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Abstract
The charged-particle power absorption dynamics in capacitively coupled plasmas operated in
different CF4-Ar gas mixtures and driven by tailored voltage waveforms is experimentally
investigated by phase-resolved optical emission spectroscopy in conjunction with kinetic
simulations and an analytical model. Single- and triple-frequency ‘peaks’- and ‘valleys’-type
waveforms (generated as a superposition of multiple consecutive harmonics of 13.56 MHz) are
studied at pressures of 20 and 60 Pa with 25 mm electrode gap and 150 V total driving voltage
amplitude to determine the effects of the tailored driving voltage waveform in different gas
mixtures on the density profiles of the particle species, the electronegativity, the DC self-bias, and
the excitation /ionization dynamics. As the argon content in the buffer gas is increased, the
discharge switches from the drift-ambipolar (DA) power absorption mode to the a-mode. This
transition occurs due to the disappearance of the bulk and ambipolar electric fields as the
electronegativity of the plasma decreases with increasing argon content. This effect is more
pronounced at higher pressures, where the negative ion density is higher. We observe a significant
change in the plasma’s symmetry, DC self-bias, and mean electron energy as a result of the DA- to
a-mode transition. At 60 Pa the simulation reveals a drastic increase of the spatially averaged
electronegativity induced by increasing the argon admixture from 20% to 30%. This
counterintuitive finding is explained by the effect of this admixture on the spatio-temporal electron
dynamics. Finally, the generation of the DC self-bias as a function of the argon content is
understood by the analytical model based on these fundamental insights into the plasma physics.

Keywords: voltage waveform tailoring, multi-frequency capacitive discharges, electronegative
plasmas, electrical asymmetry effect

1. Introduction deposition [2], the etching of semi-conductors [3, 4], or

plasma medicine applications [5-7], frequently require cus-
Technological plasmas, such as those used in plasma- tomized local plasma parameters such as the ion flux, the
enhanced chemical vapor deposition [1], reactive sputter particle energy distribution function, and the plasma
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chemistry at a substrate surface for a complicated gas mixture.
Optimized process control in such applications necessitates
specific flux-energy distributions for electrons, ions and
neutrals, which traditionally is not possible in a conventional
single-frequency capacitively coupled plasma (CCP) or an
inductively coupled plasma (ICP) [8—14]. The charged par-
ticle distributions can be manipulated by controlling the
spatio-temporal distribution of the electric field in the sheaths
adjacent to the surfaces and in the plasma bulk. Limited
control is possible for conventional dual frequency discharges
operated at significantly different frequencies [14-19] but
only in a limited range of operating conditions. Radio-fre-
quency (RF) substrate biasing also allows ICPs to change the
average ion energy in a controlled way [20, 21].

A highly promising way to achieve an advanced control
of distribution functions is driving RF plasmas with tailored
voltage waveforms [20, 22—-64]. The voltage waveform tai-
loring (VWT) technique allows for customization of each
sheath voltage waveform as well as the time-dependence
of the electric field in each sheath and in the plasma bulk on
a nano-second timescale. The ion and electron power
absorption dynamics, as well as the distribution functions
of different particle species, can be controlled as a result
[20, 22-26, 29-39, 42-44, 56-60]. Such voltage waveforms
can be generated as a superposition of multiple harmonics of a
fundamental driving frequency and can be tailored by indi-
vidually adjusting each harmonic’s voltage amplitude and
phase. The possible driving waveforms are limited only by
the number of applied harmonics. Effective impedance
matching of such waveforms is possible with a novel RF
supply and matching system [52-54].

Investigations of the effects of the driving voltage
waveform on the electron power absorption dynamics [31-38,
44, 56, 60, 65-69] are crucial to gain a fundamental under-
standing of how such plasmas are generated. These effects are
the underlying basis for customizing electron and ion dis-
tribution functions, and therefore, process optimization based
upon plasma science. One major stride towards this objective
was the discovery of the electrical asymmetry effect (EAE) in
a CCP driven by two consecutive harmonics by Heil et al
[23, 70]. Under such an excitation, a DC self-bias is generated
as a function of the phase between the driving harmonics. The
excitation waveform discussed in [23] generates an asym-
metry due to the differing magnitudes of the maximum and
minimum applied voltages, which was later referred to as the
amplitude asymmetry effect (AAE). The performance of the
EAE was verified by simulations [24, 26, 28-30, 46] and
experiments [25-30, 45, 51] and was seen to be enhanced by
the usage of more than two harmonics [20, 31-39, 42-44,
52, 55]. Another method of generating a discharge asymmetry
by driving the plasma with a waveform that has same
magnitude of the voltage maximum and minimum, but
different ‘rising’ and ‘falling’ slopes, i.e. ‘sawtooth’-type
waveforms, has been proposed by Bruneau et al [61-64].
These investigations were primarily limited to electropositive

gases operated in the a-heating mode, but more recent works
[56-60] have examined electronegative gases operated in the
dift-ambipolar (DA-) mode as well [45, 60, 71-76]. VWT is
also now being applied to the operation of micro-atmospheric
pressure plasmas [77, 78]. A complete fundamental under-
standing of the effects of VWT on the plasma for arbitrary
discharge conditions (discharge geometry, gas pressure, gas
admixture, chosen applied voltage waveform, power absorp-
tion mode) has not yet been achieved, but is highly incenti-
vized by the desire for finely tuned plasma parameters and the
use of complicated gas admixtures in industrial applications
[79-83]. For many applications complex gas mixtures are
used that contain different admixtures of reactive and/or
electronegative gases. Most previous investigations of VWT
in CCPs are restricted to a single gas that is either electro-
positive or -negative. The choice of the gas was found to
drastically affect the spatio-temporal dynamics of energetic
electrons and the control of process relevant flux-energy
distribution functions [22, 46, 56, 64]. Fischer et al [60] have,
e.g. recently demonstrated that admixing electronegative SF¢
to a CCP driven by tailored voltage waveforms and operated
in O, drastically affects the DC self bias. This observation
was explained by an electron heating mode transition induced
by adding more electronegative gas to the plasmas. The
spatio-temporal electron dynamics were, however, not studied
explicitly in that work. The influence of a chosen gas mixing
ratio on discharge operation and process control is strongly
correlated to the specific spatio-temporal dynamics dictated
by the electron power absorption modes occurring in the
plasma. The exact power absorption modes present in a dis-
charge depend on the operating pressure, the characteristics of
the driving voltage waveform [20, 31-39, 42-44, 46, 61-69,
71-75, 84-99], and the mixing ratio between gas components
[57-59, 100-103]. Therefore, in this work we present a sys-
tematic investigation of the electron power absorption
dynamics and the EAE in CCPs driven by tailored voltage
waveforms at different pressures as a function of the
Ar-to-CF, gas mixing ratio, which determines the discharge
electronegativity. Gas mixtures containing these two gases
(electropositive Ar and electronegative CF,4) are frequently
used for applications ranging from plasma etching to
deposition [79-83]. This study is performed based on a
synergistic combination of experiments, particle-in-cell
simulations with Monte Carlo treatment of collision processes
(PIC/MCC), and modeling. It is highly relevant for such
applications, since we investigate the effects of VWT on an
industrially relevant scenario and, thus, it allows to assess the
potential of this technology for advanced process control. It is
also important for fundamental research, since it provides
detailed information on the effects of an electropositive gas
admixture on an electronegative plasma driven by VWT by
revealing its consequences on the spatio-temporal electron
dynamics and the DC self bias in detail for the first time.
Moreover, it provides an experimental verification of PIC/
MCC simulations performed based on this reactive and
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electronegative gas mixture. Finally, it reveals a counter-
intuitive behavior of the global electronegativity of the
plasma as a function of the argon admixture to CF,. The
global electronegativity ((3) of the discharge is defined using
the ratio of the total number of negative ions to electrons:

