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Abstract

We investigate the electron heating dynamics in capacitively coupled radio frequency plasmas
driven by customized voltage waveforms and study the effects of modifying this waveform and
the secondary electron emission coefficient of the electrodes on the spatio-temporal ionization
dynamics by particle-in-cell simulations. We demonstrate that changes in the electron heating
dynamics induced by voltage waveform tailoring strongly affect the dc self-bias, the ion flux,
I'j, and the mean ion energy, (Ej;), at the electrodes. The driving voltage waveform is
customized by adding N consecutive harmonics (N < 4) of 13.56 MHz with specific
harmonics’ amplitudes and phases. The total voltage amplitude is kept constant, while
modifying the number of harmonics and their phases. In an argon plasma, we find a dc
self-bias, 7, to be generated via the electrical asymmetry effect for N > 2. 5 can be
controlled by adjusting the harmonics’ phases and is enhanced by adding more consecutive
harmonics. At a low pressure of 3 Pa, the discharge is operated in the ¢-mode and (E;) can be
controlled by adjusting the phases at constant I';. The ion flux can be increased by adding
more harmonics due to the enhanced electron-sheath heating. (E;) does not remain constant as
a function of N at both electrodes due to a change in 1. These findings verify previous results
of Lafleur er al. At a high pressure of 100 Pa and using a high secondary electron emission
coefficient of y = 0.4, the discharge is operated in the y-mode and mode transitions are
induced by changing the driving voltage waveform. Due to these mode transitions and the
specific ionization dynamics in the y-mode, I'; is no longer constant as a function of the

harmonics’ phases and decreases with increasing N.

(Some figures may appear in colour only in the online journal)

1. Introduction

Capacitively coupled radio frequency (CCRF) discharges are
irreplaceable tools for surface processing applications such
as plasma-enhanced chemical vapor deposition (PECVD) and
plasma etching. These techniques are the basis for the
manufacturing of many high technology products such as
integrated circuits, solar cells and biocompatible surfaces
[5-7]. Moreover, atmospheric pressure capacitive micro-
discharges are frequently used for biomedical applications
such as sterilization [8-15]. In order to optimize
these applications specific flux-energy distribution functions

0963-0252/13/065009+13$33.00

(FEDF) of different species (electrons, ions, neutrals) are
required at the surface to be processed and in the plasma bulk.
The shape of these FEDFs is determined by complex particle
heating and transport dynamics in the plasma, which are not
fully understood and, thus, typically cannot be controlled.
Different electron heating mechanisms, such as stochastic
and ohmic heating, are known [5, 16-27]. Depending on the
choice of global control parameters, e.g. neutral gas pressure
and driving voltage amplitude, different modes of discharge
operation, such as the «- [28], y- [28,29] or the 2-mode
[12,31-38], have been identified in single-frequency plasmas
based on the above-mentioned mechanisms of electron heating.

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Normalized driving voltage waveform, ¢(r) = ¢ (1) /¢y, for exemplary choices of N and 6.

The electron heating mode and transport determines the shape
of the electron energy distribution function (EEDF) at different
positions in the plasma and times within the RF period. The
shape of the EEDF in turn determines the ionization and
dissociation dynamics. Ions and neutral radicals generated in
the plasma bulk are transported towards the boundary surfaces.
Positive ions are strongly accelerated by the electric field inside
the sheaths. Finally, process relevant FEDFs are formed at the
boundary surfaces.

Applications are typically optimized empirically rather
than based on a detailed understanding of the complex plasma
physics. Methods to customize FEDFs at the boundary
surfaces are mostly limited to controlling integral quantities
such as the total flux, I'y, and the mean energy, (E,), of
species x. The shape of the ion FEDF at boundary surfaces
has been customized by arbitrary substrate biasing in high-
density remote sources such as inductively coupled or helicon
plasmas [39-41].

In single-frequency electropositive CCRF plasmas, the ion
flux, I'j, and the mean ion energy, (E;), cannot be controlled
separately [42]. As this separate control is important for many
applications, classical dual-frequency discharges, operated at
two substantially different frequencies, have been developed
[43—45]. Within narrow process windows, i.e. specific choices
of pressure, power and electrode material, (FE;) is mainly
controlled by the low-frequency (If) voltage amplitude, while
I'; is controlled by the high-frequency (hf) voltage amplitude.
This separate control is, however, strongly limited by the
frequency coupling [13-15,29,30,46,47] and the effect of
secondary electrons [29,48]. The frequency coupling in
classical dual-frequency CCPs has been found to be affected
by the phase between the driving voltage waveforms [14, 30].

