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Abstract

The Electrical Asymmetry Effect (EAE) provides control of the mean ion energy at the
electrodes of multi-frequency capacitively coupled radio frequency plasmas (CCP) by tuning
the DC self-bias via adjusting the relative phase(s) between the consecutive driving harmonics.
Depending on the electron power absorption mode, this phase control affects the ion flux in
different ways. While it provides separate control of the mean ion energy and flux in the
a-mode, limitations were found in the - and Drift-Ambipolar modes. In this work, based on
experiments as well as kinetic simulations, the EAE is investigated in the striation-mode, which
is present in electronegative CCPs driven by low frequencies. The discharge is operated in CF,
and is driven by two consecutive harmonics (4/8 MHz). The simulation results are validated
against measurements of the DC self-bias and the spatio-temporally resolved dynamics of
energetic electrons. To include heavy particle induced secondary electron emission realistically,
a new computationally assisted diagnostic is developed to determine the corresponding
secondary electron emission coefficient from a comparison of the DC self-bias obtained
experimentally and from the simulations. Based on the validated simulation results, the EAE is
found to provide separate control of the mean ion energy and flux in the striation mode, while
the axial charged particle density profiles and the number of striations change as a function of
the relative phase. This is understood based on an analysis of the ionization dynamics.
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1. Introduction

Low temperature capacitively coupled plasmas (CCPs) are
widely used in modern plasma processing applications such
as etching and deposition in the microelectronics industry
[1, 2]. The use of plasma etching for patterning thin film lay-
ers for the manufacturing of integrated circuits is of increas-
ing importance [3]. Such etch processes [4-6] typically use
electronegative gases such as CF,, C4Fg, and SF¢ [7-9]. With
the increase in complexity of such applications and the reduc-
tion of the minimum feature size of individual circuit elements,
empirical methods fail and a detailed fundamental understand-
ing of the plasma physics of such discharges is required as a
basis for knowledge based plasma process development.

This requires detailed insights into the spatio-temporally
resolved dynamics and power absorption of energetic elec-
trons, which generate various process relevant particle spe-
cies (electrons, ions, neutral radicals) through electron-neutral
collisions and determine their fluxes to the wafer as well as
their energy distributions. Previous works revealed various
modes of electron power absorption and their consequences
on plasma characteristics. CCPs in electropositive gases at low
pressures and voltages typically operate in the a-mode, where
ambipolar-/pressure-heating of electrons leads to the gener-
ation of energetic electron beams at each electrode during
the local sheath expansion [10-14]. In asymmetric discharges,
non-linear Plasma Series Resonance oscillations of the radio
frequency (RF) current can be self-excited and affect this
mode via non-linear electron resonance heating of electrons
[15-17]. Increasing the driving voltage, while keeping the
neutral gas pressure low, can lead to a major contribution of
electron induced secondary electrons to the ionization/dissoci-
ation dynamics, which are generated by the impact of energetic
electrons at boundary surfaces [18, 19]. Increasing the pres-
sure and/or voltage can induce a transition into the y-mode,
where heavy particles induce secondary electron emission
from the electrodes. These electrons are accelerated into the
plasma bulk by the sheath electric field, and multiply collision-
ally inside the sheaths creating avalanches of energetic elec-
trons that contribute strongly to the ionization and dissociation
[10, 20, 21]. Replacing the electropositive neutral gas by elec-
tronegative and/or reactive gases can induce a mode transition
into the drift-ambipolar (DA) mode, in which electrons are
accelerated by a strong drift electric field in the plasma bulk
as a consequence of a low bulk conductivity and ambipolar
fields at the sheath edges caused by local maxima of the elec-
tron density [22]. This behaviour arises as a consequence of
the presence of negative ions and/or collisions. Mode trans-
itions into the DA-mode have been studied as a function of
the neutral gas pressure and driving voltage [22, 23]. Reducing
the driving frequency in strongly electronegative CCPs, while
the densities of positive and negative ions remain high, so
that their plasma frequencies are similar to the driving fre-
quency, was found to induce a mode transition into the stri-
ation mode [24]. In this mode, the positive and negative ions
can react to the instantaneous bulk electric field and will, thus,

move into opposite directions at the times of high RF current
within each RF period. This results in the formation of space
charges, wherever density gradients are present, and ultimately
in a striated pattern of regions of high and low electric field
as well as plasma emission in the bulk. These self-organized
striated structures have been studied as a function of the driv-
ing voltage amplitude and pressure in single frequency CCPs
[25, 26] as well as in dual-frequency discharges driven at sub-
stantially different frequencies [27, 28]. Strong ion induced
secondary electron emission from the electrodes was found to
result in the disruption of the striations and to induce a mode
transition into the y-mode [29].

