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Abstract

The electron heating and the electrical asymmetry effect (EAE) in electronegative
dual-frequency capacitive CF, discharges are investigated by particle-in-cell simulations and
analytical modeling. One electrode is driven at 13.56 and 27.12 MHz with fixed but adjustable
phase shift, 6, between the driving harmonics. First, the electron heating and ionization rates
are studied, space and time resolved, for different phase shifts and pressures. The results are
compared with those obtained for an electropositive gas (argon). In contrast to classical «- or
y-mode operation, we observe the electron heating and ionization rates to be high inside the
bulk. This bulk heating mode is a consequence of the high electronegativity of CF, discharges,
where the conductivity in the bulk is low due to the low density of electrons. Thus, a high
electric field builds up to drive the RF current through the bulk causing a high electron mean
energy and ionization rate in the discharge center. Second, we investigate the consequences of
the bulk heating on the EAE. We focus on the electrical generation of a dc self-bias as a
function of 6 and the quality of the separate control of the ion mean energy and flux at the
electrodes by tuning 8. Compared with argon discharges the high voltage drop across the
plasma bulk and the specific ionization dynamics affect the bias generation and the separate
control of ion properties. These effects are described and explained by an analytical model.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Capacitively coupled radio frequency (CCRF) discharges
are frequently used for applications such as plasma etching
or plasma enhanced chemical vapor deposition (PECVD)
processes in the frame of semiconductor manufacturing
and the creation of biocompatible surfaces [1,2]. These
applications usually require complex mixtures of reactive,
often electronegative gases such as CF,, which is widely
used to etch silicon and silicon dioxide [1]. Generally,
these processes are sensitive to the energy and the flux
of ions bombarding the substrate. Thus, a detailed
understanding of electron heating and methods to control
the ion mean energy, (E;), at the electrodes separately from
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the ion flux, T, in reactive electronegative gases is most
important.

Electron heating in electropositive CCRF discharges has
been studied intensively using experiments, simulations and
models [3—16]. It was found that these discharges are usually
operated in either «-mode (low pressure and/or voltages) or
y-mode (high pressures and/or voltages), where the electron
heating and ionization are dominated by sheath expansion
heating and secondary electrons, respectively [17-19]. In
a-mode also field reversals during sheath collapse can cause
significant electron heating and ionization [ 18, 20-23]. In both
modes, the ionization and heating rates as well as the mean
electron energy typically peak around the sheath edges and are
low inside the bulk.
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Previous investigations of CF, discharges have demon-
strated this gas to be reactive and electronegative [24—40]. In
contrast to electropositive discharges a different heating mode
was observed in time averaged results of simulation studies
of CF, discharges. This mode is characterized by a high ion-
ization and electron mean energy in the plasma bulk [29-31].
A similar bulk heating mode has also been observed in other
strongly electronegative gases such as SiH, [41] and SFg [42],
where a strong electric field in the bulk was found to accel-
erate electrons to high energies causing significant ionization
in the discharge center. Proshina e al [30] and Denpoh et al
[31] investigated the transition of CF, discharges from classi-
cal electron heating into the bulk heating mode and observed
it to depend on the discharge pressure and driving voltage. In
order to obtain a detailed understanding of the bulk heating and
the transition from classical heating into the bulk heating mode
in CF, discharges, time resolved investigations of the electron
heating rate and ionization dynamics are clearly required.

In order to realize separate control of (E;) and I'; at the
electrodes, hybrid plasma sources (RF-DC [43, 44], capacitive-
helicon [45-47], capacitive-inductive [46,48,49]) or dual-
frequency (df) capacitive RF discharges [50-54] can be used.
In classical df discharges operated at substantially different
frequencies, e.g. 2 MHz and 27 MHz, ( E;) and T'; are controlled
by the low frequency (If) and high frequency (hf) voltage
amplitude, ¢ and ¢y, respectively. However, studies of the
electron heating in such discharges have revealed a strong
coupling between both frequencies that limits the quality of
this separate control [55-61], which is additionally reduced by
the effect of secondary electrons [61-63].

In contrast to such classical df discharges, the quality of the
separate control of ion properties was found to be significantly
better in discharges driven by a fundamental frequency and
its second harmonic with fixed, but adjustable phase shift,
0, between the driving harmonics. In such discharges, a dc
self-bias, 7, is generated electrically as a function of 6 via
the electrical asymmetry effect (EAE) [64-76] and (E;) can
be controlled separately from I'; by adjusting 6, avoiding
any frequency coupling and suppressing negative effects of
secondary electrons [63]. Previous investigations of the EAE
have mostly been limited to fundamental studies in argon,
except those of Hou et al in pure oxygen [74], where the EAE
was found to work similarly compared with electropositive
discharges. More detailed studies in other gases relevant for
applications are therefore necessary.