Significantly better separate control can be realized in
CCREF discharges driven by multiple consecutive harmonics
based on the electrical asymmetry effect (EAE) [49-54], i.e.
by applying the following voltage waveform, ¢(¢), to one
electrode:

N N
$(0) =) drcosQukfr+6)  with du=) ¢
k=1 k=1
ey
Here, N is the total number of consecutive harmonics, k is an
integer number and f is the fundamental frequency. ¢ is the

amplitude and 6y is the fixed, but adjustable phase of the kth
harmonic. ¢ is the total applied voltage amplitude. Figure 1
shows representative examples of the normalized driving
voltage waveform, ¢(t) = ¢(t)/pw, for f = 13.56 MHz
and specific values of N as well as 6. The symmetry of such
a plasma can be quantified by the symmetry parameter, ¢ [51]:

~ (ﬁ)z ﬁﬁ (%)2 2)
Here, ‘i;sg and qgsp are the maximum voltage drops across the
sheath at the grounded and powered electrodes, respectively.
i and ng, are the spatially averaged ion densities, and O,
and Q,,, are the positive space charges in the respective sheath
at the time of maximum sheath voltage at the grounded and
powered electrodes, respectively. A, and A, are the surface
areas of the respective electrodes. The discharge will be
symmetric, if ¢ = 1.

According to an analytical model described in detail in
[51] a dc self-bias, 5, is generated in CCRF discharges:

¢sg

¢sp
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l+s

n~ 3)
Here, ¢ and ¢n, are the applied voltages at the time
of maximum sheath voltage at the grounded and powered
electrodes, respectively. In low-pressure single-frequency
electropositive plasmas, these times uniquely correspond
to the times of maximum and minimum applied voltage,
respectively. In multi-frequency plasmas, however, depending
on the choices of ¢, and 6 there can be multiple global extrema
of the driving voltage waveform (see figure 1), so that it is
important to use the driving voltages at the times of maximum
sheath voltage in equation (3).

Previous investigations of the EAE yielded the following
main results: if the discharge is symmetric (¢ = 1), a dc
self-bias will be generated, if the absolute values of ¢,,; and
¢m2 are different. This difference and, thus,  can be controlled
via the harmonics’ phases and can be increased by adding more
consecutive harmonics with specific amplitudes defined by the
following criterion to the driving voltage waveform [54]:

N—k+1 2
ST with ¢y = o
N N+1

br = o “
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The choices of the total applied voltage amplitude, ¢, and
the number of applied consecutive harmonics determine the
ion flux and the absolute values of the mean ion energies at the
electrodes.

In dual-frequency discharges operated at 13.56 and
27.12MHz in the o-mode, (E;) can be controlled efficiently
by adjusting the phase between both harmonics, while I}
remains constant, since the voltage amplitudes are not changed
[51]. Reducing the fundamental driving frequency results in
a lower dc self-bias and a less efficient control of (E;) [55].
In electrically asymmetric plasmas, I'j can be controlled by
adjusting the harmonics’ amplitudes. However, changing
the voltage amplitudes also affects the sheath voltages and,
therefore, (E;), so that the ion flux cannot be controlled at a
constant mean ion energy in this way.

Recently, Lafleur et al found experimentally [1,4] that
I'; can be increased by adding more consecutive harmonics,
i.e. by increasing N, at low and almost constant (E;j) at the
grounded electrode, while keeping the peak-to-peak voltage
of the waveform constant. The increase in I'; as a function of
N has been explained by enhanced stochastic sheath heating
in the @-mode by adding higher harmonics. By particle-in-cell
(PIC) simulations, assuming specific electrode materials with
low y-coefficients, they showed [2, 3] that a similar effect can
be realized by using repetitive Gaussian pulses and changing
their width. Lafleur et al investigated argon discharges driven
at peak-to-peak voltages between 100 V and 735 V at pressures
ranging from about 3 Pa to 65 Pa [1-4].

These results are important, since they provide a
method to increase the throughput of large-area PECVD
by increasing the ion flux, while avoiding parasitic damage
of the deposited layers by energetic ions [56-59]. Such
an energetic ion bombardment has been a strong process
limitation in large-area CCRF discharges, which are inherently
geometrically symmetric, so that the ion bombardment energy
at the substrate cannot be reduced by a geometrically induced
dc self-bias.