Based on such fundamental insights into the electron power
absorption dynamics in CCPs, plasma control concepts can
be developed and the limitations of their performance can be
understood. One prominent example is the separate control of
the mean ion energy and ion flux at the electrodes. Such sep-
arate control is essential, since the ion energy often determ-
ines chemical and physical processes at wafer/substrate sur-
faces, while the ion flux determines the process rates. In single
frequency CCPs, such separate control cannot be achieved.
In classical dual-frequency discharges driven by two signi-
ficantly different frequencies, it is limited by the frequency
coupling [30-33] and the effects of secondary electrons [20].
Such limitations can be overcome by voltage waveform tail-
oring (VWT) based on driving a CCP by multiple consecutive
harmonics with individually adjustable phases and amplitudes
[34-37]. The electrical asymmetry effect (EAE) was proposed
to improve this separate control by driving the discharge by a
fundamental frequency and its second harmonic [38, 39]. The
mean energy of ions at each electrode can then be tuned nearly
linearly by changing the phase angle between the driving har-
monics. An analytical model was developed to understand
the EAE and the improved quality of the separate control
of the mean ion energy and flux via the EAE in electropos-
itive CCPs operated in the a-mode [40], which was veri-
fied computationally [41] as well as experimentally [42-44]
in Ar discharges driven at 13.56 MHz and 27.12 MHz. The
EAE is based on the control of the DC self-bias by adjust-
ing the relative phase between the driving harmonics, which,
in turn, is a consequence of the phase control of the differ-
ence between the absolute values of the global extrema of
the driving voltage waveform. In the cv-mode, this phase con-
trol affects the electron power absorption dynamics in a way
that results in an approximately constant ion flux because of
the weak dependence of the period-averaged power dissip-
ated to electrons on the phase angle [45, 46]. Similar results
were obtained in weakly electronegative CCPs operated in
O, [45, 47]. However, depending on the discharge conditions,
limitations of the separate control of ion properties via the
EAE were found. At low fundamental driving frequencies the
control range of the DC self-bias accessible via phase control
is reduced because of the charge dynamics [44]. Moreover, the
electron power absorption mode was found to affect the qual-
ity of this separate control via the EAE. While it works well in
the a-mode, limitations were found in the y-mode due to the
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detrimental effects of the ionization caused by secondary elec-
trons on the plasma symmetry in the presence of the EAE [20].
Using different electrode materials characterized by different
ion induced secondary electron emission coefficients (SEEC)
was demonstrated to result in an enhanced control range of
the mean ion energy based on a combination of the EAE with
the secondary electron asymmetry effects [48, 49]. In strongly
electronegative CCPs operated in CF4 at 13.56 MHz and 27.12
MHz, the presence of the DA-mode was found to limit the sep-
arate control of ion flux and mean energy via the EAE due to
a phase dependent electron power absorption and ionization
caused by high bulk electric fields [50]. Further studies per-
formed in electronegative gases such as SF¢/O, [51], CF4 [52]
and Cl, [53] also found a reduction of the control range of
the DC self-bias and the mean ion energy via the EAE and
a non-linear dependence of the DC self-bias on the relative
phase between the driving harmonics due to high potential
drop across the plasma bulk.

Despite the strong effects of the electron power absorption
mode on the EAE, its performance has not been studied yet in
the striation-mode. Therefore in this work, we investigate the
EAE and the quality of the separate control of the mean ion
energy and flux in electronegative CF4, CCPs based on kinetic
particle-in-cell simulations complemented with Monte Carlo
treatment of collisions (PIC/MCC) and experiments. To ensure
the presence of striations, the plasma is driven at low frequen-
cies (4 MHz 4 8 MHz) and is generated at a relatively high
pressure of 100 Pa. Based on measurements of the DC self-
bias and the spatio-temporally resolved dynamics of energetic
electrons by Phase Resolved Optical Emission Spectroscopy
(PROES), the simulation results are validated experimentally
to ensure the accuracy of its results. In the frame of this exper-
imental validation, the choice of the heavy particle induced
SEEC is found to play a key role and a new computation-
ally assisted diagnostic to determine this surface coefficient
based on a comparison of the measured and computationally
obtained DC self-bias is developed. It is based on the strong
effect of ionization caused by such secondary electrons on
the plasma symmetry [54]. Compared to previously developed
computationally assisted diagnostic of SEECs, which require
more complex PROES [55] and ion energy distribution func-
tion (IEDF) measurements [56], the new diagnostic is more
simple and applicable in an industrial environment, since it
only requires a voltage measurement experimentally. Based
on this experimental validation and the heavy particle induced
SEEC determined from this new diagnostic, the computational
access to a variety of plasma parameters is used to analyze the
performance of the EAE in the striation-mode. A good qual-
ity of the separate control of the ion flux and mean energy is
found without detrimental effects of the striations as compared
to CCPs operated in electronegative gases in the absence of
striations. The axial charged particle density profile and the
number of striations are, however, found to be affected by the
phase control.

This paper is structured in the following way: in section 2,
the experimental setup and all diagnostics are introduced
as well as the PIC/MCC simulation used for the numerical

studies. The results are presented and discussed in section 3.
Finally, conclusions are drawn in section 4.

2. Methods

2.1 Experimental setup

A schematic of the experimental setup including all dia-
gnostics is shown in figure 1. The discharge is generated
between two plane-parallel stainless steel electrodes having
equal diameters of 10 cm and separated by a gapof L=1.5cm
inside a cylindrical stainless-steel reactor (having an inner dia-
meter of 40 cm), with electrically grounded walls. The space
between the top (powered) electrode and the grounded cham-
ber wall above this electrode is occupied by a Teflon block
(shown in gray in the sketch of figure 1) to avoid the pres-
ence of parasitic discharges that could otherwise be gener-
ated in this region and would reduce the geometric reactor
asymmetry. Additionally, both electrodes are surrounded by
a cylindrical Teflon liner to confine the plasma radially to the
volume in between the electrodes to ensure a good geomet-
ric reactor symmetry as the basis for comparisons of experi-
mental results to those obtained from 1d3v PIC/MCC simula-
tions, that inherently assume such a symmetry. Note that there
is about —23 V DC self-bias under single frequency operation
at 8 MHz with an amplitude of 301.7 V, which was neglected
in the simulation. The top electrode includes a showerhead for
the gas inlet as indicated by the dashed horizontal line. More
detailed information on the reactor design can be found in our
previous work [28].