Here, we investigate electrically asymmetric df discharges
in CF, by particle-in-cell simulations complemented with
Monte Carlo treatment of collision processes (PIC/MCC) at
different pressures and values of 6. First, we study the electron
heating and ionization dynamics. At low pressures, we find
a-mode heating to be dominant, while the discharge is operated
in the bulk heating mode at high pressures. We investigate
the bulk heating mode in more detail by studying plasma
parameters such as the electron heating and ionization rates,
space and time resolved within the hf period. We find the bulk
heating to be caused by a high reduced electric field, E/n, in
the discharge center and a high voltage drop across the plasma
bulk. This, in turn, is caused by the strong electronegativity

of the discharge, i.e. the low number of electrons and low
conductivity inside the bulk that require a strong electric field to
drive the RF current through the discharge center. We compare
our results with those derived from simulations of argon
discharges operated in o-mode under identical conditions
and find the ionization dynamics to work differently in CF,.
Second, we study the consequences of the bulk heating mode
on the EAE with focus on the separate control of (E;j) and T';.
Again, we compare our results with those obtained for argon
to point out differences to electropositive discharges. We find
the electrical generation of the dc self-bias to be affected by
the high voltage drop across the plasma bulk and the specific
ionization dynamics in the bulk heating mode. These effects
are described and explained by an analytical model.

The paper is structured in the following way: in the second
section, the PIC/MCC simulation is described including all
collision processes taken into account. Then, the analytical
model of the EAE used to describe the electrical generation of
a dc self-bias as a function of 6 is introduced. In the fourth
section, the simulation results are presented. This section is
divided into two parts: in the first part, the electron heating and
ionization dynamics in electrically asymmetric df discharges
are investigated with focus on the bulk heating in CF4. The
results are compared with electropositive argon discharges. In
the second part, the consequences of the bulk heating on the
EAE and the separate control of the mean ion energy and flux
at the electrodes are discussed and understood by an analytical
model. Finally, conclusions are drawn in section five.

2. Simulation method

We use a one-dimensional (1D3V) bounded PIC/MCC code
to investigate electron heating and the EAE in geometrically
symmetric df discharges in pure argon and pure CFy,
respectively. The following voltage waveform, P(1),1s applied
to one electrode, while the other electrode is grounded:

q~5(t) = ¢rcos 2 ft +60) + ¢ys cos (4 ft). €))]

Here, ¢ is time and f = 13.56 MHz. The electrodes are
assumed to be plane parallel and separated by a distance d =
2.5cm. The gas temperature is 350 K. Ton induced emission
of secondary electrons is taken into account (y = 0.1).
Electrons hitting the electrode are reflected with a probability
of 20% [77]. Simulations are performed at 30 and 50 Pa for
different values of 6 between 0° and 90° (in 10° steps). Equal
voltage amplitudes of both driving harmonics are used, i.e.
¢ = ¢dpe = 100V at 30Pa and ¢y = ¢ = S0V at 50 Pa.
Thus, identical conditions in argon and CF,4 discharges are
investigated at each neutral gas pressure.

The dc self-bias, n, is determined iteratively in the
following way: at the initialization of the simulation a bias of
0V is set. After executing the simulation for a given number
of hf cycles (typically 50), the fluxes of the positively and
negatively charged particles to each of the two electrodes are
evaluated. Depending on the balance of these fluxes, the bias
is changed by a small value. This procedure is continued until
the bias reaches a converged value and the charged particle
fluxes to each of the two electrodes balance.
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Table 1. List of electron—CF, collisions considered in the model.
E| is the energy threshold in eV.

Collision type Product Ej
Elastic momentum transfer 0
Vibrational excitation 0.108
Vibrational excitation 0.168
Vibrational excitation 0.077
Electronic excitation CF; 7.54
Dissociative ionization CF}* 41
Dissociative ionization CF; 16
Dissociative ionization CF}* 42
Dissociative ionization CF; 21
Dissociative ionization CF* 26
Dissociative ionization Cc* 34
Dissociative ionization F* 34
Attachment F~ 0
Attachment CF; 0
Neutral dissociation CF; 12
Neutral dissociation CF, 17
Neutral dissociation CF 18

For the simulations in pure argon, the cross sections for
electron—neutral and ion—neutral collisions are taken from
Phelps and Petrovi¢ [78-80]. For the argon ions, elastic
collisions with the neutral gas atoms are divided into an
isotropic and a backward part. Details of the code for argon
can be found elsewhere [57, 63, 66].

For the simulations in CFy, four types of charged species,
i.e. CF;, CF;, F~ ions and electrons, are traced in the code.
These charged particle species were found to be the dominant
species by earlier studies [24-30]. Additional electron-impact
collision processes resulting in the formation of other types
of charged species are assumed to affect only the electron
kinetics, but their products are not traced in the simulation.
The electron—neutral collision processes taken into account
are listed in table 1. The cross sections for e —CF4 collisions
are taken from [81], with the exception of electron attachment
processes (producing CF; and F~ ions), which are taken from
Bonham [82].