d
ni_dx
5= fod— (1)
fo nedx

where n;” is the negative ion density, n. is the electron den-
sity, and x is the position between the powered (at x = 0) and
grounded (at x = d) electrodes. At a neutral gas pressure of
60 Pa, (3 is found to increase due to an increase of the argon
admixture from 20% to 30%. This finding is explained by the
effect of this admixture on the spatio-temporal electron
dynamics. The experimental DC self-bias and phase-resolved
optical emission spectroscopy (PROES) measurements are
compared systematically with results of PIC/MCC simula-
tions to obtain a more complete understanding of the spatio-
temporal plasma dynamics across the full range of Ar-to-CF,
gas mixtures. A voltage balance model [26] is used in con-
junction with simulations to analyze the effects of a changing
gas mixing ratio on the DC self-bias at different pressures (20
and 60 Pa). The model allows for distinction between differ-
ent mechanisms causing the generation of the DC self-bias by
closely examining the discharge symmetry and the voltage
drops across the electrode sheaths and the bulk plasma.

This publication is structured in the following way: in
section 2, the experimental setup and all diagnostic methods
are introduced. The details of the PIC/MCC code used in the
numerical simulations are discussed in section 3. The voltage
balance model used for the analysis of the DC self-bias and
the discharge symmetry is discussed in section 4. The results
are presented in two parts in section 5. First, the spatio-tem-
poral plasma dynamics is examined as a function of the gas
pressure and the variation of the argon content in the buffer
gas in section 5.1 for triple-frequency ‘peaks’-type voltage
waveforms in order to provide a fundamental understanding
of the plasma physics in CCPs operated in Ar/CF, mixtures
using tailored voltage waveforms The spatio-temporal dis-
tribution of the excitation rate, attachment rate, bulk electric
field, mean electron energy, and the time-averaged densities
of charged particle species in the plasma are analyzed at each
pressure to understand the behavior of the power absorption
mode transition from DA- to a-mode as a function of
increasing argon content. The effects of the changing spatio-
temporal plasma dynamics are then correlated to the changes
observed in the generation of a DC self-bias via the EAE in
section 5.2, based on the results of the experiments, simula-
tions, and calculations using the model. Finally, the conclu-
sions are given in section 6.

2. Experimental setup

The experimental setup shown in figure 1 consists of a CCP
source inside a modified gaseous electronics conference

glass
. cylinder \ !
optical \
filter > \ g grounded
Na 3 electrode
—{ ICCD ‘ plasma
L powered
electrode
high voltage
probe
RF supply digital delay
| system generator

|

Figure 1. Experimental setup consisting of a capacitively coupled
GEC reference cell monitored by diagnostics (PROES via ICCD
camera and a high voltage probe).

(GEC) reference cell. The plasma is generated by applying
single- and specific multi-frequency voltage waveforms to the
powered (bottom) electrode. The other (top) electrode and the
chamber walls are grounded. A discussion of the matching
network for this setup can be found in [52].

The applied waveform is given by the Fourier series of

consecutive harmonics of the fundamental frequency
(f = 13.56 MHz) [31-38, 44]:

. N

o(1) = ¢y cosQmkft + 6), )

k=1

where N is the total number of harmonics, ¢, and 6, are the
voltage amplitudes and phases, respectively, of each harmo-
nic (k). The first harmonic’s phase is defined as 6; = 0° in
equation (2). The total voltage amplitude 5““ = ZkN: 1P 18
fixed at 150 V for all cases and the voltage amplitudes of the
individual harmonics are [31]:

L 2N —k+1)
¢k_¢t0t N(N+1) .

3)
‘Peaks’-type waveforms can be generated by setting 6, = 0°
(k =1 ... N), while ‘valleys’-type waveforms are obtained by
setting the phase angles of the even harmonics to 180°.

The discharge is operated for single-frequency (N = 1) and
triple-frequency waveforms (N = 3, ‘peaks’-type and ‘valleys’-
type waveforms with ¢; =75V, ¢, =50V, and ¢3; = 25V)
for select mixing ratios of CF, and Ar gases spanning from pure
CF, to pure Ar. The electrode gap is fixed at 25 mm between
two circular, stainless steel electrodes of 10 cm diameter, and the
total gas pressure is set at either 20 or 60 Pa. For each pressure
and applied waveform, the mixing ratio of Ar to CF, is varied by
incrementally increasing the ratio of argon gas flow rate to the
total (Ar + CF,) gas flow rate. The total gas flow rate is set to
20 sccm at 20 Pa and 40 sccm at 60Pa. The relationship
between the flow rate and the gas concentrations in the chamber
is assumed to be monotonic.

The plasma is radially confined by a glass cylinder, but a
geometric asymmetry is present in the discharge due to
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capacitive coupling between the glass cylinder and the
grounded chamber walls which effectively increases the
grounded electrode area. A negative DC self-bias is thus
present in the experiments even for single-frequency
waveforms.

Two diagnostics are utilized to investigate the discharge:
a high voltage (HV) probe used to measure the DC self-bias
and an ICCD camera used for PROES. The HV probe
requires a calibration between the measurement point on the
transmission line and the powered electrode surface [25, 52].
The applied voltage waveform is synthesized by tuning the
Fourier amplitudes and phases observed by the HV
probe [56].

PROES measurements are performed with high spatial
(1 mm) and temporal (2 ns) resolution within the RF period in
order to probe the spatio-temporal excitation dynamics of
highly energetic electrons responsible for sustainment of the
discharge [56, 74, 87, 104—107]. A nano-second gated, high
repitition rate ICCD camera (Andor IStar) with an optical
filter is synchronized with the applied voltage waveform
through a digital delay generator, shown in figure 1, and
measures emission from a specifically chosen Flourine atomic
transition (F 2s*2p*3p' — 3s') at 703.7 nm with a lifetime of
26.3 ns [108]. The optical filter has a central wavelength of
700 nm and a full-width half-maximum of 25 nm. A colli-
sional-radiative model [104] is then used to calculate the
spatio-temporal excitation rate between the electrodes and
over the RF period. The measured excitation dynamics are
indicative of electrons with energies above the excitation
threshold of the above level of 14.5 eV. As this line cannot be
used in the 100% argon content case, these measurements are
executed for argon content values between 0% and 90%. A
complete description of this non-invasive optical diagnostic is
given in [104].