A two-channel RF signal generator (Tektronix AFG31252)
is used to generate low amplitude and phase-locked sinusoidal
voltage waveforms at f = 4 MHz and its second harmonic (8
MHz). Each signal is amplified by a separate amplifier (AR,
Model 1000A225) and applied to the top electrode through
separate single frequency impedance matchings, i.e. the par-
allel impedance matching concept for multi-frequency CCPs
is used [57]. Each matching branch is protected by an elec-
trical filter (low- and high-pass) to prevent parasitic coupling
between the matching branches. Ultimately, a voltage wave-
form, ¢(¢), of the following type is applied to the top electrode:

(1) = ¢o(cos(2mft + 6) + cos(4nft)). (1)

Here, 0 is the relative phase shift between the two driving
harmonics. ¢ is the identical voltage amplitude of each har-
monic which is fixed at 150 V in this work. The bottom elec-
trode is grounded. The time resolved voltage drop across the
plasma is measured at the top electrode by a high-voltage
probe (Tektronix P6015A) connected to an oscilloscope. The
amplitude of each individual harmonic and the phase shift
between them are determined based on the Fourier analysis
of the measured voltage waveform and are controlled by the
power amplifiers and the signal generator. Figure 2 shows
exemplary driving voltage waveforms for different values of



Plasma Sources Sci. Technol. 32 (2023) 085009

X-K Wang et al

8 MHz 4 MHz
Power amplifier RF Generator
Power amplifier
Matching CF4 with 10% Ne |
& Filter v Matching
& Filter DG645
Voltage
& Current Trig
probe
ICCD |

Oscilloscope

Figure 1. Sketch of the experimental setup with diagnostics.
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Figure 2. Driving voltage waveform as a function of time within
one low frequency period for 6 = 0°, 45°, 90°.

0: 0°, 45°, and 90°. Adjusting # allows controlling the amp-
litude asymmetry of the driving voltage waveform, i.e. the dif-
ference between the absolute values of its global extrema. Due
to this phase dependent electrical asymmetry a DC self-bias
voltage, 1, develops and can be controlled by adjusting 6 in
the discharge.

The discharge is operated at 100 Pa in CF4 gas with 10%
neon as a tracer gas for the PROES measurements based on a
high speed intensified charged coupled device (ICCD) camera
(Andor iStar DH734). The camera is triggered by a square-
wave signal provided by the function generator and synchron-
ized with the low frequency voltage waveform (4 MHz). Via

a pulse delay generator (DG645) the camera gate of 8 ns
width is shifted through the fundamental RF period to real-
ize the temporal resolution. In combination with an optical
filter (center wavelength: 589 nm, full width-half maximum:
10 nm) the plasma emission resulting from a Neon emission
line at 585.5 nm is measured space and time resolved within
the fundamental RF period. This emission originates from the
Ne2p; state, which is primarily populated by electron impact
excitation from the ground state with a threshold energy of
19 eV, i.e. the spatio-temporally resolved dynamics of ener-
getic electrons above this energy is measured. The spatial res-
olution of the measurements in the direction perpendicular to
the electrodes is about 0.1 mm and the temporal resolution is
approximately 8 ns. Based on a collisional-radiative model,
the spatio-temporally resolved electron impact excitation rate
from the ground state into the Ne2p,-state is determined from
the measured plasma emission. More details on this model and
the PROES diagnostic itself can be found elsewhere [58].

2.2. PIC/MCC simulation

To obtain access to a variety of plasma parameters, PIC/MCC
simulations [59-64] are performed under conditions similar
to those used in the experiments. The simulation is one-
dimensional in space and three-dimensional in velocity space
(1d3v). Its results are validated against experimental measure-
ments to ensure their accuracy. In this way a correct and solid
basis for analyzing the EAE in the striation mode is provided.

The simulations are performed in CF,, the small admix-
ture of Ne used in the experiment is neglected, since it does
not affect the plasma due to the high ionization energy of Ne
compared to CF4 [55]. The particles traced are electrons, CF3",
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Table 1. Ion-CF. molecule collision processes included in the
simulation.

Projectile Product Reaction type

CF_;L CF3+ Elastic: isotropic/anisotropic

CF;L CF; Reactive: keep type of ion

CF; CFZ+ Reactive: change type of ion

CF;F Minority ions Reactive: keep type of ion as simplification
CF; CF;‘ Elastic: isotropic/anisotropic

CF;' CF; Reactive: keep type of ion

CFEL Minority ions Reactive: keep type of ion as simplification
F~ F~ Elastic: isotropic/anisotropic

F~ F~ Reactive: keep type of ion

F~ e Reactive: detachment

CF; CF; Elastic: isotropic/anisotropic

CF; CF; Reactive: keep type of ion

CF; F~ Reactive: change type of ion

CF;y e Reactive: detachment

CF, CF; ', and F~ ions, which represent a subset of the spe-
cies that exists in the plasma [60]. These species are, however,
the major constituents of the plasma under the conditions of
this study. The cross sections for collisions of electrons with
the neutral gas are the same as those used in [65], i.e. they
are originally taken from [66], with the exception of those for
electron attachment processes that produce CF; and F~ ions,
which are adopted from [67]. In the e 4+ CF, dissociative ion-
ization collision processes producing charged species that are
not included in the list of traced particles above, the loss of
the electron’s kinetic energy is taken into account, however,
no charged particles are created.

