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ABSTRACT

Tailoring the ion energy distribution function (IEDF) is vital for advanced plasma processing applications. Capacitively coupled plasma
(CCP) discharges excited using a non-sinusoidal waveform have shown its capability to control IEDF through the generation of plasma asym-
metry and DC self-bias. In this paper, we performed a particle-in-cell simulation study to investigate the IEDF in a symmetric capacitive dis-
charge excited by a saw-tooth-like current waveform at a very high frequency. At a constant driving frequency of 27.12MHz, the simulation
results predict that the ion energy asymmetry in the discharge scales with the discharge current amplitude. A transition from a single narrow
ion energy peak to a bi-modal type IEDF is observed with an increase in the current density amplitude. Further studies at a constant current
density and varying the fundamental excitation frequency show that the ion energy asymmetry enhances with a reduction in the driving
frequency. Increase in the plasma asymmetry and significant DC self-bias at a lower driving frequency is observed to be one of the principal
factors responsible for the observed asymmetry in the ion energy peaks. An investigation of DC self-bias and plasma potential confirms
that the powered electrode energy peak corresponds to the DC self-bias with respect to the plasma potential, and the grounded electrode
peak corresponds to the plasma potential. These results suggest that although lower driving frequency is beneficial for generating the dis-
charge asymmetry and large DC self-bias, a narrow low energy IEDF is plausible in very high frequency driven CCP systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0061605

I. INTRODUCTION

Plasma technology plays a key role in microelectronic device fab-
rications, particularly in the processes including plasma enhanced
chemical vapor deposition (PECVD) and plasma etching.1,2 In such
processes, the ion energy distribution function (IEDF) on the wafer
surface is one of the crucial parameters that drive the surface reactions.
A radio frequency (RF) capacitively coupled plasma (CCP) system,
which is a dominant plasma processing tool, mostly generates a broad
bi-modal shape energy distribution in which the energy dispersion is
defined by the ion transit time (si) and frequency of the applied RF
field (x).3,4 For the etching applications, as feature sizes are shrinking,
one requires a narrow IEDF for preventing the surface damage and to
increase the selectivity across different materials.5 In the PECVD

process, controlling the IEDF is vital for producing desired microstruc-
tures and film properties such as a translation from amorphous to
microcrystalline structures.6

In addition to controlling the shape of IEDF, an independent
control of ion energy and ion flux at the substrate is highly desired. In
a CCP discharge, one way to achieve this is to employ a second fre-
quency either on the same electrode (dual-frequency CCPs) or on to
the opposite electrode (two-frequency CCPs).7,8 In such configura-
tions, the ion flux is governed by high frequency, while the low fre-
quency controls the ion energy. Although multiple frequencies
operating CCP discharges remain a better choice for an independent
control of energy and flux, some of the earlier publications reported
coupling between two frequencies, and therefore, undesired results
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are observed.9,10 Another method for achieving an independent
control of ion flux and energy is the electrical asymmetry effect (EAE)
as proposed by Heil et al.11,12 In this method, one can generate a DC
self-bias by changing the phase between a fundamental frequency and
its first harmonic in a dual-frequency CCP system. An experimental
study by Schulze et al.13 verified that when using a variable phase angle
between two frequencies, one could change the average ion energy
approximately linearly by keeping the ion flux constant. Using this
approach, the simulation results of Donk�o et al.14 showed that it is
possible to control the shape of IEDF at both powered electrode (PE)
and grounded electrode (GE). In particular, higher moments of the
IEDF could be varied with a change in the phase angle.15 However,
further studies at different driving frequencies showed reduced ability
of this method to control ion energy ranges at lower driving frequen-
cies due to the secondary electron emissions.16 Choosing electrodes of
dissimilar areas, geometrical asymmetry, and varied materials is the
other way for the plasma asymmetry and DC self-bias generation.17–20

A combination of the discharge voltage and driving frequency has
been proposed as an alternative approach for an independent control
of ion flux and energy.21