3. Simulations

Numerical studies of the plasmas created in Ar/CF, mixtures
are performed with a 1d3v PIC/MCC [109-113]. The elec-
trodes are assumed to be planar and parallel separated by a
25 mm electrode gap. The aspect ratio of the experimental
arrangement justifies neglecting the radial losses. The dis-
charge is assumed to be perfectly geometrically symmetric in
the simulations. The (bottom) powered electrode is driven by
the voltage waveforms specified in section 2, while the other
(top) electrode is grounded.

The charged particle species accounted for in the model
are CF{, CF5, F, and Ar" ions, and electrons (¢~). The
cross-sections of electron-CF,/Ar collision processes are the
same as those used in previous works [56, 57, 112, 113],
which adopted electron-CF, processes from Kurihara et al
[114] except for electron attachment processes (producing
CF3 and F~ ions) which are adopted from Bonham [115].
Cross-sections for electron-Ar and Ar"-Ar collision processes
are taken from Phelps [116, 117]. The simulations include
ion-molecule reactions between CFf, CF;, F~ and CF,

molecules, as well as elastic scattering of these ions from Ar
atoms and elastic scattering of Art ions from CF, molecules
[113, 118, 119]. Ar" + Ar collisions have a contribution with
isotropic scattering and a contribution with backward scat-
tering (charge transfer) [113, 118, 119]. Langevin type cross-
sections are employed for elastic collisions between ions and
buffer gas molecules/atoms [113, 118, 119]. Ton-ion recom-
bination rates are set at 107> m3s7! [120, 121]. The
electron-CFi recombination rate is taken from [122]. The
electron-induced processes which generate radicals or
charged species other than CFj, CF5, F~, and Ar" are
included so that they affect the electron kinetics, but the
products of these processes are not accounted for. A full list
of collision processes included in the simulation can be found
elsewhere [56].

We assume a neutral gas temperature of 7= 350 K in
the simulations and include both the emission of secondary
electrons due to ion impact and electron reflection at the
electrode surfaces. The probability of electron reflection is
fixed at 0.2 [123], while the ion induced secondary electron
emission coefficient is set at v = 0.4. The choice of this
relatively large value is justified by the fact that in the
experiment, the electrodes are exposed to a relatively high
pressure, reactive plasma, where a thin fluorocarbon film with
unknown properties is deposited on the electrodes. Moreover,
this secondary electron emission yield corresponds to an
effective value that includes secondary electron emission
processes due to incident particle species other than ions (e.g.
photons) as well.

For a given driving voltage waveform, a DC self-bias is
generated to equalize the time-averaged electron and positive-
ion fluxes to each of the electrodes. The DC self-bias is
adjusted in the simulation in an iterative manner to satisfy this
particle flux balance [24].

The electron-impact excitation rate from ground state F
atoms to the excited state responsible for the 703.7 nm emission
measured experimentally by PROES is approximated in the
simulations by using the cross-section for an electronic excita-
tion process for CF, having an energy threshold of 7.54 eV but
accumulating excitation data only for electrons having an energy
higher than 14.5 eV, as in a previous work [56]. This calculation
is used exclusively for diagnostic purposes and does not affect
the total electronic excitation calculated in the simulation and
allows us to compare the spatio-temporal excitation dynamics of
electrons in the simulation to the experimental PROES mea-
surements without requiring us to explicitly include F atoms in
the simulation.

In order to ensure convergence of the simulation the
superparticle number of each charged particle species traced
in the simulation (electrons, CF3, CF5, F) is monitored as a
function of time. Convergence is considered to be achieved,
when the drift of any of these numbers becomes less than the
statistical fluctuation of these quantities (which is at the
few % level). We note that convergence is reached on time
scales that are significantly longer than those corresponding to
electropositive discharges. While in the latter case typically a
few thousand RF cycles are known to be sufficient for
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convergence, in the CF4-Ar mixtures studied here, up to
150,000 cycles are simulated before data collection starts.
After convergence the data are averaged over 2400 con-
secutive RF periods to obtain the results shown in the
manuscript. In this way highly reliable data are obtained in
the same way as in previous simulations performed in pure
CF,. These data have shown excellent agreement with
experiments [56].

4. Model and DC self-bias analysis

An analytical model of CCPs and the EAE discovered by Heil
et al [23] is given in [26]. The DC self-bias, 7, is obtained in the
model based on the individual voltage drops across the sheaths
adjacent to each electrode and across the bulk [23, 26]:

~ ~ f f
n=— Prmax T €Prmin ¢SP + Ed)sg ¢lr’nax + 5Qﬁﬁﬂn
I +e¢ I +e¢ I+e
= Tw + N+ My 4)
where ¢, /min ar¢ the global maximum and minimum of the

applied voltage waveform, ¢£p and ¢£g are the floating potentials

at the powered and grounded electrodes, and qbgm /min AT€ the

voltage drops across the bulk at the times of maximum and
minimum applied voltage, respectively. The DC self-bias terms
have different origins: 7., is due to the applied voltage wave-
form, 7 is due to the floating potentials at each electrode, and 7,
is due to the voltage drop across the bulk plasma. The floating
potentials are traditionally considered to be negligible when
compared to the applied voltage waveform, such that the 7 term
is neglected. The bulk voltage drops in equation (4) can usually
be neglected for electropositive plasmas (e.g. argon) at low
pressures [124], but cannot generally be ignored if an electro-
negative gas (e.g. CF,) is present, as a significant drift electric
field often exists in the bulk and a strong ambipolar field can be
generated near the sheath edges [45, 46, 65, 71-73, 84, 85, 125].
The existence and strength of these electric field components as
a function of the mixing ratio between the electronegative and
electropositive component gases at a given pressure is not well
understood at present. The term from the applied voltage
waveform, 7,y, in equation (4) is typically dominant compared
to the other terms, even in electronegative plasmas. The global
extrema of the driving voltage waveform, |$max| and |5min|, can
be made unequal by applying two or more consecutive har-
monics of a fundamental frequency with distinct relative phases.
The effect of inducing a difference between the driving voltage
waveform’s global extrema on the 7, self-bias term, via
%max / min’ is known as the AAE.
The symmetry parameter in equation (4) is defined as:

2 _ 2
~ ﬁ Nsp Onme ﬁ )
Ag ﬁsg Qmp Isp
where |$Sp| and |(2>Sg| are the maximum voltage drops across

each sheath (note that (2531, <0V and (ESSg > 0V) [26]. The
terms on the right hand side of equation (5) correspond to the

o

EN

E =

ratios of the respective electrode surface areas, A, and A,, the
respective mean net charged particle densities in each sheath,
fis, and g, the maximum uncompensated charges in each
sheath, Oy, and Oy, and the sheath integrals for each sheath,
I, and I, as discussed in [23, 26, 124, 126]. The symmetry
parameter’s dependence on the charge densities in each
sheath suggests a dependence on the electron power-absorp-
tion mode through the localization of ionization, which is the
basis for the slope asymmetry effect (SAE) [61-64]. This
becomes particularly relevant in electronegative discharges at
high pressures where the DA-mode is dominant, as the
electron power absorption is primarily located at the collap-
sing sheath edge and in the bulk plasma in contrast with the
a-mode, where maximum ionization is observed at the
expanding sheath [56, 57].