Table 1 classifies the collisions of the various types of ions
with CF4 molecules included in the simulation according to
their products. They correspond to a set of collision processes
used in [68]. The treatment of ion-neutral collisions is based
on the ion-molecule collision model for endothermic reactions
proposed in [69], which is based on the Langevin-Hassé model
and the Rice-Rampsperger-Kassel theory [70, 71]. The elastic
collisions can be characterised by either isotropic and aniso-
tropic angular scattering depending on the impact parameter
of the process (see, e.g. [68]). In the other part of reactions,
termed as ‘reactive’, a complex is formed from the incoming
ion and the target CF4 molecule, which can break up in vari-
ous ways: the charged product can be (i) the same type of ion
as the incoming ion (such reactions are labelled as ‘reactive:
keep ion type’ in table 1), (ii) a type of ion that is different from
the incoming ion but is included in the simulation (labelled as
‘reactive: change type of ion’), (iii) an electron created in a
dissociative detachment process (labelled as ‘reactive: detach-
ment’), and (iv) a type of ion that is different from the incom-
ing ion and is not included in the simulation (labelled as ‘react-
ive: keep type of ion as simplification’). In the latter case, the
reactions produce minority ionic species, which are not con-
sidered in the code, as a simplification. Instead the original ion
is kept and its tracing is continued. In this way charge conser-
vation is ensured. We include the energy loss of the projectile

Table 2. Recombination processes considered in the simulation and
the corresponding rate coefficients, where the ion and electron
temperatures, 7; and T¢, are in eV.

Reaction Rate coefficient (m® s~1)
CFf + e 3.95x 10757, '7,0°
CF{ +F~ 1x107 "

CF{ + CF; 1x107"

CFj +e” 3.95x 107577 17,0°
CFj + F~ 1x 107"

CF; + CF; 1x107"

particle due to the collision in these cases as well as in all the
other types of reactive collisions.

Recombination processes between positive and negative
ions as well as electrons and CFj and CF; are included
according to the procedure of [72]. All the recombination pro-
cesses and the recombination rate coefficients used in the sim-
ulation are listed in table 2. The rate coefficients for the ion-ion
recombination are taken from [73], and the e~ -CF;r from [74].

At the surfaces of the electrodes, electrons are reflected
with a probability of 70%. This reflection probability was
found to result in quantitatively correct simulation results for
stainless steel electrodes [75]. Based on the results of a new
computationally assisted diagnostic, which is introduced in
section 3.1, the effective heavy particle induced SEEC is found
to be v = 0.01. Under the high pressure and low voltage
conditions studied in this work, electron induced secondary
electron emission can be neglected [18, 19] and, thus, is not
included. The neutral gas temperature is taken to be T, =
350 K. Identical to the experiment, the discharge is driven
by the voltage waveform defined by equation (1) with ¢g =
150 V. The electrode gap is 1.5 cm and the neutral gas pres-
sure is 100 Pa. The DC self-bias, 1), is determined in an iterative
way to ensure that the flux of the positive and negative charged
particles balance at each electrode on time average [41]. The
simulation results include space and time resolved values of
the electron impact excitation rate of CF4 molecules with an
energy threshold of 7.54 eV and of the electron impact ion-
ization rate of CF4 with an energy threshold of 16 eV, which
results in the production of CF3+ ions [76].

3. Results

In this section, we focus on a detailed understanding of the
spatio-temporally resolved electron power absorption dynam-
ics and the quality of the separate control of the mean ion
energy and flux at the electrodes as a function of the relative
phase between the driving harmonics in the stration mode. To
achieve good agreement between simulation and experimental
results, the choice of the effective heavy particle induced
SEEC in the simulation is crucially important. Therefore, in
section 3.1 and based on the results of [54], we apply a new
computationally assisted diagnostic to determine this surface
coefficient from a comparison of the DC self-bias obtained
from the simulation and the experiment. Subsequently, we
then study the EAE in the striation mode in section 3.2.
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Figure 3. DC self-bias voltage, 7, (a) and symmetry parameter, ¢, (b) as a function of  obtained from the PIC/MCC simulations and the
EAE analytical model at # = 105°. Discharge conditions: CF4, 4 MHz + 8 MHz, ¢ = 150 V, 8 = 105°, 100 Pa, 1.5 cm electrode gap,
T, =350 K, R =0.7. Term 1 in (a) corresponds to the effect of the amplitude asymmetry of the applied voltage waveform on the DC
self-bias, while terms 2 and 3 represent the effects of the floating potentials and the voltage drops across the bulk on the DC self-bias,

respectively, according to equation (2).