However, previous investigations have been limited to
the o-mode operation of CCRF plasmas. Generally, a
systematic investigation of the electron heating dynamics
in multi-frequency CCRF plasmas operated at more than
two consecutive harmonics has never been performed and,
correspondingly, the effect of these dynamics and heating
mode transitions on the control of ion properties via the
EAE has not been quantified. Thus, the following important
questions have not yet been answered for CCRF plasmas driven
at more than two consecutive harmonics:

e What is the effect of modifying the driving voltage
waveform by adding more consecutive harmonics and
changing the harmonics’ phases on the electron heating
and ionization dynamics?

e How does the presence of an electron heating mode
different from the a-mode, e.g. the y-mode, affect the
control of ion properties?

These questions are most important for applications using
different electrode materials such as large-area PECVD, RF
sputtering and plasma etching, which can potentially be

improved by the EAE using multiple consecutive harmonics
[60]. They are also highly relevant for fundamental research
on electron heating in multi-frequency capacitively coupled
plasmas.

Here, for the first time we perform a systematic
investigation of the electron heating dynamics in CCRF
discharges operated at multiple consecutive harmonics
(N > 2) by PIC simulations to clarify the above questions.
Our most important findings are as follows:

e Transitions of the electron heating mode from the «-
to the y-mode induced by changing the driving voltage
waveform, pressure and y strongly affect the control of
ion properties at the electrodes.

e Atlow pressures and high voltages, ( E;) can be controlled
efficiently by adjusting the harmonics’ phases at constant
I'; via the EAE. The ion flux can be increased by adding
higher harmonics to the driving voltage waveform, but
(E;) does not remain constant at any electrode under these
conditions.

e At a high pressure of 100 Pa and high y, the mean ion
energy can be adjusted via the harmonics’ phases, but
the ion flux does not remain constant. Adding higher
harmonics to the driving waveform results in a decrease
in I['; under these conditions and (FE;) does not remain
constant as a function of N.

We explain these findings based on a detailed analysis of the
spatio-temporal electron heating and ionization dynamics in
multi-frequency CCRF plasmas.

The paper is structured in the following way: this
introduction is followed by a description of the PIC simulation
used in this work and the discharge conditions investigated. In
section 3, the results are presented. This section is split into
two parts according to the two different pressures investigated
(3 Pa and 100 Pa). Conclusions are drawn in section 4.

2. The simulation method (PIC)

The simulation results presented here are based on a one-
dimensional (1d3v) bounded plasma PIC code complemented
with a Monte Carlo treatment of collision processes
(PIC/MCC). The neutral gas temperature is taken to be
T, = 400K and the electrode gap is L = 3cm for
all conditions investigated. The discharge is operated in
argon. The cross sections for electron—neutral and ion—neutral
collision processes are taken from [61-63]. At the planar,
parallel and infinite electrodes, electrons are reflected with a
probability of 20% [64]. The ion-induced secondary electron
emission coefficient is identical at both electrodes and is varied
between 0 and 0.4 to study the effect of y-electrons on the
ionization dynamics and the separate control of ion properties.
About 10° superparticles of both charged species are used in
the simulations, with time steps between 2.5 x 10~!? and
9.2 x 107!%25s, and 300-600 grid points. Simulations are
performed at neutral gas pressures of 3 Pa (¢ = 800V) and
100 Pa (¢, = 120V) to investigate the nearly collisionless
low-pressure regime, where stochastic electron heating is
dominant (¢-mode), and the collisional high-pressure regime,
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Figure 2. Dependence of the self-bias voltage, 1, on (a) the identical phase angle of the even harmonics (6 = 6, = 64, 6, = 03 = 0°) for
different numbers of applied harmonics, N, and (b) the number of applied harmonics for 6, = 0°Vk (p = 3 Pa, ¢p,e =800V, y = 0.2).