In recent years, the generation of electrically asymmetry using
a non-sinusoidal waveform has emerged as a promising way to
overcome the above challenges.22 Using such waveforms, one could
generate an asymmetric plasma response, even in a geometrically
symmetric CCP, by adjusting the no. of harmonics and phase
between them. One of the examples is multi-harmonic waveform in
which the plasma density/ion flux at one-electrode increases with
the number of harmonics, while the average ion energy on the
other electrode remains nearly constant.23–26 Another way to pro-
duce asymmetric plasma response is to use the temporally asym-
metric waveforms such as saw-tooth-like waveforms.27–29 Such type
of asymmetry is known as slope EAE. Using such waveforms, a
vast disparity in the sheath expansion adjacent to the powered and
grounded electrodes generates a strong asymmetry in the ionization
rate, and thus, a flux asymmetry is developed. This effect was fur-
ther analyzed and validated experimentally using phase resolved
optical emission spectroscopy (PROES).30 It was demonstrated that
the single frequency generated discharge shows the symmetric exci-
tation rate at both electrodes, whereas the strong excitation rate
asymmetry is observed when the number of harmonics is increased
to generate a saw-tooth-like waveform. It was noticed that by
increasing the number of harmonics in the waveform, i.e., turning
into an ideal saw-tooth-like waveform further enhances the asym-
metry in the discharge.27 Furthermore, reducing gas pressure has
shown that the asymmetry disappears due to a transition from
sheath edge ionization to bulk ionization. A study on the different
gases revealed that saw-tooth-like waveform may cause strong
asymmetry depending on the gas used.31

CCP discharges excited in a very high frequency (VHF) regime
have shown several advantages over traditional CCP’s excited at
13.56MHz. In particular, an enhanced plasma density due to lower
sheath impedance and reduced ion bombardment energy can be
obtained.32,33 However, VHF plasma excitation generates plasma non-
uniformities due to electromagnetic effects34,35 that limits their advan-
tages for large area processing. Power deposition through multi,36–40

shaped41–43 electrodes and waveform tailoring44 showed improvement
in the plasma uniformities for VHF plasma excitation. In terms of

discharge asymmetry produced by tailored waveform, changing the
fundamental driving frequency has shown a drastic effect on it. In the
case of saw-tooth-like voltage waveform, reducing the driving fre-
quency from 54.24 to 1.695MHz has shown the shifting of ionization
peak away from the powered electrodes.27 Lowering in driving fre-
quency also reduces the ionization rate, and thus, the density decreases
drastically. The combination of above two effects makes the discharge
asymmetric as the driving frequency is reduced. Similar results were
observed in the case of saw-tooth-like current waveform,29 where a
strong asymmetry is observed at 13.56MHz when compared to
54.24MHz driving frequency. In addition to the discharge asymmetry,
variation in the driving frequency has shown multiple ionization
beams that are extended up to the opposite sheath and shown to mod-
ify the instantaneous sheath edge positions.29 The generation of multi-
ple beams, which was also observed experimentally by Berger et al.,45

is caused by the self-excitation of higher harmonics. The kinetic mech-
anism of such self-excitation of higher harmonics was described by
Wiczek et al.46,47 Furthermore, the frequency of the sheath modulation
was observed to increase with reducing driving frequency and, there-
fore, proposed as one of the parameters responsible for driving an
enhanced plasma density in the discharge at lower fundamental driv-
ing frequency.29 On the other hand, higher beam energy at higher
driving frequency was observed, which was due to the increased sheath
velocity.