3.1 Computationally assisted diagnostic to determine the
effective heavy particle induced SEEC from measurements of
the DC self-bias

The heavy particle induced SEEC, +, is known to be an import-
ant input parameter in the modeling of CCPs, especially at
higher pressures (p = 100Pa), at which collisional multiplic-
ation of secondary electrons inside the sheaths can play an
important role. Under such conditions, v can determine the
electron power absorption mode and the plasma density, since
a high value can induce a mode transition from the a- into
the y-mode. This surface coefficient is known to depend on
the surface material, the incident particle species, their impact
energy and angle [21, 77, 78]. For many combinations of sur-
face materials and incident ion species it is not known well.
In reactive plasmas the surface material in contact with the
discharge and its characteristics are not even known accur-
ately, since the plasma affects the surface via e.g. deposition.
For these reasons surface coefficients determined from particle
beam experiments based on well-defined surfaces might not
describe a surface of such a material exposed to a reactive
plasma well. Therefore, in-situ diagnostics for such surface
coefficients that measure them under plasma exposure are
important. Such diagnostics can use the dependence of distinct
measurable plasma parameters on these coefficients. In com-
bination with simulations, where such surface coefficients are
input parameters and can be changed, they can be identified as
those values for which a good agreement between measured
and computed plasma parameters is obtained. Such computa-
tionally assisted diagnostics of v have been developed based
on PROES (7-CAST) [55] and IEDF measurements [56] in
combination with PIC/MCC simulations.

As a basis for our investigations of the EAE in CCPs oper-
ated in the striation mode, - has to be determined realistically
under the conditions used experimentally (stainless steel elec-
trodes exposed to a CF4; CCP at 100 Pa) to ensure accurate
simulation results. To do this, a new computationally assisted
diagnostic is developed, that is significantly more simple and

easier to realize in an industrial environment compared to
previous methods, which require sophisticated optical or ion
energy distribution measurements. It makes use of the depend-
ence of the DC self-bias, 7, on this surface coefficient, which is
shown in figure 3(a) based on simulation and modeling results
obtained in a CCP driven by 4 MHz and 8 MHz, ¢y = 150V,
100 Pa and an electrode gap of 1.5 cm. Results are shown for
a phase shift of # = 105°, at which the DC self-bias is max-
imum. The electron reflection probability is set to R = 0.7
based on a previous study [75]. Varying R has very little effect
on the DC self-bias obtained from the simulation under these
discharge conditions. Measuring 7 is simple and typically part
of any commercial CCP system. Here, it is realized by meas-
uring the time averaged voltage drop across the plasma by a
high voltage probe at the powered electrode.

Under the conditions studied in this work, there is a strong
dependence of the DC self-bias on . Thus, a comparison of
the measured DC self-bias of 7 obtained from the simulation
for different choices of v will yield an accurate and unique
value for this surface coefficient. This strong dependence can
be understood based on a model to describe the DC self-bias
formation [39, 79]:

(bmax + €¢ min £P + €¢£g ]rjnax + 6(b]rjmin
n=- + + @
I+¢ l+e I+e

Here, $max and mem are the maximum and minimum of the
applied voltage waveform, gbgp and gb£g are the floating poten-
tials at the powered and grounded electrodes, which corres-
pond to the minimum voltage drops across the respective

sheath within each period of the fundamental driving fre-

quency. ¢°,. and (Ell?nin are the voltage drops across the plasma
bulk at the times of maximum and minimum applied voltage,

respectively. € is the symmetry parameter:

i 2_ 2 _ 2
& — <Ap> Nsp <ng) Iﬁ ~ Nsp <ng> (3)
(b sp Ag ﬁsg Qmp ISP ﬁsg Qmp ’

£ =
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Figure 4. Spatio-temporal distribution of the ionization rate for different values of v obtained from the PIC/MCC simulations at § = 105°.
Discharge conditions: CFs4, 4 MHz + 8 MHz, § = 105°, ¢p = 150 V, 100 Pa, 1.5 cm electrode gap, T, = 350 K, R = 0.7. The results are

obtained by averaging over 1000 low frequency cycles.

where |QASSP| and |<5Sg | are the maximum voltage drops across the
sheath at the powered and grounded electrode. A,, A, are the
surface areas of the powered and grounded electrode, Oy are
the maximum uncompensated charges in each sheath. 71y,
are the spatially and temporally averaged ion densities in
the respective sheath. I, I;; are the sheath integrals for the
powered and grounded electrode sheath, respectively [79]. In
this work, Ap, = Ag, and Isp/lSg ~ 1 [39]. All the remaining
input parameters of the model are taken from the PIC/MCC
simulation in this work, while the sheath widths are defined
according to the Brinkmann sheath model [80].

The DC self-bias obtained from this model as well as the
contributions of each of the three terms of equation (2) and
the symmetry parameter are shown as a function of 7 in
figures 3(a) and (b), respectively. Excellent agreement with the
DC self-bias obtained directly from the simulation is found.
This shows that the model yields realistic results. The first
term of equation (2) provides the dominant contribution. The
third term yields a minor contribution at low values of -, for
which the plasma density and conductivity are low and a signi-
ficant voltage drops across the plasma bulk. At higher values
of ~y the third term is negligible. The dependence of 7 on vy
is strongly linked to the change of the symmetry parameter
€ R Tigp/Tisy With the heavy particle induced SEEC shown in
figure 3(b). This trend is explained by the effects of v on
the spatio-temporally resolved ionization dynamics shown in
figure 4. At low values of v and for a phase shift of 105°, a
weak maximum of the ionization rate is observed at # ~ 50 ns.
At this time within the low frequency period, when the sheath
at the top electrode expands, and as discussed in detail in [50],
electrons are accelerated downwards (i.e. towards the groun-
ded electrode) by a strong bulk electric field that is caused by
the high instantaneous conduction current in combination with