where the discharge is operated in the y-mode for high mean ion energy at the electrodes can be controlled efficiently
secondary electron emission coefficients. A voltage waveform by adjusting 6, as shown in figures 3(a) and (c). (E;j) can
corresponding to equation (1) with f = 13.56 MHz is applied be changed by a factor of about 7 under these conditions.
to one electrode, while the other is grounded. The number As adding more consecutive harmonics to the driving voltage
of consecutive harmonics, N, is set between 1 and 4; the waveform causes |5| to increase, the mean ion energy also
phases of the even harmonics (6,, ;) are varied from 0° dependson N. Figures 3(b) and (d) show a significant decrease
to 180°. These two phases are chosen to be identical, i.e. in (Ej) by a factor of about 4 at the grounded electrode and an
0, = 64, while the phases of the odd harmonics are set to increase by a factor of about 1.75 at the powered electrode
0°, i.e. 6, = 63 = 0°. This procedure is based on previous for 6, = 0°Vk. The absolute increase/decrease in (Ej) is
results, which demonstrated that the dc self-bias, 1, and the about 150eV at both electrodes. These results are qualitatively
mean ion energies at both electrodes can be changed from their ~ similar to the observations of Lafleur et al [2]. In agreement
maximum to their minimum by only adjusting the phases of with them we explain the change in (E;) at both electrodes
the even harmonics [54]. by (i) a decrease in the sheath width at both electrodes as

In the simulations, 1 is determined in an iterative way a function of N due to a higher plasma density caused by
to ensure that the charged particle fluxes to each of the an enhanced sheath heating of electrons at higher harmonics
two electrodes, averaged over one period of the fundamental and (ii) a more negative dc self-bias at higher N. While a
frequency, balance. Details of the PIC simulation can be found ~ smaller and less collisional sheath causes (E;) to increase at
elsewhere [65]. both electrodes, a more negative self-bias causes the mean ion
energy to decrease at the grounded electrode and to increase
at the powered electrode at 6, = 0°Vk. While these two
effects can compensate each other at low driving voltages at
the grounded electrode and lead to a constant mean ion energy
as a function of N, this is not the case at high driving voltages,
Figure 2(a) shows the dc self-bias, 1, as a function of the as used in this work. Here, the strong increase in || as a
identical phase angle of the even harmonics (9 = 6, = 64, function of N (see figure 2(b)) by about 470V from N = 1 to

3. Results

3.1. Low pressure (3 Pa): a-mode

61 = 63 = 0°) for different numbers of applied harmonics, N = 4 dominates and causes (E;) to decrease as a function of
N. The pressure is 3Pa, the harmonics’ amplitudes are N at the grounded electrode.
chosen according to equation (4) with ¢ = 800V, and Figure 4 shows the sheath widths at the powered electrode,

y = 0.2. Adding more consecutive harmonics, i.e. increasing sp. and at the grounded electrode, s,, as a function of time
N, enhances the control interval of n [1-4, 54]. Increasing N within one fundamental RF period for N = 1 and 4 at §;, =
particularly results in a strong increase in 5| at & = 0°, 180°, 0°V k. In the simulations, the sheath widths are determined
which saturates for large N [54]. The dependence of 7 on N based on a criterion used by Brinkmann [66]. The maximum
for 6 = 0° is shown as an example in figure 2(b). sheath widths are identical at both electrodes for N = 1 and

Changing n = [{@sg)| — |{¢sp)| corresponds to controlling  decrease as a function of N. This decrease is less pronounced
the difference between the time-averaged sheath voltages, (¢ss)  at the powered compared with the grounded electrode. There
and (@yp), at the grounded and powered electrodes. Thus, the  are two mechanisms causing this decrease at both electrodes:
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Figure 3. Mean ion energy, (E;), at the grounded and powered electrodes (top and bottom panels, respectively) as a function of 6 = 6, = 6,
(left panels) for different number of applied harmonics, N, and as a function of N at 6, = 0°V k (right panels); p = 3 Pa, ¢, = 800V,

y =0.2.
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Figure 4. Sheath width at the powered (left plot) and grounded (right plot) electrode as a function of time within one fundamental RF period

for N =1and 4 (6, =0°Vk, p =3Pa, ¢ =800V, y =0.2).

(i) the plasma density is increased as a function of N. This
causes the sheath width to decrease at both sides. (ii) g, and 715
become different at low pressures due to the self-amplification
of the EAE [50, 51], i.e. a finite self-bias causes positive ions
to be accelerated to higher velocities in one sheath compared
with the other. Due to flux continuity the ion density decreases
more strongly towards the electrode in one compared with
the other sheath. For n < OV this causes ng, < 71 and
& < 1 according to equation (2), and a larger maximum sheath
voltage at the powered electrode (left plot of figure 5). Thus,
the sheath is larger at the powered compared with the grounded
electrode for a given total driving voltage amplitude. These

two effects counteract at the powered electrode and interfere
constructively at the grounded electrode for 6, = 0°Vk, so
that the maximum sheath width is smaller at the grounded
electrode.

