field in the bulk increases
(~10V/cm; see Fig. 4(b2)). As Vy drops further to 50 V, the
electronegativity and the electric field in the bulk increase
further (up to 15 V/cm; see Fig. 4(c2)), and in this case, even
the much higher energy electrons can be repelled by the elec-
tric field when traversing the bulk to the other electrode, as
shown in Fig. 4(c1), hence the BRH is greatly suppressed. In
other words, the high electric field reversal inside the bulk
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FIG. 4. PIC MCC simulation results
obtained for 2 HF periods in the O,
plasma at V; =200V (a), 75V (b), and
50V (c): spatiotemporal ionization rates
((al), (bl), and (c1)), electric field inside
the bulk and the trajectory (black solid
line) of a typical bouncing electron ((a2),
(b2), and (c2)), and its energy ((a3),
(b3), and (c3)). The electrode gap is
2cm, the LF voltage is 50V, and the
pressure is 4.0Pa. Note that in figure
(a2), (b2), and (c2), the thick blue and
red dashed arrows indicate the direction
of the electric field inside the bulk and
the thin dashed black lines indicate the
zero electric field contour line.
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decelerates these electrons bouncing between two expanding
sheath edges and consequently suppresses the BRH, which
explains the drop of the O ion density and emission inten-
sity at the resonance gap when Py decreases in the experi-
ments shown in Fig. 3.

In particular, when the bulk electric field is strong
enough, the electron energy loss to the reversal electric field
can become comparable or even larger than the energy
gained from the expanding sheath, so that the BRH cannot
happen. This situation will be more common in more
strongly electronegative discharges, such as, CFs and SFg,
where the bulk electric field reaches values up to 40 V/cm.'®

In conclusion, we investigated the different behavior of
collisionless electron BRH in low-pressure DF electropositive
and electronegative CCPs. In comparison with the electroposi-
tive Ar discharge, the BRH in the electronegative O, discharge
occurs at a larger electrode gap. This is related to the O,
discharge structure, i.e., the development of a double layer in
the sheath, the narrower bulk region and higher electric field
reversal in the bulk. PIC MCC simulation indeed shows that in
the O, discharge, the bulk electric field reversal becomes quite
strong and is out of phase with the sheath field, hence retarding
the resonant electrons when traversing the bulk, resulting in a
suppressed BRH. This was further confirmed experimentally
in the O, discharge by the fact that with lower HF power, the
resonance peaks in positive ion density and emission intensity
drop. This is attributed to the enhancement of the electric field
reversal in the bulk when the discharge shifts from electroposi-
tive to electronegative mode with the drop of HF power. This
electric field structure is not exclusive for O,. It is a general
property for electronegative discharges operating in a higher
frequency (~60 MHz). O, is classified as a weak electronega-
tive gas, so the rf discharge structure may differ from strongly
electronegative gases, such as, CF,4 and SFs, where we expect
different features of the BRH.
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