a low bulk conductivity due to the high electronegativity of
the plasma. In this way the mean electron energy is increased
and ionization occurs close to the instantaneous sheath edge at
the bottom electrode. Due to the shape of the driving voltage
waveform at this phase shift, the conduction current flows in
the opposite direction shortly after this time at approximately
t~90 ns. This leads to an acceleration of electrons towards
the top electrode and a much stronger ionization maximum in
its vicinity at this time. This ionization maximum at the top
electrode is stronger than the one observed at the bottom elec-
trode earlier, because warm electrons, heated at t =~ 50 ns are
accelerated upwards at 1~ 90 ns and their energy is further
increased, when the current reverses its direction, so that more
ionization happens, but now close to the top electrode. Thus,
for low values of -y the mean ion density in the sheath at the top
electrode is higher than the density in the bottom sheath and
the symmetry parameter is larger than unity. Combined with
the amplitude asymmetry of the driving voltage waveform at
105° (|gz~5max| < |¢~>min|), this yields a strong positive DC self-
bias. As shown in figure 4, increasing +y results in a mode trans-
ition into the y-mode, where ionization by secondary electron
avalanches inside the sheaths at the times of high local sheath
voltage dominates. Due to the particular shape of the driving
voltage waveform at # = 105°, the sheath at the bottom groun-
ded electrode is expanded for a longer time compared to the
sheath at the top electrode. Therefore, in the y-mode more ion-
ization occurs close to the bottom electrode so that the local ion
density is higher compared to the one at the top electrode and
the symmetry is reversed, i.e. € < 1.

Figure 5 shows the axial profiles of the time-averaged
charged species densities for different values of . For v < 0.2,
the discharge is strongly electronegative with the dominance
of CF;r and F~ ions in the bulk region and the formation of
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Figure 5. Time averaged charged particle density profiles for different values of  obtained from the PIC/MCC simulations at § = 105°.
Discharge conditions: CF4, 4 MHz + 8 MHz, § = 105°, ¢ = 150V, 100 Pa, 1.5 cm electrode gap, Ty = 350 K, R = 0.7. The results are

obtained by averaging over 1000 low frequency cycles.

striations is observed. As € > 1, the maximum sheath voltage
at the grounded electrode is larger compared to the one at the
powered electrode and, thus, the maximum sheath width is lar-
ger at the grounded electrode so that the bulk region includ-
ing the striations is shifted towards the powered electrode.
Increasing « induces a transition into the y-mode, makes the
plasma more electropositive and results in the disappearance
of the striations.

Based on the comparison between computational and
experimental results for the DC self-bias, y=0.01 is found
to yield the best match for the conditions investigated in
this work. Figure 6 shows a comparison of the computa-
tionally obtained DC self-bias, based on v=0.01, and the
measured data as a function of #. The computational results
are illustrated by vertical bars, whose height corresponds to
the fluctuation of the DC self-bias at the respective phase
caused by a plasma instability. This instability is believed
to be a real physical phenomenon and will be described
in more detail in the following section. Excellent agree-
ment between experimental and computational data is found.
Based on these results, we conclude that v=0.01 is the
correct value of the effective heavy particle induced SEEC
under the conditions studied in this work. This value will be
used in section 3.2, where the EAE in the striation mode is
investigated based on computational and experimental res-
ults. According to Phelps and Petrovic [77], such a low value
of ~ is realistic for dirty surfaces at the low mean ion ener-
gies of 20 to 40eV observed in this work (see figure 10).
It also agrees approximately with the value obtained from
the empirical formula v = 0.016 - (E; — 2E,,), that allows to

— A—-Ex
100 | p-
—F—PIC
50+ ]
>
2 of A ]
N AA
A
50+ A ]
A
SR A
0 30 60 90 120 150 180
4%

Figure 6. Measured and computationally obtained DC self-bias, 7,
as a function of 6. The computational results are illustrated by
vertical bars, whose height corresponds to the fluctuation of the DC
self-bias at the respective phase caused by a plasma instability.
Discharge conditions: CF4, 4 MHz + 8 MHz, ¢p = 150V,

6 = 105°, 100 Pa, 1.5 cm electrode gap. In the simulation, T, = 350
K, R = 0.7, and v =0.01 are used.

estimate this surface coefficient in the presence of Auger emis-
sion of secondary electrons [81]. Using the ionization poten-
tial of CF; of E; ~ 8.8 eV and the work function of stainless
steel of E, =~ 4.1 eV yields v~ 0.01 in agreement with our
results.
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Discharge conditions: CFs4, 4 MHz 4+ 8 MHz, ¢o = 150V, 100 Pa, 1.5 cm electrode gap, Ty = 350 K, R = 0.7 and v = 0.01.

3.2. The electrical asymmetry effect in the striation mode

In this section, the EAE and the quality of the separate control
of the mean ion energy and flux at the electrodes via phase con-
trol are investigated in CF, discharges operated in the striation
mode (at 100 Pa, f =4 MHz, and ¢y = 150 V) based on exper-
imental and simulation results. In the simulation, an electron
reflection probability of R = 0.7 and an effective heavy particle
induced SEEC of v =0.01 (based on the results of section 3.1)
are used to describe the stainless steel electrodes exposed to a
CF, discharge in the experiment.