According to the left plot of figure 5, ¢ is identical
to ng, /g in a single-frequency discharge, but significantly
differs from this density ratio for high values of N and
0r = 0°V k. According to equation (2) this difference is caused
by different values of the positive space charge in each sheath
at the time of maximum sheath voltage, i.e. (Qmg/ Qmp)2 # 1.
The right plot of figure 5 shows that this factor indeed increases
as a function of N. This increase is caused by the following
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Figure 6. Ion flux, I';, at the grounded and powered electrodes (top and bottom panels, respectively) as a function of 6 = 6, = 6, (left
panels) for different numbers of applied harmonics, N, and as a function of N at 6; = 0° V k (right panels); p = 3 Pa, ¢, = 800V, y = 0.2.

mechanism uniquely present in multi-frequency discharges:
for 6, = 0° V k, increasing N causes the sheath to be collapsed
for a longer fraction of the fundamental RF period at the
grounded compared with the powered electrode (see figure 4).
In order to ensure a balance of electron and ion fluxes at
this electrode on time average, the minimum sheath voltage
at the grounded electrode, i.e. the floating potential, ¢,
must increase relative to the floating potential at the powered
electrode, ¢g,. This is also shown in the right plot of figure 5.
When the sheath at the powered electrode is collapsed, almost
no residual charge is located in this sheath and essentially all
uncompensated charge, Qq, is located inside the grounded
sheath. However, when the sheath at the grounded electrode is
collapsed, a significant residual charge is located in this sheath

and less than Qy is located inside the powered sheath. Thus,
Omg/ Omp > 1 for high values of N at 6, = 0°V k.

The ion flux remains essentially constant as a function
of 6 independent of the choice of N at both electrodes (see
figures 6(a) and (c¢)). Thus, (E;) can be controlled separately
from I'; by adjusting 6 as shown in figure 3. T significantly
increases as a function of N at both electrodes (see figures 6(b)
and (d)). As (E;) changes significantly as a function of N at
both electrodes under these conditions (see figures 3(b), (d)),
I'; cannot be controlled separately from (E;) by adjusting N.
For high values of N, I'j is slightly higher at the powered
compared with the grounded electrode (18 x 10" cm=2s~!
versus 17 x 10" cm~2 s~1). Such a difference of the ion fluxes
at both electrodes has been observed in experiments and in
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Figure 7. Spatio-temporal plots of the ionization rate for different numbers of applied harmonics, 6, = 0°Vk (p = 3 Pa, ¢or = 800V,

y = 0.2). The color scales are logarithmic.

simulations of Lafleur et al [1,2]. They found that the ratio
of the fluxes to each electrode increases both by decreasing
the width of the applied Gaussian pulse as well as by rising
the pressure [2]. They explained this effect by the asymmetric
ionization produced by the enhanced electron-sheath heating
that induces more ionization at the side where a larger voltage
drop occurs (at the powered electrode).

This difference and the increase in I'; as a function
of N is understood based on the spatio-temporal ionization
dynamics for different numbers of consecutive harmonics and
for 8, = 0°Vk (figure 7). Due to the low pressure of 3
Pa the discharge is operated in the «-mode, where ionization
due to sheath expansion heating of electrons dominates [28].
Adding more consecutive harmonics strongly affects the
temporal modulation of the sheath width at both electrodes
in different ways, as shown in figures 1 and 4: (i) The sheath
voltage increases faster on both sides due to a steeper applied
voltage waveform. (i) As ng, < 75 due to the negative
dc self-bias at 6, = 0°Vk, the maximum sheath width is
larger at the powered electrode and the sheath expands much
faster at the powered compared with the grounded electrode.
(ii1) Since ¢ strongly deviates from unity, non-linear plasma
series resonance (PSR) oscillations of the RF current are self-
excited during sheath collapse at the powered electrode for high
values of N and enhance the electron heating via non-linear
electron resonance heating (NERH) [22, 23, 67-74]. The latter
two mechanisms induce an asymmetry to the spatio-temporal
ionization dynamics and cause the ionization rate to be much
higher at the powered compared with the grounded electrode
for high values of N and for 6§ = 0°Vk. Due to these
mechanisms I'; generally increases as a function of N at low
pressures and is slightly higher at the powered compared with
the grounded electrode (see figure 6).