Above studies mostly focused on the electrical asymmetry and
the generation of DC self-bias in the discharge excited by non-
sinusoidal waveforms. On the other hand, there exist very few studies
of IEDF in such discharge, particularly in VHF regime. One of the
simulation studies performed by Sch€ungel et al.48 demonstrated that
by exciting plasma, using a tailored waveform that consists of five har-
monics could generate a control over the shape of IEDF. In particular,
a single peak at low/medium energies within the IEDF could be gener-
ated and controlled by adjusting the parameters of the applied voltage
waveform. We follow previous studies with the investigation of IEDF
in the CCP discharge using an ideal saw-tooth-like current waveform
at a very high frequency. In our previous work,29 we focused on the
electric field non-linearity and higher harmonics generation in a sym-
metric CCP. In this paper, we extend our previous study29 and investi-
gate the effect of current density amplitude on the IEDF at the
powered and grounded electrodes in a symmetric CCP discharge. A
saw-tooth-like current waveform at a fundamental driving frequency
of 27.12MHz is considered for the present study. Additionally, we also
investigate the effect of changing the fundamental driving frequency,
from 13.56 to 54.24MHz, on the shape of IEDF. Our simulation
results predict that ion energy peaks correspond to the DC self-bias
and plasma potential. A narrow IEDF is observed at higher fundamen-
tal driving frequency.

This research article is organized as follows. The simulation tech-
nique, that is, based on the particle-in-cell/Monte Carlo collision (PIC/
MCC) methods and simulation parameters are described in Sec. II.
The physical understanding and explanation of the simulation results
are presented in Sec. III. In Sec. IV, the summary and conclusion are
given.

II. SIMULATION TECHNIQUE AND PARAMETERS

The simulation technique is based on a particle-in-cell/Monte
Carlo collision (PIC/MCC) methods. For the present study, we have
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used a well-tested and benchmarked 1D3V, electrostatic, self-
consistent, PIC code.49,50 The code has been used extensively in previ-
ous studies, and details can be found in the literatures.51–63 As an
input, a current waveform is chosen given by the following mathemat-
ical expression:

Jrf tð Þ ¼ 6J0
XN

k¼1

1
k
sin kxRFtð Þ: (1)

In the above equation, the positive and negative signs resemble to
“saw-tooth-down” and “saw-tooth-up” waveforms, respectively, Jo
is the amplitude of current density, and xrf is the fundamental
angular RF.

An ideal saw-tooth waveform is desirable to simulate the asym-
metry in the discharge, and therefore, the waveform should consist of
higher number of harmonics. In our case, we have chosen N¼ 50 har-
monics, which are distributed in such a way to provide required peak-
to-peak current density amplitude for saw-tooth current waveform.
Using such a large number of harmonics might cause difficulties in
order to replicate the simulation results in the experiments due to the
matching network issues.64 However, the current waveform consists of
major contribution from the fundamental frequency, and other har-
monics are below 10% (above N¼ 4) and even lower<5% (above
N¼ 10) for higher harmonics, and therefore, a comparison with
experiments might not be an issue. We also checked the overall trend
of simulation results for lower number of harmonics (N¼ 4). It should
be emphasized that the choice of current waveform is purely arbitrary
as the purpose of this research work is to investigate the IEDF for saw-
tooth waveform and not to replicate or comparison with any specific
experiments. One of the advantages for conducting simulation for cur-
rent waveforms is the validation of the analytical models prediction,
that is, available for the constant current conditions.65,66 In order to
compare with the experiments, though exceptional, a current source
can be obtained by implementing an RF amplifier or generator with a
very high output impedance in comparison to the plasma imped-
ance.67,68 In this case, one can neglect the additional impedance of the
plasma source, and consequently, current becomes the controlling
parameter. The profile of the saw-tooth current waveform against
sinusoidal waveform is shown in Fig. 1 for a fundamental driving fre-
quency of 27.12MHz.