Figure 7 shows the charged particle densities profiles
obtained from the simulation and time averaged over 50 con-
secutive low frequency period for different values of 6. The
formation of ‘comb-like’ density profiles is observed at all
phases, i.e. the discharge is operated in the striation mode.
The dominant positively and negatively charged particle spe-
cies are CF3" and F~ ions, i.e. the discharge is strongly elec-
tronegative, since the electron density is much lower than the
negative ion density in the plasma bulk. The densities of CF;‘
and F~ are also much higher than those of CFQIr and CFy
ions. The negative ions are confined to the electronegative
bulk region, while electropositive edge regions form in front
of each electrode and close to the position of maximum sheath
width. In such regions, a local maximum of the electron dens-
ity is observed similar to previous studies of electronegative
plasmas [65, 69, 82, 83]. Changing the phase, 6, leads to an
axial shift of the striation pattern, a change of the number of
pronounced striations, and also affects the ratio of the electron
density maxima located close to the electrodes in the electro-
positive edge regions of the plasma.

Averaging the simulation data over a higher number of con-
secutive low frequency periods results in smeared-out striation

patterns as illustrated in figure 8, that shows charged particle
density profiles obtained from the simulation after averaging
over 1000 consecutive low frequency periods. This effect is
the result of a plasma instability observed in the simulation
as an oscillation of plasma parameters on the millisecond-
timescale, which includes periodic fluctuations of the DC self-
bias as indicated in figure 6. The effect of this instability on
the time averaged charged particle density profiles and the DC
self-bias is phase-dependent. At 60° and 150° its effect on the
charged particle density profiles, i.e. the extent to which the
striations are smeared-out, is less pronounced as compared to
0°, 30°, 90°, and 120°. This is caused by a phase-dependent
periodic movement of the striations as a consequence of the
instability. Such instabilities are known to occur in electroneg-
ative CCPs and were observed before experimentally [84, 85].
They can be caused by attachment induced periodic changes of
the mean electron energy. While the physics of this instabil-
ity is not a topic of this work, but will be investigated sep-
arately in the future, it is important to point out that it exists
and affects plasma parameters obtained by diagnostics that are
based on temporal averaging over long periods of time such as
PROES. Our simulation results show that less pronounced stri-
ated patterns will be observed by such diagnostics, although
the striations are actually more pronounced, but their positions
depend on time, i.e. they are not entirely stationary.

The effects of the phase, 6, on the charged particle dens-
ity profiles can be understood based on the spatio-temporally
resolved excitation and ionization dynamics. Experimentally
and computationally obtained results are shown in figure 9.
The white lines in the last two rows of figure 9 indicate the pos-
itions of the sheath edges according to the Brinkmann sheath
model [80]. To compare the simulation results with the PROES
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Figure 8. Charged particle density profiles obtained from the simulation and averaged over 1000 low frequency cycles as a function of 6.
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Figure 10. CF3+ ion flux and mean ion energy at both electrodes as a function of 6 resulting from the PIC simulation. Discharge conditions:
CF4, 4 MHz + 8 MHz, ¢p = 150V, 100 Pa, 1.5 cm electrode gap, 7z = 350 K, R = 0.7 and v = 0.01.

measurements, the computationally obtained data are aver-
aged over 1000 low frequency periods. Excellent agreement
between experimental and simulation results is found for all
phase angles. Small differences might be explained by the dif-
ferent electron energy thresholds for the different processes
and the 10% Ne admixture in the experiment. Due to the lim-
ited spatial resolution of the PROES diagnostic in the exper-
iment the small gap in between adjacent striations cannot be
resolved as sharply as in the simulation. In agreement with
the results for the charged particle density profiles shown in
figure 8 and due to the observed plasma instability in com-
bination with the temporal averaging of the results, more pro-
nounced striations are observed at 45° compared to 0° and
90°. For 90° phase, a high electron current flows from the top
(powered) to the bottom (grounded) electrode at # ~ 50 ns and
in the reversed direction at #~ 100 ns. Correspondingly cold
electrons are accelerated downwards at the first half period of
the high frequency and shortly later, at the next half period,
warm electrons (heated by the earlier acceleration), are accel-
erated upwards. Therefore, more ionization occurs close to
the top electrode at this phase and the electron density max-
imum is higher on this side compared to the bottom electrode
(see figure 8(d)). The reversed effect occurs at & = 0° so that
the electron density is higher at the bottom electrode at this
phase (see figure 8(a)). In accordance with the change of the
DC self-bias and the spatio-temporal ionization dynamics, the
striations are shifted axially by changing 6. They are shifted
towards the electrode, where more ionization happens for the
respective phase. During plasma breakdown, the striations will
form at positions where the local ion plasma frequencies are
high enough to allow the ions to follow the bulk electric field.
This requires high local plasma densities and, thus, the form-
ation of striations is more pronounced close to the electrode,
where more ions are generated. For § = 45°, the electron cur-
rent that flows in the plasma bulk from the top to the bottom
electrode at # = 50 ns is stronger than the reversed electron cur-
rent maxima at # = 100 ns and ¢ ~ 230 ns. Thus, there is strong
ionization at the bottom electrode.