The ion—-molecule reactions in CF4 involve numerous
channels and there is a large number of reaction processes,
which could be taken into account in a simulation [24, 29, 83].
Here, we consider a set of collision processes including
reactive as well as elastic collisions of different ions with CF4
molecules. These processes are listed in table 2. The treatment
of ion—neutral collisions is based on previous work [25, 83, 84].

Recombination processes between positive and negative
ions as well as between electrons and CF} ions are simulated
according to the procedure of Nanbu and Denpoh [85].
The rate of electron-CF} recombination is taken from
Denpoh and Nanbu [31]. Different values for the ion—ion
recombination rate coefficients ranging from 1 x 10713 m3s~!
to 5.5 x 1073 m3s~! can be found in the literature [24, 29,
30,86, 87]. We use the value provided by Rauf and Kushner
[86],1 x 1073 m3s~!, in order to ensure consistency with our
previous simulation studies of CF, discharges [28]. However,
we perform simulations for distinct sets of discharge conditions
using also the higher recombination rate of 5.5 x 10~13 m3 s~!
[30] to check the sensitivity of our results on this input

Table 2. Ion—-CF, collisions considered in the simulation. Ej is the
energy threshold in eV.

Projectile  Reaction Ey
CF; CF; +CF, — CF; +CF, + F 5.843
CF; CF; +CF, — CF; +CF; +F 5.621
CF; CF} + CF, — CF; + CF, 0
CF; CF; +CF; — CF, +CF; +e~  1.871
CF; CF; +CF, —» CF; +CF; +F  5.621
CF; CF; +CF; — CF, +CF, +F~ 1.927
CF; CF; + CF; — CF; +CF, 0

F~ F-+CF; > CF;+F+e™ 3.521
F~ F-+CF, > CF;+F +F 5.621
F~ F~ +CF, - F +CF, 0

Table 3. Recombination processes considered in the simulation.
The ion and electron temperatures, 7; and T, respectively, are given
in eV. The ion—ion recombination rates in parentheses correspond to
the maximum values found in the literature, which are used for some
distinct sets of discharge conditions to test the sensitivity of our
results on this parameter.

Reaction Rate coefficient (m>s~!)
CF{+e  3.95x 10-57717,05

CF} +F~ 1 x 1071 (5.5 x 10~13)
CF; +CF; 1x 10713 (5.5 x 10713)

parameter. The recombination processes and rates taken into
account in the simulation are listed in table 3.

The processes listed in tables 1-3 are believed to be the
dominant reactions influencing the electron kinetics and the
charged particle balance for the major ionic species. However,
it has to be noted that the chemistry considered here is largely
simplified compared with that taking place in an experimental
plasma reactor. We neglect a number of ionic species created
by dissociative ionization, as well as all the neutral radicals and
all their reactions taking place at the walls. Nonetheless, we
expect our model to capture the basic features of electrically
asymmetric CF, discharges and trust that the prominent effects
discussed here will be confirmed in forthcoming experiments.

3. The analytical model of the EAE

The analytical model of the EAE has been developed by
Czarnetzki et al [65,76]. Here, only a short introduction of
the model is presented and its analytical expression for the dc
self-bias, n, is derived, which is later used to model the EAE
in CF, discharges. The model is based on the voltage balance
of CCRF discharges:

() +1 = Pp(t) + Psg (1) + i (2). 2)

Here, ¢(¢) is the applied voltage waveform as a function of time
(equation (1)), ¢sp(7), ¢pss(?) are the voltage drops across the
sheath at the powered and grounded electrodes, respectively,
and ¢y (¢) is the bulk voltage at a given time within the RF
period. Combining equation (2) at the time of maximum and
minimum applied voltages yields an analytical expression for
the dc self-bias normalized by the amplitude of the driving
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Figure 1. Driving voltage waveform (left) and electron conduction current density in the discharge center (right) as a function of time within
one If period for different values of 8 in an electrically asymmetric df CF, discharge at 50 Pa, ¢y = ¢,y = S0 V.

voltage waveform, ¢y + ¢ [65,76]:

= = f f
1 (_ ¢max + 8¢min + ¢sp + 8¢sg 4 ¢r?1ax + 8¢Eﬁn)

¢1f+¢hf 1+e¢ 1+e¢ 1+e¢

n=

3

Here, 7 is the normalized dc self-bias, zj;max, q?min are the
maximum and minimum of the driving voltage waveforms,
¢§p, ¢:g are the floating potentials at the powered and grounded
electrodes, and ¢°,., ¢P. are the voltage drops across the
plasma bulk at the time of maximum and minimum applied
voltages, respectively. Note that ¢>Sfp, qbgﬁn < 0V, whereas

Ply» Brax > OV. & is the symmetry parameter:

= <ﬂ>2@ <%)2£' 4)
Ag ﬁsg Qmp Isp

Here, |¢gpl, ¢sg are the maximum voltage drops across the

¢sg

¢’sp

E =

sheath at the powered and grounded electrode (¢Aﬁsp < 0V,
é&sg > 0V). Ap, Ag are the surface areas of the powered
and grounded electrodes (here: A, = Ag), Omp, Omg are the
maximum uncompensated charges in each sheath, and 7y, nge
are the mean effective charge densities in the respective sheath:

Jy'* Inces () = np=(x) = nee; (1)1 d

Msp,sg =

. )

Sp.g

where x is the distance from the respective electrode and
ncry (x), np-(x), ncg; (x) are the space-dependent densities
of CF}, F~ and CF; ions in the sheath. §p, ¢ 18 the maximum of
the time-dependent sheath width at the powered and grounded
electrode, sp ¢(t), calculated according to Brinkmann [88]:

Sp.e(t) dj2
[ ne(x, t)dx = / [ncp: (x) — np-(x) — neg; (x)
0 Sp.g (1)

—ne(x, t)]dx. 6)

Here d is the electrode gap. In equation (4) Iy, and Iy, are
the sheath integrals for the powered and grounded electrode

sheath, respectively:

1
Isp,sg = 2/0 Psp,g(ép,g)ép.g dép.ga @)

with &, = x/gp,g and psp,g(‘i:p,g) = [”CF;(X) — np-(x) —
ncpz—(x)]/fzsp,sg. Generally, 1 < Iy < 2 depending on
the ion density profiles in the respective sheath (typically
L/ I ~ 1, [65]).

4. Results

4.1. Electron heating in electrically asymmetric df CFy
discharges

We investigate discharges driven by a voltage waveform ac-
cording to equation (1) in pure CF4 at 30 Pa (¢ = ¢pr =
100 V) and 50 Pa (¢ = ¢ps = 50 V) for different phase shifts
between the driving harmonics of 8 = 0°, 50°, 90°. The re-
sults are compared with electropositive argon discharges at
50Pa (¢1r = ¢ne = S0V). Figure 1 shows the driving voltage
waveform (left plot) and the electron conduction current den-
sity in the discharge center (right plot) for different values of 6
in a CF, discharge operated at 50 Pa as an example. The main
results of our simulations are shown in figure 2 (charged parti-
cle density profiles), figure 3 (electron heating rate) and figure 4
(ionization rate, generation of Ar*/CF}). In each plot, the first
row shows simulation results for argon discharges at 50 Pa,
whereas the second and third rows correspond to discharges
operated in CF, at 30 Pa and 50 Pa, respectively. Each column
contains results for a particular value of 6 (first column: 6 = 0°,
second column: 8 = 50°, third column: & = 90°). First, we
concentrate on the analysis of the data at & = 0° to study basic
features of the electron heating and ionization dynamics in CFy4
as well as differences to electropositive discharges. Second,
we discuss the results for other values of 6.

For 6 = 0° we observe time averaged charged
particle density profiles typical for electropositive argon
and electronegative CF,; discharges (figure 2, [24-30]).
The CF, discharges (second and third rows) are strongly
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Figure 2. Time averaged charged particle densities in df discharges operated at 13.56 MHz + 27.12 MHz for different values of 6. First row:
Ar, 50Pa, ¢ = ¢pe = 50V. Second row: CFy, 30 Pa, ¢y = ¢pps = 100 V. Third row: CF;4, 50 Pa, ¢y = ¢pe = S0V.

electronegative, i.e. the electron density is significantly lower
than the negative ion density. The electronegativity increases
as a function of pressure due to the enhanced electron
attachment at higher pressures. The dominant negative ion
species is F~, whose density is several times higher compared
with CF; . The negative ions are confined to the electronegative
central region of the discharge, whereas the sheath regions
adjacentto both electrodes are electropositive. Atthe transition
point between the electronegative core and electropositive edge
region a local maximum of the electron density is observed
[24-30]. For 6 = 0°, the density profiles are approximately
symmetric with respect to the discharge center.

The spatio-temporal distribution of the electron heating
rate (figure 3) in electropositive argon discharges is dominated
by sheath expansion heating. There is no significant heating in
the plasma bulk, since the electric field in the discharge center
is low, such as shown in figure 5. This, in turn, is caused by the
high electron density in the discharge center, which leads to a
high bulk conductivity, o. Thus, only a low electric field, E,
is required to drive a given RF current, j, through the plasma

bulk:

ﬁb62

j=0FE with o = . ®)
MeVin

Here ny, is the effective electron density in the bulk, e is the

elementary charge, m. is the electron mass and vy, is the

electron—neutral elastic collision frequency.