In geometrically symmetric CCPs, the DC self-bias can
thus be controlled using two mechanisms that aim to modify
the 7y self-bias term: |4, . | = |#,,| (AAE) or € = 1. One
way to cause the symmetry parameter to deviate from unity is
the use of the SAE, which can be induced by using sawtooth
waveforms

The ‘peaks’-voltage waveform cases for N = 3are
examined for both 20 and 60Pa by using the simulation
results as inputs to the above model. The sheath potentials
(Psp(D), Pse(D)), the applied voltage waveform (¢(1)), the DC
self-bias (1), the symmetry parameter (¢), the floating
potentials at each electrode (qbgp, ¢§g), and the bulk voltage at
the times of maximum and minimum applied voltage
(qﬁ'ﬁlax /mm) are used as inputs into equations (4) and (5) in
order to calculate the DC self-bias, 7, based on equation (4).
In this way, the contributions of 7w, 1y, and 7y and the dif-
ferent mechanisms of DC self-bias generation can be sepa-
rated. The evolution of 7, is then correlated to the changes in
the global electronegativity () from equation (1), which is
also extracted from the simulations. The evolution of the
symmetry parameter € from equation (5) with the changing
gas mixture is also contextualized in the model by calculating

27
. . .. . m i I .
each of its individual ratio components (g g) , =2, %, with
op g I

2
ﬁ) = 1. The time-averaged charged particle density in

g
each sheath, the uncompensated charge in each sheath (Q,(?),

Ose(?), and the maximum sheath widths (I, Is) from the
simulation are used to calculate the symmetry parameter
terms Additionally, an example geometric asymmetry is

implemented into the model by setting % = 0.25 but other-
g

wise keeping the calculations for the symmetry parameter
terms the same in order to study the effects of an exemplary
geometric reactor asymmetry on the DC self-bias generation
qualitatively.

5. Results

As the effects of varying the Ar-to-CF, mixing ratio, and thus
the plasma’s electronegativity, on CCPs driven by tailored
voltage waveforms are best understood by first examining the
spatio-temporal dependence of the electron impact excitation/
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Figure 2. Global electronegativity (0) of the discharge obtained from
the PIC/MCC simulation for the ‘peaks’-waveform (N = 3,

b = 150 V) as a function of the argon content in the buffer gas at
20 Pa (open boxes) and 60 Pa (closed circles).

ionization rate, attachment processes, electric field, and the
mean electron energy, we start with discussing the exper-
imental and simulation results for these quantities in
section 5.1. These spatio-temporal dynamics and results of the
analytical model are then linked to the DC self-bias evolution
seen in both the simulations and the experiments in
section 5.2.

5.1. Spatio-temporal dynamics in Ar/CF, gas mixtures

The global electronegativity () obtained from the PIC/MCC
simulations is shown as a function of the argon content in the
buffer gas for the ‘peaks’-waveform at 20 and 60Pa in
figure 2. For 20 Pa, the electronegativity is significant only in
the pure CF, case and decreases dramatically with increasing
argon content, until approximately 30% Ar, where it becomes
negligible. This trend represents a typical transition of an
electronegative to an electropositive plasma induced by gra-
dually replacing the electronegative by an electropositive gas.
At 60 Pa, however, the global electronegativity exhibits a
more complex and counterintuitive variation across the
0%-100% argon content interval in the simulations, moving
from a low value for 0%—-20% Ar to a highly electronegative
regime, where 3 decreases with increasing argon content but
remains significant even up to 90% Ar. In fact, adding more
electropositive gas is found to increase the global electro-
negativity for argon admixtures between 20% and 30%. This
finding will be explained based on the effects of adding argon
on the spatio-temporal electron dynamics. The low values of
G in the 0%-20% argon content interval for 60Pa are
attributed to the fact that the plasma is divided into a weakly
and a strongly electronegative region under these conditions,
while it is strongly electronegative in the whole discharge for
30%-90% Ar (as will be shown in detail below). For instance,
in the pure CF, plasma, the local electronegativity is
approximately 8 and 62 on the bulk side of the sheath edge at

the powered and grounded electrode, respectively. The pre-
sence of the weakly electronegative region for 0%—-30% Ar
reduces the global electronegativity. The physical origin of
the strongly electronegative region adjacent to the grounded
electrode at low Ar admixtures at 60 Pa is the formation of a
potential well at the grounded electrode, which confines
negative ions. This, in turn, is caused by the specific shape of
the driving voltage waveform, which causes the sheath at the
grounded electrode to be collapsed for most of the funda-
mental RF period and local maxima of the electron density at
the position of the maximum sheath width. At the grounded
electrode this leads to the formation of an ambipolar field that
accelerates negatively charged particles towards this elec-
trode. A potential well is caused by this ambipolar field and
the floating potential at the electrode. The presence of the
ambipolar electric field causes significant electron power
absorption and, thus, a high mean electron energy at the time
of high RF current, when the local sheath collapses. This
enhances the attachment, whose cross section has a narrow
peak within an electron energy interval of 5-10 eV, and, thus,
the local negative ion density, which self-amplifies this effect.
This phenomenon is discussed in detail in reference [56] for a
pure CF, discharge.