Figure 10 shows the ion flux and the mean energy of
CF;r ions at the powered (red line) and grounded (black line)
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Figure 11. Second and third terms of equation (2) as a function of 6,
which correspond to the contributions of the floating potentials and
the bulk voltage drops to the DC self-bias, respectively. Discharge
conditions: CF4, 4 MHz 4+ 8 MHz, ¢po = 150 V, 100 Pa, 1.5 cm
electrode gap, Ty = 350 K, R = 0.7 and v = 0.01.

electrode as a function of 6. As a consequence of the phase
control of the DC self-bias, figure 10(b) shows that the mean
ion energy can be tuned via the EAE. The mean ion energy can
be adjusted between 15 eV and 42 eV based on the phase con-
trol of the DC self-bias, 7, shown in figure 6. Previous studies
of CF, discharges [50] demonstrated that the electrical control
range of the DC self-bias is reduced in electronegative com-
pared to electropositive CCP to only about 22% of the peak-
to-peak value of the driving voltage because of the high bulk
voltage drop. The same is true under the discharge conditions
studied in this work. Figure 11 shows that the bulk voltage
drop indeed leads to a positive contribution to the DC self-bias
for 6 < 60°. As the total DC self-bias is negative for a phase
within this range (see figure 6), the strong electronegativity of
the plasma and the related voltage drop across the bulk reduce
the electrical control range of 17 and of the mean ion energy as
compared to electropositive CCPs. The same occurs at larger
phase shifts, at which 7 is positive, but the bulk voltage drop
yields a negative contribution to the DC self-bias. In this work,
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the phase control allows to tune 7 within a range that corres-
ponds to about 21% of the peak-to-peak value of the driving
voltage waveform. This is less than the control range typic-
ally accessible in electropositive CCPs [42], so that the sep-
arate control of ion properties is more limited in electronegat-
ive compared to electropositive CCPs, but it is similar to the
range accessible in electronegative CCPs operated in CF, in
the absence of striations [50]. As shown in figure 10(a), the
ion flux at both electrodes remains approximately constant. It
changes by less than 30% with respect to its averaged value of
the phase at both electrodes. The small changes of the ion flux
are caused by the phase dependence of the ionization rate at
each electrode as a consequence of the bulk electron heating,
which is similar compared to previous findings in electroneg-
ative discharges in the absence of striations [50]. Overall, the
quality of the separate control of these ion characteristics via
the EAE in the presence of striations is good and, under the
discharge conditions studied here, is not reduced compared to
electronegative CCPs operated in the DA-mode in the absence
of striations.

4. Conclusions

The electron power absorption dynamics and the quality of the
separate control of the mean ion energy and flux at the elec-
trodes of a CCP operated in CF; in the striation mode under the
conditions of the EAE were investigated based on PIC/MCC
simulations, modelling and experiments. To ensure the pres-
ence of striations, the plasma was operated at 100 Pa pressure.
The EAE was established by the superposition of 4 MHz and
8 MHz sinusoidal voltage waveforms with adjustable relative
phase to excite the discharge.

The simulation results were validated against experimental
PROES measurements of the spatio-temporally resolved excit-
ation dynamics of energetic electrons and measurements of the
DC self-bias as a function of the phase. The simulations indic-
ated that the DC self-bias, 7, exhibits a strong dependence on
the heavy particle induced SEEC, ~, used as an input para-
meter in the simulation. This behavior allowed us to determine
the actual value of the effective -y coefficient in the experiment
by comparing the experimentally measured DC self-bias value
with the computational results obtained via scanning the value
of this coefficient. As this diagnostic method is only based on a
non-intrusive measurement of the DC self-bias, which is typ-
ically part of any CCP system, it can be applied easily. For
the stainless steel electrodes exposed to a CF, plasma under
the conditions studied, a value of v=0.01 was found. Based
on this SEEC, excellent agreement between simulation and
experimental results for (i) the dependence of the DC self-bias
voltage on the phase difference between the RF excitation har-
monics and (ii) the dynamics of the fast electrons (manifesting
in the spatio-temporal distributions of the excitation rates) was
obtained.

An oscillating plasma instability on the millisecond times-
cale was observed in the simulations. The presence of this

instability was demonstrated to lead to fluctuations of the DC
self-bias and to smearing-out the axial striation patterns.

A detailed analysis of the spatio-temporal electron power
absorption dynamics was performed. Strong bulk heating of
electrons at the times of high RF current within each low fre-
quency period was observed due to a high bulk electric field
caused by a depleted conductivity as a result of the high elec-
tronegativity. The spatial distributions of the ionization and
excitation rates, that result from electrons accelerated by this
electric field, were found to be affected by the presence of the
striations, that locally change the bulk electric field. The elec-
tron heating, excitation and ionization dynamics were found
to depend on the relative phase between the driving harmonics
in a way that results only in a weak dependence of the positive
ion flux at each electrode as a function of #, while the mean
ion energy can be tuned over a wide range via phase control
due to the change of the DC self-bias via the EAE. Tuning the
phase was also found to result in an axial shift of the striation
patterns and in a change of the number of striations. However,
no detrimental effects of the presence of striations on the sep-
arate control of these process relevant ion characteristics were
found as compared to CCPs operated in electronegative gases
in the absence of striations.

These results are expected to be relevant for knowledge
based plasma process development and control in commercial
CCPs, which are often operated in electronegative and reactive
gases. They demonstrate that the EAE is an attractive option
to realize such control even under such conditions and in com-
plex modes of discharge operation such as the striation-mode.
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