The top plot of figure 5 shows the profile of the reduced
electric field at the time of maximum electron heating at
6 = 0° for the different discharge conditions investigated
here. For argon (black solid line), the reduced electric field
in the bulk is approximately 25 Td at this time (¢ 14 ns).
According to electron swarm studies [89,90], this value is
too low to cause significant ionization. Figure 6 shows the
spatio-temporal distribution of the mean electron energy for
6 = 0°. In argon, the mean electron energy is low in the
bulk and only slightly time modulated due to the propagation
of highly energetic electron beams into the bulk generated by
the expanding sheaths [19]. The propagation of these beams
is indicated by the arrows in the top plot of figure 6. The
modulation of the mean electron energy is small, since the
number of highly energetic beam electrons is small compared
with the number of cold bulk electrons [19] and the mean
electron energy is calculated by averaging over all electrons
at a given position and time. Inside the sheaths (gray areas
in figure 6) the mean electron energy is high, since the only
electrons present in this region are highly energetic secondary
electrons. The spatio-temporal ionization rate in argon
discharges is dominated by sheath expansion heating (figure 4),
i.e. the discharge is operated in o-mode. The observed
ionization dynamics in electrically asymmetric df discharges
operated in «-mode has been described and understood by an
analytical model based on the generation of highly energetic

I
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Figure 3. Spatio-temporal distribution of the electron heating rate in df discharges operated at 13.56 MHz + 27.12 MHz for different values
of 0. First row: Ar, 50 Pa, ¢x = ¢y = 50 V. Second row: CF4, 30 Pa, ¢y = ¢ppr = 100 V. Third row: CF4, 50 Pa, ¢y = ¢pe = S0V. The
color scale is given in 10* W m~ and is the same for all plots in one row. The arrows indicate the momentary direction and relative
amplitude of the electron acceleration (reversed direction of the electric field) in the plasma bulk.

electron beams by the expanding sheaths [72]. Generally, the
maxima of the electron heating and ionization rates do not
occur at the same time, but the ionization rate peaks a few
nanoseconds later than the electron heating rate. This delay
is caused by the time required to accelerate electrons above
the threshold energy for ionization and to undergo an ionizing
collision.

In CF, discharges, the electron heating and ionization
dynamics work differently. Due to the high electronegativity
and low electron density in the discharge center, the bulk
conductivity is low and a high electric field in the discharge
center is required to drive a given RF current through the bulk
(equation (8)). The times of strongest current density in the
bulk agree with the times of strongest electron heating rate such
as shown in the right plot of figure 1 and in figure 3 for a CF4
discharge at 50 Pa. The top plot of figure 5 shows the spatial
profile of the reduced electric field at the time of maximum
electron heating/current also for the two pressures investigated
in CF, discharges at 6 = 0° (30 Pa—¢ ~ 11 ns: blue dashed
line, 50 Pa—¢ ~ 16ns: red dotted line). In these strongly
electronegative discharges, the reduced electric field in the bulk

is approximately 200-250 Td, which is high enough to cause
significant ionization [89,90]. Consequently, the electron
heating in the bulk increases significantly (figure 3) resulting in
a high mean electron energy (figure 6) and ionization (figure 4)
in the discharge center. The local extrema of the reduced
electric field at the sheath edges coincide with the local extrema
of the electron density at these times within one If period, which
changes the local conductivity and electric field (equation (8)).
Under certain conditions, the total electron heating in the bulk
exceeds the total sheath heating and the discharge is operated in
the bulk heating mode. Such ascenario is observed at 50 Paand
¢ = ¢pr = S0V in CF4. At 30Pa (¢ = ¢pr = 100V), the
reduced electric field in the bulk is similar and the total electron
heating rate in the bulk is even slightly higher compared with
the 50 Pa case. However, at 30 Pa the maximum sheath width is
bigger compared with the 50 Pa case due to the higher driving
voltage amplitude at similar positive ion densities. Thus, the
sheath expansion heating is higher at 30 Pa compared with
50Pa and the discharge is operated in a hybrid mode, where
the sheath expansion heating is stronger than the bulk heating,
but both contribute to the ionization.
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Figure 4. Spatio-temporal distribution of the ionization rate (generation of Ar*/CFy) in df discharges operated at 13.56 MHz + 27.12 MHz
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Generally, these results agree qualitatively with previous
time averaged results of simulation studies of single frequency
CF, discharges [30]. Our time resolved investigations provide
a more detailed understanding of this bulk heating mode and
aid the understanding of the transition from «-mode to the
bulk heating mode. Proshina ef al [30] found that, for
a given driving voltage, the discharge will jump from «-
mode operation into the bulk heating mode if the pressure is
increased. This is caused by the increased electron attachment
at higher pressures that causes a higher electronegativity and
leads to a higher bulk electric field, which finally leads to
enhanced ionization in the bulk. They also found that for a
given pressure the discharge will jump from the bulk heating
into o-mode, if the voltage is increased. This is caused by an
increase in the sheath expansion heating relative to the bulk
heating as a function of the driving voltage.