For N = 4 changing the phase angle, 0, affects
the spatio-temporal ionization dynamics, as shown in
figures 8(a)-(c). For 8 = 0° the ionization is dominated
by sheath expansion heating enhanced by NERH at the
powered electrode. The self-excitation of the PSR causes high

frequency oscillations of the ionization rate at the powered
electrode. This situation is reversed at 6 = 180°, where
the ionization is maximum at the grounded electrode. For
an intermediate phase of 6 = 90°, ¢ =~ 1 and no PSR
oscillations are self-excited. Moreover, the oscillation of the
sheaths is identical, but 180° phase shifted at both electrodes,
so that the spatio-temporal ionization dynamics is symmetric.
It is characterized by two separate phases of sheath expansion
at each electrode within one fundamental RF period. The
corresponding ionization maxima are weaker compared with
the maximum at 8 = 0°, 180°. On time and space average,
however, the ionization rates are similar at all phase angles,
so that the ion flux remains approximately constant as a
function of 6 at low pressures (see figure 6(a) and (c)).
The self-excitation of the PSR is also observed in terms of
high frequency oscillations in the spatio-temporal plot of the
electron heating rate for 8 = 180° shown in figure 8(d). The
electron heating rate is calculated as the product of electron
conduction current density and electric field.

3.2. High pressure (100 Pa): y-mode

Figure 9(a) shows 7 as a function of 6 at 100 Pa, ¢y = 120V
and y = 0.4. Similar to the scenario at 3 Pa described in
the previous section, the dc self-bias can be tuned effectively
by adjusting 6 via the EAE and adding more consecutive
harmonics significantly increases the control interval of . The
increase in || as a function of N for 6, = 0°Vk is shown
in figure 9(b). Compared with the low-pressure scenario,
however, the maximum of the relative amplitude of the dc
self-bias, 7 = n/pt, is reduced from about 55% to 25% for
N = 4. This s caused by the more collisional sheaths at 100 Pa
compared with 3 Pa, that prevents any self-amplification of the
EAE at high pressures.

Similar to the low-pressure scenario the mean ion energy
can be controlled effectively at both electrodes by tuning 6 for
a given number of applied consecutive harmonics, as shown in
figures 10(a) and (c¢). The control range of (E;) is enhanced by
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adding more consecutive harmonics due to the generation of a
stronger dc self-bias. (E;) can be changed by a factor of about
2 at both electrodes by adjusting 6. This is a much smaller
control factor compared with the low pressure scenario, where
the mean ion energy can be changed by a factor of about 7
due to the generation of a stronger dc self-bias caused by the
self-amplification of the EAE. Moreover, the absolute values
of (E;) are much lower at 100 Pa compared with 3 Pa due to
the more collisional sheaths. For 6, = 0°Vk, figures 10(b)
and (d) show that (E;) decreases as a function of N at both
electrodes. This decrease is stronger at the grounded electrode

(about 60%) compared with that at the powered electrode
(about 15%). Compared with the low-pressure scenario the
functional dependence of (E;) at the powered electrode on N
is completely different: while it increases as a function of N
at 3Pa (see figure 3(d)) it decreases at 100 Pa and remains
approximately constant for N > 2. This is caused by the
operation of the discharge in the y-mode instead of the «-mode,
as explained later in this section.

The ion flux is no longer constant as a function of 6 for
a given N, as shown in figures 11(a) and (c), but increases as
a function of 6 at the grounded electrode, while it decreases
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at the powered electrode. For 6; = 0°Vk, I'; decreases as a
function of N at both electrodes. This decrease is stronger at
the grounded electrode (about 60%) compared with that at the
powered electrode (about 20%). This is completely different
compared with the low-pressure scenario (see figure 6), where
the ion flux increases as a function of N at both electrodes due
to enhanced sheath heating. At such high pressures I'; and (E;)

are coupled, i.e. their dependence on 6 and N is similar (see
figures 10 and 11), while this is not the case at low pressures
(see figures 3 and 6).