The spatio-temporal electron impact excitation rate for
the 703.7nm fluorine line obtained from the PIC/MCC
simulation, which assumes a geometrically symmetric dis-
charge, is shown in figure 3 for the ‘peaks’-waveform at both
20 Pa (figures 3(a)—(c)) and 60 Pa (figures 3(d)—(f)) for the 0%
Ar, 50% Ar, and 90% Ar cases. The sheath edges are com-
puted using the Brinkmann criterion [127] taking the presence
of negative ions into account and are shown as white lines in
each plot. The maximum absolute value of the excitation rate
is observed to decrease both as the argon content is increased
and as the pressure is decreased. In general, there are two
separate mechanisms of electron acceleration that cause
excitation maxima at different positions and times within the
fundamental RF period: (i) a-mode excitation is caused by
electron power absorption on the bulk side of the expanding
sheath edge. (i) DA-mode excitation maxima occur on the
bulk side of the collapsing sheath edge and are caused by
the local maxima of the electron density at the position of the
maximum sheath width in electronegative CCPs. These cause
ambipolar electric fields that accelerate electrons towards the
adjacent electrode. Here, a transition from the DA power
absorption mode to a hybrid DA-/«a-mode is observed at both
pressures as a function of increasing argon content. At 60 Pa,
the mode transition has a different behavior with increasing
argon content where the DA-mode heating is sustained to
much higher argon content values. For example, the DA-
mode heating remains dominant at 50% Ar (figure 3(e)) and
remains relevant even for 90% Ar (figure 3(f)). This confirms
the results shown in figure 2, where at 60 Pa the electro-
negativity () is about 40 and 15 for 50% Ar and 90% Ar,
respectively. In the 0%-20% Ar range at 60Pa (e.g.
figure 3(d) and in figure 2), a highly localized DA-mode is
observed with excitation maxima only at the collapsing sheath
of the grounded electrode, similar to that observed in a pre-
vious work in pure CF, [56]. The change in the localization of
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Figure 3. Spatio-temporal distribution of the electron impact excitation rate for the 703.7 nm fluorine line (excitation threshold energy:
14.56 V) obtained from PIC/MCC simulations for the ‘peaks’-waveform (N = 3, ‘me = 150 V) at 20 Pa (a)—(c) and 60 Pa (d)—(f), as a
function of argon content in the buffer gas. The sheath edges are marked by the white lines based on the Brinkmann criterion [127]. The
driving voltage waveform is shown for reference in (g)—(i). The powered electrode is located at x = 0 mm, while the grounded electrode is at

x = 25 mm.

the excitation/ionization in figures 3(d)—(f) from near the
grounded sheath (DA-mode) to near the powered sheath (a-
mode) is quite significant at 60Pa in the simulations. It is thus
easily conceivable that the symmetry parameter e, which
depends explicitly on the ratio of the ion density in both
sheaths, would be dramatically changed by the mode trans-
ition with increasing argon content in the 60 Pa case (see later
in figure 10(a)). At 20 Pa, a hybrid DA-a mode exists near
0% Ar and the discharge transitions to a pure a-mode near
30% Ar, in contrast to the DA-mode being sustained to almost
90% Ar for 60 Pa. The reduced change in excitation locali-
zation for 20 Pa implies that the symmetry parameter ¢ is
expected to vary little with increasing argon content as a
result (see later in figure 10(a)). The different behavior of the
mode transition with increasing argon content at 20 and 60 Pa
is caused by the different electronegativity (see figure 2).
Figure 4 shows the results of the PROES measurements
at 20 Pa (panels (a)—(c)) and 60 Pa (panels (d)—(f)) for the
‘peaks’-waveform for 0%, 50%, and 90% argon content.
Compared to the results of the simulations, performed for the

same discharge conditions (see figure 3) and considering the
complex chemistry as well as the geometric reactor asym-
metry in the experiment, reasonable qualitative agreement
between experimental and computational results is found. The
differences in figures 3 and 4 are caused by the presence of a
geometric asymmetry in the experiment, which is not inclu-
ded in the PIC/MCC simulations. In contrast to figure 3, the
a-mode excitation near the powered electrode is significantly
stronger than that at the grounded electrode even in the 60 Pa,
0% Ar case. This is caused by the presence a more negative
DC self-bias in the experiment due to the geometric discharge
asymmetry. This results in a smaller change in the localization
of the excitation/ionization across the discharge in the
experiment as the argon content is increased, in turn sug-
gesting that any ¢ variation is also smaller in the experiment.
The sustainment of the DA-mode to very high argon content
values at 60 Pa seen in figures 3(d)—(f) is confirmed by the
experimentally measured excitation rates in figures 4(d)—(f).
Similarly, at 20 Pa, the DA-a mode transition occurs at a
smaller argon content value than that at 60 Pa, and the weaker
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Figure 4. Spatio-temporal distributions of the electron impact excitation rate of the 703.7 nm fluorine line obtained via PROES in the
experiment for the ‘peaks’-waveform (N = 3, ¢,,, = 150 V) at 20 Pa (a)—(c) and 60 Pa (d)—(f), as a function of argon content in the buffer
gas. The driving voltage waveform is shown for reference in (g)—(i). The powered electrode is located at x = 0 mm, while the grounded

electrode is at x = 25 mm.

mode transition should not significantly change the plasma
symmetry.

The DA power absorption of electrons in the plasma bulk
is caused by a significant density of negative ions in the bulk
plasma and, thus, a depleted electron density. This leads to a
reduced conductivity in the bulk and the generation of an
enhanced bulk electric field required to drive the current.
Consequently, electrons are accelerated to high energies in the
bulk and cause excitation at the times of high current.
Negative ion formation proceeds via collisional attachment
processes, whose cross-sections are high only within an
energy interval of 5-10eV for CF4 [114, 115]. The total
attachment rate obtained from the simulation is shown for the
‘peaks’-waveform at 20 and 60 Pa for 0%, 50% and 90%
argon content in figure 5. At 20 Pa (figures 5(a)—(c)), this rate
is comparably much lower than for the 60 Pa cases throughout
the discharge and becomes insufficient to sustain the DA-
mode at a much lower argon content value due to the
decreased mean electron energy at that pressure. This leads to
a lower negative ion density, a less depleted electron density,
lower electronegativity (as in figure 2), and thus a

substantially weaker DA-mode for 20Pa. This also con-
stitutes the well-known phenomenon of the DA-mode being
primarily induced at higher pressure in CF, [46, 103].

At 60 Pa, an increase of the global electronegativity as a
function of the argon admixture for admixtures between 20%
and 30% is found (see figure 2). This is accompanied by a
change of the spatio-temporal electron dynamics from exci-
tation adjacent to the grounded electrode at 0% argon
admixture to excitation throughout most of the plasma bulk at
higher admixtures of argon, e.g. 50% (see figure 3(d) and (e)).
The simulations reveal that this excitation is caused by elec-
trons accelerated by drift and ambipolar electric fields, which
are present only at the position, where excitation is observed
(see figures 7(d) and (e)). These findings are explained by the
following mechanism: adding a small admixture of argon to
an electronegative CF, discharge, causes a higher plasma
density, since the ionization threshold of argon is lower
compared to CF;. A corresponding increase of the total
positive ion density is observed in figures 6(d) and (e), which
show, respectively, the time averaged charged particle density
profiles for 0% and 50% argon admixtures. Consequently, the
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Figure 5. Spatio-temporal distributions of the total attachment rate from the simulation for the ‘peaks’-waveform (N = 3, &m =150V) at

20 Pa (a)—(c) and 60 Pa (d)—(f), as a function of argon content in the buffer gas. The sheath edges are marked by the white lines based on the
Brinkmann criterion [127] in each plot. The driving voltage waveform is shown for reference in (g)—(i). The powered electrode is located at

x = 0 mm, while the grounded electrode is at x = 25 mm.