If the phase shift, 6, is changed, the applied voltage
waveform and the RF current dynamics will change such as
shown in figure 1. For any value of 6, the time average
of the RF current vanishes. However, its dynamics and,
therefore, the spatio-temporal electron heating and ionization
rates depend on 6. At 6 = 90°, the role of both electrodes is
reversed compared with & = 0° and the electron heating and

ionization dynamics change correspondingly (figures 3 and 4).
At 6 = 0°,90°, the RF current (figure 1 for CF, at 50 Pa) has
one global maximum and one minimum within one If period,
whose absolute values are approximately the same. Thus, the
electron heating has two similarly strong maxima within one If
period, which cause significant ionization. In electronegative
CF, discharges, the bulk electric field is high at these times, but
has different signs due to the different signs of the RF current,
i.e. the bulk electrons are strongly accelerated toward the
grounded and toward the powered electrode once per If period,
respectively (arrows in figure 3). At 6 = 50°, the RF current
has one global maximum and two similarly strong minima,
whose absolute values are lower than the global maximum.
Thus, in CF, discharges at & = 50°, the bulk electric field,
the electron heating and ionization rates are high only once
per If period, when electrons are strongly accelerated toward
the grounded electrode. Under these conditions the absolute
value of the bulk electric field increases toward the grounded
electrode (middle plot in figure 5) due to the decreasing
electron density (figure 2, equation (8)) at the time of maximum
heating. This results in a maximum of the electron heating
and ionization rates close to the sheath edge adjacent to the
grounded electrode. At the two times within each If period,
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Figure 5. Spatial profile of the reduced electric field at the time of
maximum electron heating (see figure 3) for different values of 6.
The regions of strong electric field at the electrodes correspond to
the boundary sheaths.

when the RF current is minimum, the bulk electric field and
the electron heating rate have a local maximum, which is much
lower than the global maximum. At these times electrons are
accelerated toward the powered electrode such as indicated by
the arrows in figure 3. At 50Pa in CFy, the reduced electric
field in the bulk is too low to cause significant ionization in the
bulk at these two times. This results in the asymmetric spatio-
temporal ionization rate as shown in figure 4 (third row, second
column), which shows one strong ionization source close to
the grounded electrode. This causes the maxima of the ion
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Figure 6. Spatio-temporal maps of the mean electron energy for

6 = 0° in df discharges operated at 13.56 MHz + 27.12 MHz.

Top: Ar, 50 Pa, ¢r = ¢pe = 50 V. Middle: CF,, 30 Pa,

d)lf = ¢hf = 100 V. Bottom: CF4, 50 Pa, ¢)1f = d)hf =50V. In the
top plot, the arrows indicate the propagation of highly energetic
electron beams. In the sheaths (gray areas), the mean electron energy
is particularly high due to the presence of secondary electrons.

density profiles to be shifted towards the grounded electrode
(figure 2, third row, second column).
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Finally, we tested the sensitivity of our simulation results
on the ion—ion recombination rate coefficient for 6 = 0°. In
the literature different values can be found (table 3, [24, 29, 30,
86, 87]) ranging from 1 x 10713 t0 5.5 x 1073 m3s~!. We
use the value of 1 x 1073 m3s~! to ensure consistency with
previous simulations [28]. If this rate coefficient is increased to
5.5 x 1073 m3s~!, we observe a decrease in the ion densities
by a factor of approximately 2.5, while the electron density
decreases only slightly by a factor of approximately 1.1. Thus,
the electronegativity will be significantly lower if the higher
rate coefficient is used. However, the spatio-temporal plots of
the electron heating and ionization rates remain qualitatively
unchanged, so that the presence and mechanisms of the bulk
heating mode do not noticeably depend on this input parameter.

4.2. The EAE in df CF, discharges

Figure 7 shows simulation and model results for the dc self-
bias normalized by the total amplitude of the driving voltage
waveform, 7 = n/(¢ir + Pne), as a function of € in electrically

asymmetric CF, df discharges at 30Pa (¢ = ¢ne = 100V)
and 50Pa (¢ = ¢y = 50V). The results are compared
with argon discharges under the same conditions. Similar
to electropositive argon plasmas [65, 66, 68] a dc self-bias is
generated electrically and can be tuned over a wide range by
adjusting 0 between 0° and 90°. These results demonstrate for
the first time that the EAE also works in highly electronegative
reactive CF, discharges. However, the dependence of 77 on 6 is
different compared with argon discharges, where 7 increases
almost linearly as a function of 6. This difference is small at
lower pressures of 30 Pa, where the discharge is operated in a
hybrid mode, where sheath and bulk heating both contribute
to the electron heating (figure 3), and increases significantly at
higher pressures of 50 Pa, where the discharge is operated in
the bulk heating mode. In this sense the EAE works differently
in CF,; compared with argon discharges.