These parameter trends are understood based on the
analysis of the spatio-temporal ionization dynamics at 100 Pa
for different numbers of applied consecutive harmonics, N,
different phases and values of y. For y = 0, the discharge
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is operated in the o-mode due to the absence of secondary
electrons for all values of N. Similar to the low-pressure
scenario (see figure 7) the ionization caused by sheath
expansion heating is increased as a function of N and is higher
at the powered compared with the grounded electrode for
6 = 0°. However, no PSR oscillations are excited efficiently
due to the strong collisional damping. Increasing y to 0.4
induces a mode transition from the «- to the y-mode for
low values of N, i.e. N = 1,2, as shown in the left plot of
figure 12 for N = 1 as an example. In the y-mode, maximum
ionization is observed at the times of high sheath voltage
at both electrodes, when y-electrons are accelerated and
multiplied most effectively inside the sheaths by collisions at
high pressures. Increasing N induces another mode transition,
i.e. for N > 2 the discharge is operated in a hybrid mode,
since the sheath heating is enhanced by adding more harmonics
(see the right plot of figure 12). For high values of N the
sheath voltage is maximum at the powered electrode for a long
fraction of the period of the fundamental driving frequency
(about 50 ns for N = 4), while it is maximum at the grounded
electrode for a much shorter time period (about 20ns for
N 4). This is caused by the change in the driving
voltage waveform (see figure 1). Consequently, ionization by
secondary electrons is observed during a much longer fraction
of the fundamental RF period at the powered compared with
the grounded electrode. This causes the ion density to be
higher at the powered electrode, i.e. gy > 7, as shown in
figure 13(a). This in turn affects the symmetry of the discharge
and leads to ¢ > 1, i.e. a higher maximum sheath voltage at
the grounded compared with the powered electrode according
to equation (2). Therefore, the maximum of the ionization by
y-electrons is stronger at the grounded electrode. However,
this is overcompensated by the longer time of ionization at
the powered electrode within one fundamental RF period, so

that nng, > ny. Similar to the low-pressure scenario ¢ is not
purely determined by 74, /ns, for high values of N due to
(Omge/ Qmp)2 > 1 caused by different floating potentials at
both electrodes.
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For 6y = 0°Vk, n = [{¢s)| — [{(¢sp)| becomes more
negative as a function of N (see figure 9(»)). This happens
due to a decrease in |(¢g)|, while |(¢gp)| remains constant, as
shown in figure 13(b). The latter is caused by the following
mechanism: increasing N causes the sheath voltage to be
high at the powered electrode for a longer fraction of one
fundamental RF period. This would lead to an increase in
[{(¢p)|. However, at the same time & = |¢ASSg /$5p| increases as a
function of N, i.e. the maximum sheath voltage at the powered
electrode decreases. Both effects compensate at the powered
electrode and result in a constant time-averaged sheath voltage.
Despite the constant time-averaged sheath voltage the mean
ion energy decreases at the powered electrode as a function of
N (see figure 10(d)) due to an increase in the time-averaged
sheath width at the powered electrode as a function of N, i.e.
a more collisional sheath.

The ion flux is not constant as a function of 6 for a fixed
choice of N (see figures 11(a) and (c)) due to the change
in the symmetry of the spatio-temporal ionization dynamics
as a function of 6, as shown in figure 14. While the sheath
voltage is high at the powered electrode for a long fraction
of the fundamental RF period at & = 0°, it is high at the
grounded electrode for a long time at & = 180°. This causes
the ionization rate and the ion flux to be higher at the powered
electrode at & = 0° and higher at the grounded electrode at
6 = 180° compared with the opposing electrode. Moreover,
this dynamics causes I'; to decrease as a function of 6 for
0° < 6 < 180° at the powered electrode, while it increases at
the grounded electrode.

For 6, = 0° V k, the ion flux decreases as a function of N
at both electrodes, as shown in figures 11(b) and (d). At the
grounded electrode this decrease is caused by the shortening of
the period of high sheath voltage during one fundamental RF
period, as shown in figure 12, and a decrease in the maximum
sheath voltage, as shown in figure 13(c). dA)Sg decreases as
a function of N, since n becomes more negative. As the
discharge is operated in y -mode, both mechanisms lead to less
ionization by secondary electrons at this electrode for high
values of N and to a lower ion flux. The decrease in |q§sp| as
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a function of N is stronger compared with the decrease in the
maximum sheath voltage at the grounded electrode. This is
caused by the same mechanisms, which cause ¢ to be higher in
multi- compared with single-frequency discharges, as shown
in figure 13(a). This decrease in |¢A>Sp| causes the ion flux at the
powered electrode to decrease as a function of N. However,
in parallel, the sheath voltage at the powered electrode is
high for a longer fraction of one If period, so that ionization
by y-electrons is efficient at this electrode for a longer time
within one fundamental RF period. This partly compensates
for the decrease in I'; as a function of N at the powered
electrode and ultimately results in a weaker decrease at the
powered compared with the grounded electrode, as shown in
figures 11(b) and (d).