The simulation is performed in argon gas at a fixed gas pressure
of 5 mTorr, which is kept constant in the discharge region throughout
the simulation. The discharge gap is 6 cm. The saw-tooth-like current
waveform is applied on the electrode at 0 cm, and the other electrode
at 6 cm is grounded. In the simulation, no external circuit with a
capacitor is considered. Therefore, the DC self-bias is generated due to
the imbalance between electron and ion fluxes arriving at the electro-
des caused by the applied waveform. The plasma chemistry considered
in the simulation includes several particle–particle reactions such as
ion-neutral (elastic, inelastic, and charge exchange) and electron-
neutral (elastic, inelastic, and ionization). The creation of two metasta-
ble states, Ar� and Ar��, is also considered. These two lumped excited
states of Ar, i.e., Ar� (3p54s) 11.6 eV, and Ar�� (3p54p), 13.1 eV, in
uniform neutral argon gas background are considered with charged
particles, viz., electrons and ions in the simulation. Important pro-
cesses like multi-step ionization, metastable pooling, partial de-
excitation, superelastic collisions, and further de-excitation with their

corresponding cross sections are taken from well-tested source and
implemented into the simulation.53,58,69

The stability and accuracy criterion of PIC are achieved by select-
ing appropriate grid size (Dx) and time step size (Dt) that can resolve
the Debye length (kde) and the electron plasma frequency, respectively
(fpe).

50 In the present study, the time step (Dt) is of the order of
10�11 s, and spatial grid size is of the order of 10�4 m. It is assumed
that both the electrodes have infinite dimension and are planar, equal
in size, i.e., symmetric and parallel to each other. We have also consid-
ered that electrodes are perfectly absorbing. The secondary electron
emission might play an important role even at a low gas pressure;70,71

however, in the present simulation, discharge voltage is low,29 and
therefore, its effect can be ignored. The neutral gas is uniformly dis-
tributed with a fixed temperature of 300 �K throughout the simulation.
The temperature of ions is the same as the neutral gas temperature.
The number of particles per cell taken here is 100 for all cases. All set
of simulations run for more than 5000 RF cycles to achieve the steady
state profile.

III. RESULTS AND DISCUSSIONS

We first investigate the plasma density in the discharge system by
changing the current density amplitude at a fundamental driving fre-
quency of 27.12MHz. Figure 2(a) shows the time-averaged plasma
(ion) density profile for different current density amplitudes ranging
from 10 to 125A/m2. The corresponding time-averaged electron
impact ionization rate, eþAr! 2eþArþ, is plotted in Fig. 2(b). For
the current set of operating parameters, it is clear from Fig. 2(a) that
the plasma density at the center of the discharge is increasing from
�7.8� 1014 m�3 at 10A/m2 to �2.3� 1016 m�3 at 125A/m2. On the
other hand, the effective electron temperature (Te) at the center of the
discharge (observed in simulation) decreases from �2.7 eV at 10A/m2

to �2 eV at 125A/m2, i.e., approximately 25% drop in Te is noticed.
The corresponding ionization rate, displayed in Fig. 2(b), increases
from �3.0� 1019m�3 s�1 at 10A/m2 to �6.0� 1020m�3 s�1 at
125A/m2. Furthermore, due to low gas pressure and longer mean free
path, the ionization process mainly occurs in the plasma bulk. An
increase in the ionization rate and, hence, the plasma density is mostly

FIG. 1. Sinusoidal and saw-tooth current waveform at 27.12 MHz fundamental driv-
ing frequency and current density amplitude of 50 A/m2.
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associated with the enhanced electron power deposition at higher
current densities. At a low gas pressure, the electron heating mecha-
nism in RF CCP discharge is overly complex because of nonlinear
electron sheath interaction. Various processes such as stochastic and
pressure/ambipolar heating have been proposed to elucidate the elec-
tron heating mechanism.1,72–76 It was further demonstrated that even
the pressure/ambipolar heating mechanism is not always dominant at
a low gas pressure due to the generation and collisionless transit of
energetic electrons beam from near to the sheath edge that greatly
attenuates the electron power absorption.77 The attenuation will be
even prominent at a very high frequency because it produces
multiple beams of energetic electrons.56–62 In the present case, the
simulation predicts �20 times increase in the electron heating, i.e.,
from �250W/m3 at 10A/m2 to �5000W/m3 at 125A/m2. A subse-
quent increase in the plasma density suggests that the energy gained
by the electrons through interaction with the oscillating sheath
dissipates mostly into the ionization processes (single/multi-step). As
shown in Fig. 2(b), the ionization rate is increasing in proportion to
the electron heating in the discharge, which confirm that the ioniza-
tion is the dominant electron energy loss process.