total positive ion fluxes to the electrodes increase as a func-
tion of the argon admixture. In order to compensate the
positive ion flux to the electrodes, the electron current must
also increase at the times of sheath collapse during each
fundamental RF period. However, in the presence of a high
admixture of CF,, most electrons are lost via attachment to
form negative ions. This leads to a low conductivity and a
high electric field at times of high current within each fun-
damental RF period required to sustain the electron current,
which is needed to compensate the ion flux at each electrode
on time average. Thus, the few electrons are accelerated to
relatively high energies (see figure 8). In this way a positive
feedback loop is formed that leads to the generation of a high
electronegativity for small argon admixtures, since the cross
section for the formation of negative ions via electron
attachment in CF, is maximum at high electron energies
between 5 and 10 eV. This mechanism explains the counter-
intuitive finding that the global electronegativity is higher for
small argon compared to no argon admixture. It proceeds
primarily via an increase of the electronegativity at the

powered electrode. For high admixtures of argon the global
electronegativity decreases again, since the formation of negative
ions is reduced due to the absence of CF, molecules as collision
partners. As the currents and the electric field are increased as a
function of argon admixture (for low admixtures) the dissipated
power also increases (not shown). In fact, the dissipated power
follows the trend of the global electronegativity as a function of
argon admixture shown in figure 2 at 20 and 60 Pa.

The time-averaged densities of each charged particle
species traced in the simulation for the ‘peaks’-waveform
cases are shown in figure 6. For 20 Pa, the negative ion and
electron densities (i.e. the local electronegativity) remain
spatially uniform in the plasma bulk. On the other hand, at
60 Pa, the discharge is split into two halves of strongly dif-
ferent electronegativity at 0% Ar according to the spatially
asymmetric distribution of the attachment rate shown in
figure 5(d). The plasma exhibits a spatially nearly uniform but
still electronegative density profile near an argon content
value of 50%. The electronegativity is still quite significant
even for the 90% Ar case at 60 Pa, allowing for the presence
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Figure 6. Simulation results for the time-averaged densities of each charged particle species traced in the simulation (CF§, CF5, F~, Ar"

, and

electrons) as a function of position x between the powered (x = 0 mm) and grounded (x = 25 mm) electrodes for the ‘peaks’-waveform
(N =3, ¢op = 150 V) at 20 Pa (a)—(c) and 60 Pa (d)—(f), and as a function of argon content in the buffer gas. The maximum sheath widths
are marked by the gray dashed vertical lines based on the Brinkmann criterion [127] in each plot.

of significant electric fields and DA-mode heating in the bulk
plasma.

Spatio-temporal plots of the electric field determined
from the simulation are shown in figure 7 at 20 and 60 Pa for
various argon content values. Under conditions of high
electronegativity a strong drift field in the bulk and an
ambipolar field at the grounded electrode are observed
[45, 46, 65, 71-73, 84, 85, 125]. For 20 Pa, this bulk electric
field disappears for high argon contents, i.e. above 30% Ar, as
the discharge electronegativity and the attachment rate
become negligible (figures 2 and 5(b)—(c)). In the 20 Pa, 0%
Ar and the 60 Pa cases, though, significant electric fields are
observed in the discharge bulk. The localized DA-mode
present at low argon content values for 60 Pa is characterized
by strong electric field maxima on the bulk side of the sheath
edge at the grounded electrode, as shown in figure 7(d). The
strength of this localized field is much higher than that of the
almost homogeneous field typically observed in DA-mode
plasmas [45, 46, 65, 71-73, 84, 85, 125], but it also occurs
across a smaller spatial region. As this high local electric field
oscillates within the fundamental RF period, it is associated
with a significant displacement current. For 0% argon
admixture at 60Pa, the electric field is low in the rest of the
bulk, since the local electronegativity is low in this region
compared to the strongly electronegative region close to the

10

grounded electrode. This leads to a higher conductivity and a
lower electric field required to drive the current through
the bulk.

Figure 8 shows the spatio-temporal distribution of the
mean electron energy for the ‘peaks’-waveforms cases. The
acceleration of electrons by the DA- or a-power absorption
modes allows for efficient attachment at 60 Pa (figures 8(d)—(f)),
as the mean electron energy in the bulk plasma is in the
5-10eV energy range of the CF, attachment cross-sections
[114, 115] resulting in the high attachment rates seen in
figure 5. The DA-mode heating of bulk electrons and the
reduction in attachment rate at 60Pa and 90% argon (see
figure 3(f) and figure 5(f)) lead to a small variation in the mean
electron energy (4-6 eV) across the RF period (figure 8(f)). The
distribution of electrons with energies required for generating
reactive radicals may also change dramatically in space with
increasing argon content, which could potentially lead to dif-
fering flux distributions of these radical species towards each
electrode. These radical flux distributions could then potentially
be adjusted as a function of the gas mixture for optimizing
processes which require specific ion-to-radical flux ratios.

5.2. Effect of gas composition on the DC self-bias

The understanding of the DC self-bias generation is important
in applications since 7 influences both the ion flux-energy
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Figure 7. Spatio-temporal distribution of the electric field (kV m ") obtained from the simulation for the ‘peaks’-waveform (N = 3,
e = 150 V) at 20 Pa (a)—(c) and 60 Pa (d)—(f), as a function of argon content in the buffer gas. The color scale is chosen in a way to make
the electric field in the plasma bulk visible. The driving voltage waveform is shown for reference in (g)—(i). The dashed vertical lines indicate

the times of maximum (at ~19 ns) and minimum voltage (at =57 ns) of the driving voltage waveform at which ¢

b

max /min 41€ calculated. The

powered electrode is located at x = 0 mm, while the grounded electrode is at x = 25 mm.

distribution functions at plasma-facing surfaces and the
electron power absorption dynamics. Figure 9 shows the DC
self-bias as a function of the argon content in the buffer gas
for single-frequency (N = 1) and triple-frequency (‘peaks’
and ‘valleys’, N = 3) waveforms obtained from the experi-
ment and the simulations at 20 and 60 Pa. In the single fre-
quency case, the experiment exhibits a normalized self bias
(DC self-bias voltage divided by the total driving voltage
amplitude) of approximately —15% at 20Pa, which is
insensitive of the argon content. At 60 Pa, 7 is zero in a pure
CF, discharge and its magnitude increases to about 12% at
high argon content. The DC self-bias is negative because of
the presence of a larger grounded compared to powered
electrode surface in the experiment. It is, however, zero in the
simulations for N = 1 independent of the argon content, since
no geometric discharge asymmetry is included and there is no
electrical asymmetry.

