
Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 55 (2022) 275202 (14pp) https://doi.org/10.1088/1361-6463/ac5da5

Plasma asymmetry and electron and ion
energy distribution function in
capacitive discharges excited by
tailored waveforms

Sarveshwar Sharma1,2,∗, Nishant Sirse3,∗, Animesh Kuley4 and Miles M Turner5

1 Basic Theory and Simulation Division, Institute for Plasma Research, Gandhinagar 382428, India
2 Homi Bhabha National Institute, Anushaktinagar, Mumbai 400094, India
3 Institute of Science & Research, IPS Academy, Indore 452012, India
4 Department of Physics, Indian Institute of Science, Bangalore, Karnataka 560012, India
5 School of Physical Sciences and National Center for Plasma Science and Technology, Dublin City
University, Dublin 9, Ireland

E-mail: sarvesh@ipr.res.in and nishantsirse@ipsacademy.org

Received 19 November 2021, revised 1 March 2022
Accepted for publication 14 March 2022
Published 14 April 2022

Abstract
Using a particle-in-cell simulation technique, we investigate the plasma and ionization
asymmetry, higher harmonics generation, and electron and ion energy distribution function
(IEDF) in capacitive discharges excited by tailored waveforms. At a base frequency of
13.56 MHz, three different waveforms, namely sinusoidal, sawtooth, and square, are applied for
a constant current density amplitude of 50 A m−2 and gas pressure of 5 mTorr. The simulation
results show that the square waveform produces the highest plasma density in the discharge,
whereas maximum asymmetry is observed for plasma excited by the sawtooth-like waveform.
Both square and sawtooth waveforms generate multiple beams of high-energy electrons from
near to the expanding phase of the sheath edge and high-frequency modulations up to 100 MHz
on the instantaneous sheath position. The electron energy distribution function depicts three
electron temperature and highly elevated tail-end electrons for the square waveform in
comparison to the sinusoidal and sawtooth waveform. The IEDF is bimodal at both the powered
and grounded electrodes with a large asymmetry and narrow-type distribution in the case of the
sawtooth-like waveform. These results suggest that the choice of waveform is highly critical for
achieving maximum asymmetry and plasma density simultaneously in capacitive discharges.

Keywords: capacitive discharges, tailored waveform, PIC simulation, plasma asymmetry,
higher harmonics, electron and ion energy distribution function

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

1. Introduction

Low pressure capacitively coupled plasma (CCP) dis-
charges can be operated by either current- or voltage-driven
radio-frequency (RF) waveforms applied between a pair of

∗
Authors to whom any correspondence should be addressed.

electrodes. In semiconductor industries, CCP is one of the
most important plasma-processing tools for the fabrication of
large-scale integrated circuits [1]. In order to achieve uniform
processing over the substrate, it is crucial to have control on
some of the critical plasma sheath parameters like the ion
flux and ion energy. Higher ion flux is required for enhancing
the processing rate, which depends on the plasma density,
whereas lower energy is beneficial for preventing surface
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damage. In CCP discharges operated by single frequency
sinusoidal waveforms, higher densities can be achieved either
by applying higher voltages or higher frequencies and by
keeping all other controlling parameters constant [1–16]. On
the other hand, a dual-frequency waveform-operated CCP dis-
charge produces high-density plasmas either by the variation
of high-frequency voltage amplitude, or the higher frequency
itself also provides an additional control on the ion energy by
changing the lower frequency parameters [17–30].

Generation of plasma using non-sinusoidal waveforms is
another alternative for achieving control on the plasma sheath
parameters and asymmetry in the discharge [31–42]. A popu-
lar terminology used for these non-sinusoidal waveforms are
‘tailoredwaveforms’, which can be created by the superimpos-
ition of fundamental frequency and its higher harmonics with
suitable phase shift between them [43–46]. The benefits of
tailored waveform-excited CCP discharges were first demon-
strated by Patterson et al [31] who showed that, by increas-
ing the number of harmonics, the plasma density and ion flux
increased significantly. Using hybrid simulation, Heil et al
[32, 33] showed that a DC self-bias can be generated even in
a geometrically symmetrical reactor using a fundamental fre-
quency and its second harmonic, called the electric asymmetry
effect. Donko et al further demonstrated that, using phase-
separated waveforms, the ion flux stays nearly constant, and
the self-bias, and hence the maximum ion energy, changes
significantly [34]. Further studies performed by increasing the
number of harmonics in the tailoredwaveform have shown that
the ion flux and average ion energy on one of the electrodes
can be enhanced without changing it on the other electrode
[47–50]. This effect was attributed to the ionization asym-
metry that produces more intense ionization on one of the elec-
trodes compared to the other electrode. In processing applica-
tions, the use of tailored waveforms played an important role
in thin film deposition [51, 52] and silicon etching [53, 54].