Further analysis of the plasma density profile shows the genera-
tion of discharge asymmetry as the current density increases.
Corresponding sheath width, estimated as where the electron sheath
edge is at a maximum distance from the electrode and the quasi-
neutrality condition breaks down, is nearly the same (approximately
5.5mm) at both electrodes for a current density of 10A/m2. However,
as current density amplitude increases to 125A/m2, the plasma density
profile becomes highly asymmetric. The sheath width at 125A/m2 is
smaller (�2.7mm) near to the powered electrode and larger
(�4.5mm) near to the grounded electrode. At higher current density,
the asymmetry appears due to the fact that a large DC self-bias is gen-
erated at the powered electrode. An emergence of DC self-bias in a
self-consistent manner from the simulation is attributed to the slope
asymmetry of saw-tooth-like current waveform that generates ioniza-
tion asymmetry in the discharge.29 Figure 3(a) displays the time-
average potential profile for different current density amplitudes.
Corresponding DC self-bias at the powered electrode along with the

plasma potential vs current density amplitude is shown in Fig. 3(b). As
shown in Fig. 3(a), at 10A/m2, the time-averaged potential is nearly
the same at both powered and grounded electrodes. The potential at
the center of the discharge is �29V. As current density amplitude
increases, positive DC self-bias appears at the powered electrode. As
shown in Fig. 3(b), both DC self-bias and plasma potential scale with
current density amplitude reaching to �130 and�200V at 125A/m2,
respectively. The difference between the plasma potential and DC self-
bias is also increasing with the current density amplitude.

Figures 4(a) and 4(b) show the normalized IEDF at the powered
electrode (PE) and grounded electrode (GE), respectively, for different
current densities from 10 to 125A/m2. The fundamental driving fre-
quency is 27.12MHz. The energy of the different peaks observed in
the IEDF is also labeled. A clear asymmetry is observed in the ion
energy at the powered and grounded electrodes. As shown in Figs.
4(a) and 4(b), at 10A/m2, the average ion energy is lowest (�26 eV at
PE and �29 eV at GE), and single energy peaks are observed with
minimal asymmetry. As the amplitude of current density increases,
the mean ion energy increases at both PE and GE. However, the ion
energy at the GE is consistently higher when compared to the PE. The
asymmetry between the energy peaks at the PE and GE continues to
grow with an increase in current density amplitude. At higher current
densities, such as 100 and 125A/m2, bi-modal energy peaks are
observed with a large energy gap between PE and GE. An asymmetry
in the energy peaks is attributed to DC self-bias at the PE. A self-
consistent DC self-bias from the simulation is due to an asymmetry in
the spatiotemporal ionization rates and electron heating.29 As shown
in Fig. 3(b), both plasma potential and DC self-bias increase with a rise
in current density amplitude, and therefore, the asymmetry increases.
For the present case, the average energy of the PE peaks is consistent
with the difference between plasma potential and DC self-bias
(Vp–VDC). On the other hand, the average energy of GE energy peaks
corresponds to the plasma potential Vp.