For the triple frequency ‘peaks-/valleys’-waveforms we
find significantly different values of the DC self-bias

compared to the single frequency case due to the presence of
the EAE and the spatio-temporal electron dynamics described
in the previous section. At 20 Pa we find good agreement
between experimental and simulation results in terms of the
dependence of 7 on the argon content. The only difference is
an approximately constant shift caused by the geometric
reactor asymmetry, which is only present in the experiment.
At 60 Pa some deviations are observed. As will be explained
later, these are also caused by the geometric discharge
asymmetry in the experiment. For the ‘peaks’-waveform the
DC self-bias is negative at both pressures, while it is positive
for the ‘valleys’-waveforms At 20Pa it is independent of
the argon admixtures for both waveforms, while its magni-
tude decreases as a function of the argon content at 60 Pa in
the simulation.

In order to understand the dependence of the DC self-bias
on the argon content at 20 and 60 Pa we use the analytical
model introduced in section 4. In the frame of this model, the
DC self-bias is described by equations (4) and (5). It is
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Figure 8. Spatio-temporal distribution of the mean electron energy obtained from the simulation for the ‘peaks’-waveform (N = 3,
e = 150 V) at 20 Pa (a)—(c) and 60 Pa (d)—(f), as a function of argon content in the buffer gas. The driving voltage waveform is shown for
reference in (g)—(i). The powered electrode is located at x = 0 mm, while the grounded electrode is at x = 25 mm.

determined by the sum of three terms: 7y, related to the electrodes and the symmetry parameter to change as a func-
applied voltage waveform, 7 due to the floating potentials at tion of the argon content as well.

each electrode, and 7, resulting from the voltage drop across The dependence of € on the argon content affects the two
the bulk plasma. The floating potentials are neglected in our calculated self-bias terms, 7 and 7, in the model, which are
analysis due to their small magnitude. shown in figure 10(b) as a function of the argon content for

In both terms, 7, and 7, the symmetry parameter, ¢, both 20 and 60 Pa. Recall that, for a fixed applied voltage
plays an important role. Therefore, we analyze the behavior of ~ waveform, @, /min 40 not change, such that changes in 7,y
¢ obtained from the PIC/MCC simulation as a function of are solely due to changes in the symmetry parameter (¢) due
argon content at both pressures for ‘peaks’-waveforms (see to the mode transition induced by the decreasing electro-
figure 10(a)). In a geometrically symmetric discharge, which negativity with the argon content (figure 2).
is the case in the simulation, the symmetry parameter is lar- The variation of 7, is a result of the change in ¢ and
gely determined by the ratio of the mean ion densities in both  changes of the voltage drops across the plasma bulk at the
sheaths. This ratio is, in turn, determined by the spatio-tem- times of maximum and minimum driving voltage, ¢§mx‘mm.
poral dynamics of energetic electrons via their effects on the These voltage drops across the bulk are obtained from the
ionization probed by the excitation here (see figures 3 and 4).  simulations at the times indicated in figure 7. At 60 Pa, the
At 20 Pa, the ratio of the maxima of the excitation rate at both  presence of the oscillating drift electric field in the bulk
electrodes does not change much as a function of the argon implies a non-zero, time-dependent bulk voltage, ¢°(7). In
content. Thus, ¢ is independent of the argon content. At 60 Pa, the presence of a ‘peaks’-driving voltage waveform
however, by admixing more argon the mode of discharge |¢Em| > |¢:ﬁn| under these conditions, because the RF cur-
operation is changed from the DA- to the a-mode. This rents are different at these two characteristic times and, thus,

causes the ratio of the excitation maxima adjacent to both different bulk electric fields are required to drive these

12
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Figure 9. DC self-bias normalized by the total driving voltage amplitude as a function of the argon content in the buffer gas for single-
frequency (N = 1) and triple-frequency (‘peaks’ and ‘valleys’, N = 3) waveforms obtained from the experiment and the simulations at 20 Pa

(a) and at 60 Pa (b), for a 25 mm electrode gap and ¢, = 150 V.

currents. In combination with the change of the symmetry
parameter as a function of the argon content this causes
Ny > 0V at 60Pa (see equation (4) and figure 10(b)). The
voltage drops across the plasma bulk at the times of max-
imum and minimum applied voltage decrease as a function of
argon content, since the discharge gets more electropositive
and, thus, the drift electric field in the bulk decreases. At
20 Pa, the drift electric field in the bulk is lower, since the
conductivity is higher compared to the 60 Pa case due to a
lower electron-neutral collision frequency and a lower elec-
tronegativity for most argon admixtures. Moreover, ¢ is
constant as a function of the argon content due to the absence
of any strong mode transitions. Thus, 7, is essentially zero
under these conditions.

Figure 10(c) shows the DC self-bias as a function of the
argon content at 60 Pa obtained from the simulation and the
analytical model. In the model, the DC self-bias is calculated
as the sum of 7, and 7,. Excellent agreement between the
simulation and the model results is found. This shows that
the floating potential term can indeed be neglected and that
the model can be used to understand the generation of the DC
self-bias as a function of the argon content under these
conditions.

In order to obtain a more detailed understanding of the
DC self-bias generation in this reactive electronegative CCP,
the evolution of the symmetry parameter, ¢, for the ‘peaks’-
waveform at 60 Pa as a function of the argon content is
investigated by calculating each individual term in
equation (5) using simulation data as inputs to the model,
assuming that the discharge is geometrically symmetric, i.e.

) = 1. The results of this analysis can be seen in

2
Ap
Aq

13

figure 11, where each term’s variation with increasing argon
content, as well as the ¢ reconstructed from the model cal-
culations, are shown in figures 11(a) and (b), respectively.
The changes in ¢ with increasing argon content are almost
exclusively due to the strong increase in the sheath charged

Ny . .
—_ corresponding to the change in
Tsg

particle density ratio

spatial localization of the discharge ionization as a function of
the dominant power-absorption mode. The ratio of the max-
imum uncompensated charges in both sheaths as well as the
ratio of the sheath integrals do not change much as a function
of the argon content.

The symmetry parameter, ¢, is calculated based on the
individual terms in equation (5) from figure 11(a) and is
compared to the ¢ directly provided as an output from the
simulations in figure 11(b). Good agreement is found between
the ¢ obtained from the model and that obtained from the
simulation. The ¢ from the model is then calculated again, but

. e . A .
with an ‘artificial’ geometric asymmetry set at A—" = 0.25 in
g

equation (5) to demonstrate the effect of a geometric asym-
metry on the variation of ¢ qualitatively. This does not
account for the changes in sheath density which would occur
in the presence of such a geometric asymmetry, and the
specific value of % in the measurements, where a significant
geometric asymmeiry is present, may not match this example
value. The corresponding line in figure 11(b) demonstrates
that the changes in ¢ are strongly damped by the presence of
the geometric asymmetry. It is then expected that the variation
of the n,,, self-bias term as a function of the argon content
would similarly be reduced in the presence of a significant
geometric asymmetry, leaving 7, to be the primary cause of
changes in the total DC self-bias 7 in the experiment.
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Figure 10. Symmetry parameter € (a) extracted from the simulation as a function of the argon content in the buffer gas for the ‘peaks’-
waveform (N = 3, ¢,,, = 150 V) at 20 and 60 Pa. DC self-bias terms, 7,,, and 7, (b) calculated from the model using simulation data for the