The use of a temporal asymmetric waveform for gener-
ating an asymmetric plasma response was also investigated.
In recent years, several simulation and experimental stud-
ies have been performed to investigate the CCP discharges
excited by temporal asymmetric waveforms, particularly using
a sawtooth-like waveform [38–40, 42]. A simulation study
performed by Bruneau et al [38] used different rise and fall
slopes of sawtooth voltage waveforms and demonstrated that
a high ionization rate occurs in the vicinity of the sheath edge
near to the powered electrode because of the rapid sheath
expansion. The ionization spatial asymmetry obtained using
such waveforms has been demonstrated experimentally using
phase-resolved optical emission spectroscopy [40]. Further
studies performed at different gas pressures showed that the
flux asymmetry decreases at low gas pressure [39]. Using
a 1D3V particle-in-cell (PIC) method, Sharma et al [42]
demonstrated the influence of driving frequency on plasma
density, discharge asymmetry, and electric field nonlinear-
ity for a sawtooth-like current waveform. It was shown that
the formation of high-frequency sheath edge oscillations at
lower RF driving frequency creates higher plasma density. The
burst-like structures in time averaged J.E (i.e. alternate elec-
tron heating and cooling) was observed, which suggested that

the heating mechanism cannot be described by using a simple
analytical model [42]. One of the studies performed by Donko
et al [55] compared ion energy and angular distribution in CCP
excited by single-frequency, classical dual-frequency, valleys,
and sawtooth-type waveforms. Their results showed that the
valley-type waveform produces controlled narrow ion energy
distribution when compared to the classical dual-frequency
waveform. On the other hand, a sawtooth-type waveform has
shown minimal effect on the angular distributions.

Most of the previous works using tailored waveforms focus
on one kind of waveform; however, there exist very few stud-
ies comparing different tailored waveforms and their com-
parison with a sinusoidal waveform. In the present work, we
investigate the discharge asymmetry, electron beam genera-
tion, and high-frequency sheath modulation along with elec-
tron and ion energy distribution function (IEDF) in CCP dis-
charge using two different temporally asymmetric waveforms,
namely sawtooth-type and square waveforms, and make com-
parisons with plasma excited by a sinusoidal waveform at a
fundamental RF frequency of 13.56 MHz.

The paper is organized as follows. Details of the simula-
tion parameters and a description of the simulation technique,
which is based on a PIC/Monte Carlo collision (PIC/MCC)
method, is given in section 2. A physical explanation of the
simulation results is described in section 3. A summary and
conclusion of the paper is given in section 4.

2. Simulation technique and parameters

A self-consistent 1D3V electrostatic PIC code was used to
simulate a symmetrical CCP discharge for the argon plasma.
This code is well tested, benchmarked, and comprehensively
used in several research papers. A few of the important refer-
ences can be found here [11–14, 56–62]. The code is based on
the PIC/MCC technique and essential features of this method
are given in the literature [63, 64]. This code can handle both
current- and voltage-driven cases and, for the present study,
we used the current-driven mode. The particulars of the simu-
lation procedure adopted in the code are reported in [65]. All
the critical particle-particle collision reactions viz. ion-neutral
(inelastic, elastic, and charge exchange), electron-neutral (ion-
ization, elastic, and inelastic), and processes like metastable
pooling, multi-step ionization, super elastic collisions, partial
de-excitation, and further de-excitation are considered here.
The different types of reactions included in all sets of simula-
tions are given in [13]. The production of metastables (Ar∗ and
Ar∗∗) are considered and tracked in the output diagnostics.

In the simulation, we have considered the charge particles
like electrons, ions, and the two lumped excited states of
Ar (Ar∗ (3p54s), 11.6 eV, and Ar∗∗ (3p54p), 13.1 eV) with
a neutral argon gas background. The particulars of the spe-
cies considered in the simulation, the detailed reactions, and
the cross-sections are taken from well-tested sources and can
be found in the literature [13, 58, 66]. The grid size (∆x)
and time step size (∆t) is chosen in such a way that can
resolve the Debye length (λDe =

√
ε0kBTe/nee2) and the elec-

tron plasma frequency (fpe =
√
nee2/ε0me/2π), respectively,
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Figure 1. Current profile of sinusoidal, sawtooth, and square waveforms for a base frequency of 13.56 MHz with a current density
amplitude of 50 A m−2.

so that the stability and accuracy criterion of the PIC can be
found.