An increase in the average ion energy vs current density ampli-
tude is attributed to a change in the sheath width and time-averaged
sheath voltage. This is due to the fact that ion responds to time-
averaged potential. As shown earlier, the plasma is nearly symmetric,

FIG. 2. The profile of (a) time-averaged plasma density and (b) the time-averaged ionization rate for different current densities from 10 to 125 A/m2 at 27.12MHz driving
frequency.
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and sheath width is maximum (�5.5mm) at 10A/m2. A typical ion
mean free path for the pressure regime is operating here, i.e., at
5mTorr is nearly 0.6 cm. A larger sheath width is responsible for the
enhanced ion-neutral collisions. Furthermore, the time-averaged
potential [Fig. 3(b)] at both PE and GE is lowest at 10A/m2, and there-
fore, the average ion energy arriving at the electrode decreases. As cur-
rent density amplitude increases, time-averaged potential increases
and sheath width decreases, which reduces the ion-neutral collisions
within the sheath resulting to a higher average ion energy. On the
other hand, the bi-modal behavior of IEDF at higher current densities
corresponds to the ion transit time (si) through RF sheath. The ion
transit time is defined as si ¼ 3sm=vi / V1=4

s =n1=2s , where vi, sm, Vs,
and ns are the ion velocity in sheath, sheath width, averaged voltage
drop across sheath, and density at the sheath edge, respectively. For a
long ion transit time, si � srf ; where srf is the RF period defined as
srf ¼ 2p=xrf . However, for the short ion transit time, the condition is
si � srf :

1 So, the ion energy distribution is broad for short ion transit

time case and highly peaked for the long ion transit time case. In the
present case, the ion transit time at the powered electrode for a current
density amplitude of 125A/m2 is of the order (30–50ns) of RF period
(srf � 37 ns), while at 10A/m2, it is �8 times higher (�300ns) than
RF period. Therefore, one will expect a narrow IEDF at lower current
density and bimodal at higher current density. For a constant driving
frequency/RF period, the energy separation DE between two peaks of
the bio-modal distribution is proportional to the sheath voltage and
inversely proportional to the sheath width, i.e., DE /

ffiffiffiffiffiffiffiffiffiffi
hVshi

p
=hsi,3

where hVshi is the time-averaged sheath voltage and hsi is the time-
averaged sheath width. As observed in the present work, the sheath
width decreases, and averaged sheath voltage increases with a rise in
current density amplitude. Therefore, bi-modal peaks with large
energy separation are observed at higher current density amplitudes.

The plasma asymmetry is greatly affected by the fundamental
driving frequency due to a variation in the RF period. Therefore, the
role of the driving frequency is crucial in determining the shape of

FIG. 4. IEDF at the (a) powered electrode and (b) grounded electrode for current density amplitudes from 10 to 125 A/m2. The fundamental frequency of saw-tooth waveform
is 27.12 MHz.

FIG. 3. (a) Time-averaged potential profile and (b) DC self-bias at the powered electrode and potential at discharge center vs current density amplitude. The fundamental fre-
quency of saw-tooth waveform is 27.12MHz.
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IEDF. We investigate this by changing the fundamental driving fre-
quency at a constant current density amplitude. Figure 5 shows the
time-averaged plasma potential [Fig. 5(a)], IEDF at the powered elec-
trode [Fig. 5(b)], and IEDF at the grounded electrode [Fig. 5(c)] for
three different driving frequencies, 13.56, 27.12, and 54.24MHz, at a
fixed current density amplitude of 50A/m2. The simulations are also
performed for lower number of harmonics (N¼ 4) in order to verify
the consistency of observed simulation trends. The results are plotted

in Figs. 5(d)–5(f). As shown in Fig. 5(a), plasma is highly asymmetric
at lowest driving frequency (13.56MHz), and a strong DC self-bias
(�210V) is observed at the powered electrode. As the driving fre-
quency increases to 27.12MHz, significant drop in the DC self-bias is
observed (�39V). At a 54.24MHz fundamental driving frequency,
the plasma profile is nearly symmetric, and the DC self-bias is nearly
zero at the powered electrode. For N¼ 4, similar trend is observed, i.e.,
the DC self-bias at the PE decreases with a rise in driving frequency

FIG. 5. Time-averaged plasma potential profile [(a) N¼ 50 and (d) N¼ 4], IEDF at the powered electrode [(b) N¼ 50 and (e) N¼ 4], and grounded electrode [(c) N¼ 50 and
(f) N¼ 4] for 13.56, 27.12, and 54.24MHz fundamental frequencies of a saw-tooth waveform at 50 A/m2 current density amplitude.
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expect the absolute value is lower when compared to N¼ 50. The
observed behavior is attributed to the spatiotemporal ionization asym-
metry. As observed,29 at lower driving frequency (13.56MHz), the ion-
ization near to the grounded electrode is higher when compared to
powered electrode, whereas at higher driving frequency (54.24MHz),
the ionization asymmetry reduces drastically.