This difference can be understood by the analytical model
of the EAE [65, 76], which allows us to calculate 1 according
to equation (3). The right plot of figure 7 shows model
calculations of 7 as a function of 6 for argon and CF, discharges
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at 50 Pa using ¢, ¢§p, ng, b and ¢°.  from the simulation.
For the calculations in CF, discharges, all terms of equation (3)
have to be taken into account, while using only the first term
for argon plasmas is already sufficient. & resulting from
the simulation is shown as a function of 6 in the left plot
of figure 8 at 50Pa. This plot also includes a calculation
of & based on the assumption ¢ = 7g,/ns (equation (4))
for CF,4 discharges at 50 Pa (red line and dots). Obviously,
the dependence of ¢ on 6 is significantly different in CF4
compared with argon discharges and finally causes the different
dependence of # on 6. The calculation using 7, nsg
from the simulation reproduces the symmetry parameter from
the simulation well. Small differences are caused by the
assumption of (Qmg/Omp)* - Ise/Isp = 1 (equation (4)). This
result shows that the main reason for the different dependence
of ¢ and 7 on 0 in CF4 compared with argon is the difference
between the mean effective ion densities in both sheaths. At
values of 6 around 0° and 90° this can be explained by the
lower collisionality of the sheaths in CF, discharges at a given
pressure due to the absence of symmetric charge exchange
collisions. Thus, a finite bias, i.e. different mean sheath
voltages, will cause different effective mean ion densities in
both sheaths due to ion flux continuity in the sheaths. This
mechanism is similar to the self-amplification of the EAE
in argon discharges at lower pressures [65]. At values of 6
around 45°, the bulk heating causes 715, to increase relative
to n1g, in CFy discharges at 50 Pa, which results in a decrease
of the symmetry parameter (figure 8). As discussed in the
previous section, for these phase angles the bulk heating causes
an asymmetric spatio-temporal ionization rate with the main
ionization source at the sheath edge adjacent to the grounded
electrode (figure 4) and leads to shifted peaks of the ion
density profiles (figure 2). This leads to different effective
mean ion densities in both sheaths and causes the EAE to
work differently in electronegative CF, discharges compared
with electropositive argon discharges. This is an effect purely
restricted to strongly electronegative discharges. This effect is
more pronounced at 50 Pa, since the discharge is operated in
the bulk heating mode, while it is operated in a hybrid mode
at 30 Pa.

The small increase in ¢ in argon at 50 Pa for values of 6
around 45° is caused by a similar mechanism: at these phase
angles a-mode heating causes an asymmetric spatio-temporal
ionization dynamics (figure 4). In contrast to CF, discharges,
the main ionization source is located at the sheath edge adjacent
to the powered electrode. However, the difference between
the ionization maxima at both electrodes is much smaller
compared with CF,, and thus the asymmetry is much less
pronounced. Nevertheless, this small asymmetry causes 71
to be higher than 515, and causes ¢ to be higher than unity at
these phase angles.

The strong electronegativity of CF, discharges addition-
ally affects the electrical bias generation directly via the high
voltage drops across the bulk. The right plot of figure 8 shows
the second and third terms of equation (3) as a function of 6
for CF, discharges at 50 Pa, i.e. the effect of the bulk voltages
at the times of maximum and minimum driving voltage and
the floating potentials on the self-bias. The contribution of
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the bulk voltages decreases almost linearly as a function of 6,
while the contribution of the floating potential is maximum at
values of 6 between 0° and 90°. The effect of the bulk voltages
is higher compared with the floating potentials for most values
of 6. The linear dependence of the bulk term on 6 is the result
of the complex dependence of ¢ on 6 (figure 8) and different
values of ¢2, and ¢P. depending on 6 and the RF current at
the time of maximum and minimum applied voltage. The bulk
voltages cause |7| to decrease compared with electropositive
discharges, where ¢2, ~ ¢P. '~ 0V. In comparison with
argon discharges under the same conditions, this effect com-
pensates the self-amplification of the EAE in CF,4 due to the
lower collisionality of the sheaths and leads to similar values
of 1 at 0° and 90°, respectively (figure 7). The dependence
of the floating potential term on 6 is also a result of the bulk
heating mode, which leads to a strong acceleration of electrons
toward the grounded electrode at the time of sheath collapse at
this electrode (figure 4) for values of 6 between 0° and 90°. At
these intermediate phase shifts the grounded electrode is bom-
barded by highly energetic electrons, which leads to an increase
in ¢, relative to |¢{,|. In combination with the dependence of
¢ on 6 (left plot of figure 8) this effect leads to the behavior of
the floating potential term as a function of & shown in the right
plot of figure 8.

In argon discharges under the same conditions, the second
and third terms of equation (3) are essentially zero and 7 can be
described correctly using only the first term such as shown in
the right plot of figure 7. Thus, the effect of the bulk voltages
and the floating potentials are characteristic for electronegative
discharges.

Figures 9 and 10 show the ion flux energy distribution
functions in argon and CF, discharges at 30 Pa (¢ = ¢pr =
100V) and 50Pa (¢x = ¢ = 50V) for different values
of 6. Similar to electropositive argon discharges, the electrical
generation of a dc self-bias via the EAE allows us to control the
distribution functions in an opposite way at the two electrodes.
The shape of the distribution functions is different in argon
and CF, under the same conditions, since the sheaths are less
collisional in CF4 due to the absence of symmetric charge
exchange collisions.