The electrodes considered here are planar and parallel
to each other, having infinite dimension. The gap between
electrodes is 6 cm and the operating neutral gas pressure is
5 mTorr. The electrodes are assumed perfectly absorbing, and
the secondary electron emission (SEE) is ignored. This is due
to the low-pressure conditions. Mostly, SEE phenomena are
dominant in the high-pressure regime. At high pressure, the
density is high and the sheath width is narrow compared to the
low pressure/density case, so the electric field inside the sheath
is very sharp, which provides more acceleration to ions and
gains high energy causing SEE from the electrode. Secondary
electrons in metals are known to come from a region between
10−7 and 10−8 cm thick; ions with energies of the order of
MeV penetrate to depths of the order of 10−8 cm [67]. A recent
study [68] showed that the SEE might play a significant role
even at low gas pressure depending on the discharge voltage.
In the present case, the discharge voltage is below 500V for the
sawtooth waveform. Therefore, SEE will not play a major role
here. For the square waveform, the discharge voltage is higher
(∼1000 V) and therefore omitting SEE will underestimate the
plasma density. Overall, the asymmetry and distribution func-
tions will not change significantly. In the simulation, the neut-
ral argon gas is uniformly distributed, having a fixed temper-
ature of 300 K. The ion temperature is also the same as the
neutral gas temperature. The number of particles per cell for
all sets of simulations is 100. All the simulations run for more
than 5000 RF cycles to achieve a steady state profile.

Three different types of current waveforms, namely sinus-
oidal, sawtooth, and square, are used here. The complex

structures of waveforms like sawtooth and square can be gen-
erated by superimposition of a reasonable number of harmon-
ics of a fundamental RF frequency and also by logically pick-
ing the phase shifts between them. For current-driven CCP,
the following are the mathematical expressions for sinusoidal,
sawtooth, and square waveforms (see figure 1):

Jrf (t) = J0 sin(ωrft) (1)

Jrf (t) =±J0
N∑
k=1

1
k
sin(kωrft) (2)

Jrf (t) = J0

N∑
k=0

sin [(2k+ 1)ωrft]
2k+ 1

(3)

where, in equation (2), the positive and negative signs repres-
ent ‘sawtooth-down’ and ‘sawtooth-up’ waveforms, respect-
ively. Here, Jo is the amplitude of current density, which is
applied at the powered electrode, and ωrf is the fundamental
angular driven radio-frequency. The magnitude J0 varies with
the total number of harmonicsN (which is 50 here for sawtooth
and square waveforms) and is organized in a way to construct
the required peak-to-peak current density amplitude. We have
used the ‘sawtooth-down’ current waveform. Figure 1 shows
the profile of sinusoidal, sawtooth, and square waveforms for
a base frequency of 13.56 MHz with a current density amp-
litude of 50 A m−2. The choice of current-driven CCP dis-
charge is arbitrary here because the main motivation of the
present research work is to investigate the effect of different
current waveforms (sinusoidal, sawtooth, and square) on the
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Figure 2. (a) The spatial profile of time-averaged ion (solid line) and electron density (dashed line) and (b) time-averaged potential profiles
for different waveforms (sine, sawtooth, and square) at 13.56 MHz applied frequency. The current density amplitude is 50 A m−2.

plasma parameters and sheath dynamics. Moreover, most of
the analytical models are based on current-driven cases so dir-
ect comparison of the simulation results with them is relat-
ively straightforward [69, 70]. In the experiments, such wave-
forms are produced by using an arbitrary waveform generator
that, upon amplification by using a wideband power amplifier,
could be utilized for the plasma generations. A desired wave-
form with minimum distortion could be obtained by using a
feedback-correction loop [31] similar to the one used in the
case of arbitrary voltage waveform generation.

3. Results and discussions

For a constant driving frequency, the shape of the applied
waveform greatly alters the sheath dynamics and, therefore,
the plasma profile eventually modifies. Figure 2(a) presents
the spatial profile of time-averaged electron and ion density
in the discharge for different current waveforms; i.e. sinus-
oidal, sawtooth, and square. The fundamental driving fre-
quency is 13.56 MHz, and the current density amplitude is
50 Am−2 for all the cases. The argon pressure is kept constant
at 5 mTorr for all sets of simulations. In figure 2(a), the current
source is applied at L = 0 mm and the electrode at 60 mm is
grounded. As shown in figure 2(a), the central plasma density
is ∼8.4× 1015 m−3, ∼1× 1016 m−3, and ∼2.1× 1016 m−3

for the sinusoidal, sawtooth, and square waveform, respect-
ively. Thus, the density formation is highest in the case of the
square waveform, which is typically 2.5 times higher com-
pared to the sinusoidal waveform. The corresponding ion flux
measured at the grounded electrode is 7.5× 1018 m−2 s−1 and
1.7× 1019 m−2 s−1 for the sinusoidal and square waveform,
respectively, which indicates that the latter is∼2.3 times more
compared to the former.