These trends of process relevant plasma parameters such
as the ion flux and mean energy at the electrodes as a function
of global external control parameters such as 6 and N are
completely different at 100 Pa compared with 3 Pa, i.e. I'; and
(E;) are coupled at high pressures and behave differently at low
pressures at the electrodes. This difference is caused by the
presence of a different electron heating mode, i.e. the y-mode
at 100 Pa and the o-mode at 3 Pa. In the y-mode at 100 Pa,
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the ionization is localized at the sheaths and both the ion flux
and the mean ion energy depend on the sheath voltage, while
in the -mode at 3 Pa the ionization dynamics is non-local and
only (E;) depends on the sheath voltage itself, while I'; and
the ionization rate are determined by the temporal change in
the sheath voltage.

4. Conclusions

The electron heating and ionization dynamics in capacitively
coupled radio frequency argon plasmas driven by customized
voltage waveforms and the effect of modifying this waveform
on the ionization dynamics, the dc self-bias, 7, the ion flux,
I';, as well as the mean ion energy, (E;), at the electrodes
were investigated by 1d3v particle-in-cell simulations. The
driving voltage waveform is the sum of up to N consecutive
harmonics (N < 4) of 13.56 MHz and can be customized by
adjusting the harmonics’ amplitudes and phases. Two different
pressures of 3 Pa and 100 Pa were investigated to probe the
collisionless low-pressure and the collisional high-pressure
regimes.
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We find the electrical generation of a dc self-bias, n, via the
electrical asymmetry effect (EAE) to be significantly enlarged
by adding more consecutive harmonics to the driving voltage
waveform with specifically chosen harmonics’ amplitudes
according to equation (4) at a constant total voltage amplitude.
n can be tuned electrically by adjusting the identical phase
shift of the even harmonics, 6. In this way, the mean ion
energy, (Ej), can be controlled effectively at both electrodes.
The control interval for n and (E;) is enlarged by adding more
harmonics and generally larger at low pressures due to the
self-amplification of the EAE.

At a low pressure (3 Pa), the discharge is operated in the
a-mode, i.e. the ionization is dominated by sheath expansion
heating of electrons, while the plasma is operated in the
y-mode at a high pressure (100Pa), i.e. the ionization is
dominated by secondary electrons at times of high sheath
voltage. We find that the electron heating mode strongly affects
the control of ion properties via the EAE.

At low pressures, the ion flux, I'j, remains approximately
constant as a function of 6, so that the mean ion energy can
be controlled separately from the ion flux at both electrodes
by adjusting 6. For 6y = 0°Vk, the ion flux increases as
a function of N at both electrodes due to enhanced sheath
expansion heating of electrons caused by (i) a faster change in
the applied voltage for high values of N, (ii) a larger sheath
width at the powered electrode due to a lower mean ion density
in this sheath, i.e. ng, < ngg, caused by the self-amplification
of the EAE, and (iii) the excitation of plasma series resonance
(PSR) oscillations of the RF current during sheath collapse at
the powered electrode. The latter two mechanisms cause the
ionization rate to be higher at the powered compared with the
grounded electrode. (E;) does not remain constant at either of
the two electrodes.

At high pressures the presence of the y-mode completely
changes the control of ion properties via the EAE: while
the mean ion energy can be tuned by adjusting 6 at both
electrodes, the ion flux is no longer constant as a function
of the phase angle of the even harmonics. The latter is caused
by a modification of the sheath voltages as a function of time
at both electrodes induced by changing 6. This modification
strongly affects the ionization rate at both electrodes, since it
affects the acceleration and multiplication of y -electrons inside
the sheaths. Increasing the number of applied consecutive
harmonics at 6y = 0°V k also affects the shape of the sheath
voltages as a function of time within one fundamental RF
period at both electrodes: it causes the time-averaged sheath
voltage at the grounded electrode to decrease due to the
generation of a more negative dc self-bias for high values of N
and the shortening of the period of high sheath voltage within
one fundamental RF period at this electrode. Increasing N also
causes the absolute values of the maximum sheath voltages
to decrease and the period of high sheath voltage within one
fundamental RF period to be enlarged at the powered electrode.
These effects cause (E;) and I'; to decrease as a function of N
at both electrodes.

Generally, these results demonstrate that a detailed
fundamental understanding of the electron heating dynamics
is essential for an effective optimization of process control.
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