Figure 11 shows the mean ion energy, (Ej ) and (Ej ), at
the powered and grounded electrode, respectively, as a function
of 6 in argon and CF, df discharges at 30Pa (¢ = ¢ =
100V) and 50Pa (¢y = ¢ne = 5S0V). Similar to argon
discharges, the EAE allows us to control the mean ion energies
by a factor of approximately 2 in df discharges. The values
of the mean ion energies at the electrodes are higher in CF4
compared with argon for a given set of discharge conditions,
since the sheaths are less collisional in CF4. At 50Pa, the
dependence of the mean ion energies on 6 is different in CF,4
compared with argon due to the different dependence of 7 on
0 (figure 7), which is caused by the bulk heating. It should
be noted that the range of ion energy and bias control can be
significantly enlarged by adding further consecutive harmonics
to the driving voltage waveform in argon discharges [75]. A
similar effect is expected also in electronegative discharges.
A verification of this hypothesis, however, remains a topic for
future investigations.
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Figure 9. Ion flux energy distribution functions at both electrodes in argon and CF, df discharges operated at 30 Pa (¢ = ¢ne = 100 V) for

different values of 6.
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Figure 10. Ion flux energy distribution functions at both electrodes in argon and CF, df discharges operated at 50 Pa (¢ = ¢y = 50 V) for

different values of 6.

Figure 12 shows the ion flux, (I'; ;) and (T',), at the
powered and grounded electrode, respectively, as a function of
0 in argon and CF, df discharges at 30 Pa (¢ = ¢ne = 100V)
and 50 Pa (¢ = ¢pr = 50 V). In argon discharges, the ion flux
will change by a factor of maximum 1.35 at both electrodes,
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if 0 is tuned from 0° to 90°, and the EAE allows an almost
ideal separate control of ion energy and flux [66, 68]. In CF4
discharges, the quality of this separate control via the EAE will
be reduced if the discharge is operated in the bulk heating mode.
At 50Pa, we observe a change in the ion flux by a factor of
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maximum 1.5 at the powered electrode and 2.2 at the grounded
electrode. This is caused by the bulk heating, which leads to
an increased ionization source at the grounded electrode and a
decreased ionization source at the powered electrode at values
of 6 around 45°.

5. Conclusions

We investigated the electron heating and the electrical
asymmetry effect in dual-frequency capacitively coupled RF
discharges operated in CF; at two consecutive harmonics

12



Plasma Sources Sci. Technol. 20 (2011) 045008

J Schulze et al

with fixed but adjustable phase shift, 6, between the driving
frequencies by PIC/MCC simulations and the analytical model
of the EAE. The results were compared with those obtained for
argon discharges. Two different sets of discharge conditions
at pressures of 30 and 50 Pa were analyzed for both gases.

The CF, discharges are found to be strongly electro-
negative with charged particle density profiles typical for
electronegative discharges. The values of the charged particle
densities and the electronegativity depend on the ion—ion
recombination rate coefficient used in the simulation. The
electronegativity increases as a function of pressure due to the
enhanced electron attachment.

In contrast to electropositive argon discharges, which are
operated in o-mode with maximum electron heating at the
sheath edges, we observe the CF, discharges to be operated in
a bulk heating mode at high pressures. In this mode, electrons
are strongly heated in the plasma bulk by a high electric field,
which is caused by the high electronegativity of the discharge
leading to a low bulk conductivity. Thus, a high electric field
is required to drive a given RF current through the bulk. In
agreement with electron swarm studies, this field accelerates
the bulk electrons to high energies, causes strong ionization
in the bulk, and leads to spatio-temporal ionization dynamics
different to classical capacitive RF discharges operated in
a-or y-mode. Atlower pressures, we observe a hybrid mode,
where a-mode and bulk heating both contribute to the heating
dynamics.

If 6 is tuned to values around 45°, the bulk heating will
lead to asymmetric spatio-temporal ionization dynamics with
one strong ionization source at the sheath edge adjacent to
the grounded electrode due to a change in the driving voltage
waveform. This asymmetry of the ionization rate causes the
maxima of the ion density profiles to be shifted toward the
grounded electrode. For the same reason, the ion flux to this
electrode and the mean ion density within this sheath relative
to the sheath at the powered electrode are increased, i.e. the
discharge symmetry is changed.

This effect and the high voltage drop across the plasma
bulk itself are found to affect the electrical generation of a dc
self-bias via the EAE in CF, discharges in contrast to argon
discharges. Both mechanisms are described and explained by
the analytical model of the EAE. Generally, the EAE, i.e. the
electrical generation of a dc self-bias as a function of 9, is found
to work also in CF, discharges, but the functional dependence
of the bias on 6 is affected by the bulk heating of electrons. The
quality of the separate control of the mean ion energy and flux
at the electrodes via the EAE is reduced by the bulk heating via
the asymmetric spatio-temporal ionization dynamics at values
of 6 around 45°.
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