Further analysis of IEDF shape presented in Figs. 5(b) and 5(c)
depicts bi-modal distribution at both PE and GE for 13.56MHz driv-
ing frequency along with the strong ion energy asymmetry. The aver-
age energy of the PE peak is �106 eV that corresponds to the DC self-
bias with respect to the plasma potential, whereas the average energy
of the GE peak is �317 eV that coincides with the time-averaged
plasma potential. As the driving frequency increases to 27.12MHz, bi-
modal peaks turned into single energy peaks at both PE and GE, and
the ion energy asymmetry also decreases, i.e., PE peak is observed at
45 eV and averaged ion energy at the GE is at 83.5 eV. Finally, at
54.24MHz, narrow nearly symmetric energy peaks are observed at PE
and GE with �36 and �32 eV ion energy, respectively. The conver-
sion into single energy peaks as driving frequency increase is attributed
to a drop in the time-averaged potential, as shown in Fig. 5(a).
Furthermore, as driving frequency decreases, the rf period increase,
and thus, broadening of the energy ion peak is anticipated, i.e.,
DE / <Vsh > =x. At 13.56MHz, strong asymmetry in the ion energy
at the PE and GE is due to the generation of large DC self-bias
(�210V). Whereas, the DC self-bias is lowest (�4V) at 54.24MHz
fundamental driving frequency, which leads to a reduced asymmetry
in the average ion energy. As displayed in Figs. 5(e) and 5(f), a transi-
tion in the shape of IEDF and ion energy asymmetry vs driving fre-
quency is also true for smaller number of harmonics (N¼ 4). These
results support the validity of overall simulation outcomes, and thus,
an experimental realization could be possible due to less complexity
involved in generating saw-tooth-like waveform with lower number of
harmonics.

IV. SUMMARY OF THE WORK AND CONCLUSIONS

A study of plasma density, DC self-bias/plasma potential, and
IEDF is performed using PIC simulation as a geometrically symmetric
CCP discharge excited by a saw-tooth-like current waveform at a fixed
gas pressure of 5 mTorr. For a fundamental driving frequency of
27.12MHz, the plasma density increases with an increase in the cur-
rent density amplitude. This is due to an overall increase in the elec-
tron heating and ionization rates. The time-averaged plasma potential
observes to increase along with the formation of the DC self-bias that
scales linearly with the current density amplitude. At a lower current
density amplitude, the plasma is nearly symmetric, and the IEDF at
the powered and grounded electrodes shows a narrow low energy
peak. As current density amplitude increases, bi-modal IEDF is
observed with a large energy separation between the powered and
grounded electrodes, i.e., the ion energy asymmetry increases. A close
observation of IEDF suggests that the average ion energies at the PE
and grounded electrodes correspond to the DC self-bias and plasma
potential. Changing the fundamental driving frequency of a saw-tooth
current waveform leads to a drastic change in the DC self-bias, and
hence, the ion energy asymmetry reduces at higher driving frequen-
cies. A transition in the shape of IEDF from bimodal to a narrow single
energy peak is observed with increasing driving frequency. For the
simulation results, it is concluded that although lower fundamental

driving frequency of a saw-tooth-like waveform is promising for gen-
erating discharge/ion energy asymmetry, a narrow low energy IEDF is
mostly possible at a very high frequency due to a reduced rf period
and decrease in the averaged sheath voltage.
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