‘peaks’-waveform. DC self-bias for the 60 Pa, ‘peaks’-waveform (N = 3, a&mt = 150 V) from the model and from the simulation (c). The
data are normalized by the fixed total voltage amplitude of ¢, = 150 V.
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Figure 11. (a) Dependence of the individual ratios in equation (5), including the maximum uncompensated charges in each sheath (Qmg/
Omp), the sheath charged particle densities (7, /7i,), and the sheath integrals (/;, / Ip) on the argon content in the buffer gas. (b) Variation of

the symmetry parameter, €, with the argon content in the buffer gas as obtained from the model using simulation data as inputs (black
triangles), extracted directly from the simulation (red diamonds), and the same model results using an ‘artificial’ geometric asymmetry factor

of % = 0.25 (blue pentagons). Both (a) and (b) show results for the 60 Pa, ‘peaks’-waveform (N = 3, g?)tm = 150 V) cases.

The evolution of the total DC self-bias in the experiments
at high pressure with increasing argon content (shown in
figure 9(b)) is primarily due to the presence of the bulk
voltage term 7),, while the 7., term’s variation is suppressed
by the geometric asymmetry’s effect on e. Therefore, the
experimental DC self-bias 1 evolves due to the interaction of
two terms: 7),,, &~ constant, and a counter-acting 7, — 0 as
the argon content increases to 100%. The two effects together

14

are responsible for the variation of the DC self-bias magni-
tude in each case in the experiment. This is most easily
understood for the single-frequency (N=1) case at 60Pa
(black solid line in figure 9(b)), where the negative DC self-
bias generated due to the geometric asymmetry, represented
by the 100% argon data point, is countered by the presence of
a significant positive bulk voltage term 1, at 0% argon con-
tent, where the discharge operates in DA-mode. This results
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in a total DC self-bias very near zero for 0% argon content,
despite the presence of the geometric asymmetry. As the
argon content is increased, 7, decreases in magnitude towards
zero, eventually restoring the negative DC self-bias caused by
the geometric asymmetry at 100% argon. Similarly, for the
‘peaks’-waveform, the negative bias from the driving voltage
waveform (7,,) is counter-acted by the presence of a positive
7 at low argon admixtures, which disappears as the Ar/CF,
gas mixture is changed to pure argon gas. A similar albeit
reversed situation is true for the ‘valleys’-waveform, where a
positive 7, is counter-acted by a negative 7,, whose absolute
value decreases to zero at 100% Ar. These effects minimally
affect the total DC self-bias n as a function of increasing
argon content at the lower pressure, because the electro-
negativity of the discharge is too low to induce significant
DA-mode bulk electric fields and to significantly change the
symmetry parameter €.

At 60 Pa, the dependence of the DC self-bias on the
argon content is different for the ‘peaks’- and ‘valleys’-
waveform in the experiment and in the simulation (see
figure 9(b)). For the ‘peaks’-waveform, the simulated DC
self-bias retains a decrease in the magnitude of 7, from &,
leading to the overall decrease in magnitude of the negative
DC self-bias, despite the positive 7, decreasing to zero as the
argon content approaches 100%. This stands in contrast to the
experimental data, where the suppression of changes in 7,
allows the overall DC self-bias to increase in magnitude with
increasing argon content. An analogous argument is valid for
the ‘valleys’-waveform. The dependence of this DC self-bias
phenomenon on the discharge geometry, i.e. either geome-

. . (A . .
trically asymmetric (A—p < 1) or geometrically symmetric
g

A
o

1), implies that the discharge geometry becomes
relevant when using an electronegative gas or admixture.

6. Conclusions

The spatio-temporal electron impact excitation dynamics and
the generation of a DC self-bias through VWT were investi-
gated experimentally, with the aid of numerical simulations
and subsequent model calculations in an Ar/CF, CCP dis-
charge at both 20 and 60 Pa as a function of the mixing ratio
between the electronegative CF, and electropositive Ar gas
components. Triple-frequency ‘peaks’- and ‘valleys’-wave-
forms were used to explore the effects of changing the gas
composition on the electron power absorption dynamics and
the subsequent generation of a DC self-bias. Mode transitions
from the DA- to the a-mode across the 0% to 100% argon
content interval were observed experimentally for each given
waveform and pressure, but the transitions were found to
occur at different argon admixtures at different pressures. The
mode transition is less pronounced and occurs at smaller
argon admixtures at 20 Pa compared to a higher pressure of
60 Pa due to the fact that the electronegativity remains high
up to larger argon admixtures at the higher pressure. At 60 Pa
an increase of the global electronegativity as a function of the
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argon admixture was observed for admixtures between 20%
and 30%. This counterintuitive finding was explained by the
effect of adding small admixtures of electropositive argon to
the electronegative CF, gas on the spatio-temporal electron
dynamics. The numerical simulations qualitatively reproduce
the overall trends in the spatio-temporal excitation dynamics
and the DC self-bias. Differences in the experimental mea-
surements compared to the numerical simulations and the
model calculations are found to be caused by the presence of
a geometric discharge asymmetry in the experiment, which is
not included in the simulations.

The numerical simulation results provide access to a
variety of additional plasma parameters, which could not be
measured, such as the spatio-temporal electron attachment
rate, the bulk electric field, and the mean electron energy.
Based on these insights a detailed fundamental understanding
of the spatio-temporal electron dynamics and the mode tran-
sitions as a function of the argon admixture to CF, was
obtained. It was found that the drift electric field in the plasma
bulk is reduced substantially as the electronegativity of the
discharge is decreased, both as a function of increasing argon
content and decreasing pressure. This was identified as the
main mechanism that induces a mode transition from the DA-
to the a-mode.

Based on this fundamental understanding of the plasma
physics and an analytical model, the physical origin of the
generation of a DC self-bias as a function of the argon content
in the case of ‘peaks’- and ‘valleys’-waveforms was revealed.
The change of the discharge mode induced by increasing the
argon content in the buffer gas was found to affect the dis-
charge symmetry and voltage drops across the plasma bulk at
a high pressure of 60 Pa. In a geometrically symmetric CCP,
this was found to result in a decrease of the magnitude of the
DC self-bias as a function of the argon content, while the self-
bias remained nearly constant at a lower pressure of 20 Pa, at
which the discharge is more electropositive for most argon
admixtures. Finally, a geometric discharge asymmetry was
found to suppress the variation of the discharge symmetry as
a function of the argon content in the buffer gas. This causes
the DC self-bias to remain approximately constant as a
function of the argon content even at 60 Pa in the experiment.

These findings are expected to be highly valuable for
knowledged based plasma process optimization in multi-fre-
quency discharges containing mixtures of electropositive and
electronegative gases.
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