As discussed in section 1, higher plasma density and there-
fore an enhanced ion flux at the electrode is the fundamental
criterion for an improved plasma-processing rate. Therefore,
the square waveform is far better for achieving a higher pro-
cessing rate in comparison to the sinusoidal waveform. In con-
trast to the higher plasma density observed in the case of the
square waveform, the sawtooth waveform presents a larger
bulk plasma length. The sheath width at the powered/grounded

electrode is 6 mm/9.7 mm and 10.4 mm/9.5 mm for the saw-
tooth and square waveforms, respectively. For the sinusoidal
waveform, the sheath width near to the electrodes is approx-
imately the same (∼15 mm). The sheath width is calculated
by observing the maximum position of the electron sheath
edge from the electrode and where the quasi-neutrality breaks
down.

Regarding plasma asymmetry, it is observed that the saw-
tooth waveform shows maximum asymmetry. The corres-
ponding DC self-bias (figure 2(b)) is highest for the sawtooth
waveform (∼210 V), which represents strong asymmetry,
whereas the square waveform generates a minimal negative
DC self-bias of ∼50 V. On the other hand, the DC self-
bias is negligible in the case of the sinusoidal waveform and
therefore no discharge asymmetry is present. A plot of time-
averaged potential profiles for all the waveforms is displayed
in figure 2(b) showing the formation of DC self-bias on the
powered electrode. Similar trends, i.e. higher discharge asym-
metry and plasma density in the case of the sawtooth and
square waveform, respectively, is observed at 100 A m−2

current density amplitude. At 100 A m−2, the DC self-bias
is zero in the case of the sinusoidal waveform, whereas the
sawtooth and square waveform show a DC self-bias of ∼470
and −300 V, respectively. On the other hand, the maximum
plasma density is ∼1.2 × 1016 m−3, ∼2.5 × 1016 m−3, and
∼5× 1016 m−3 for the sinusoidal, sawtooth, and square wave-
forms respectively, which is again highest for the square wave-
form. However, the results are included below due to the
higher discharge voltage conditions for achieving higher cur-
rent density amplitude and thus SEE may be important. This
will be subject to future investigation.

An enhancement in the plasma density by changing the
shape of the current waveform can be understood by analyz-
ing the ionization rate within the discharge system. Figure 3
shows the time-averaged ionization rates along with the excit-
ation rates at a current density amplitude of 50 A m−2 for
three different waveforms. For low gas pressure, the electron
means the free path is longer and hence the ionization and
excitation mechanisms mainly occur inside the bulk plasma.
Figure 3(a) shows the direct ionization (e + Ar → 2e + Ar+)
while the electron collides with the ground state argon atom.
It is clear from the figure that the overall direct ionization rate
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Figure 3. Time-averaged ionization (a)–(c) and excitation (d)–(f) rates at different applied current waveforms (sinusoidal, sawtooth, and
square) for 13.56 MHz RF frequency and current densities of 50 A m−2.

is highest for the square waveform. The sinusoidal waveform
has a higher ionization rate in the bulk plasma compared to the
sawtooth waveform; however, it is drastically lower near to the
electrodes; i.e. up to 15 mm from both electrodes. Figures 3(b)
and (c) show the multi-step ionization that occurs when elec-
trons impact with metastable state Ar∗ (e + Ar∗ → e + Ar+)
and Ar∗∗ (e + Ar∗∗ → e + Ar+), respectively.

Although the contribution from such processes is lower
in comparison to the direct ionization (figure 3(a)), we can
observe that the multi-step ionization process rate is highest
in the case of the square waveform. Comparing the saw-
tooth with the sinusoidal waveform, we can distinctly observe
that the sawtooth waveform has the highest ionization rate
for both cases here. These two processes along with the dir-
ect ionization are producing higher plasma density in the
case of the sawtooth waveform compared to the sinusoidal
profile.

Figures 3(d) and (e) show the production of metastable
Ar∗ (e + Ar → e + Ar∗) and Ar∗∗ (e + Ar → e + Ar∗∗)
from neutral gas. The square waveform has a very high pop-
ulation of Ar∗ (3p54s, 11.6 eV) and Ar∗∗ (3p54p, 13.1 eV)
in all three cases. Although the central metastable densit-
ies (Ar∗ and Ar∗∗) are higher for the sinusoidal in compar-
ison to the sawtooth waveform, however the average meta-
stable densities production (Ar

∗
= 5.5× 1019m−3 for sine and

6.5× 1019m−3 for sawtooth, Ar∗∗ = 1.9× 1020m−3 for sine
and 2.3× 1020m−3 for sawtooth) is higher for the sawtooth
waveform. It is also important to notice from figures 3(d)–(f)
that the production of Ar∗∗ is higher compared to Ar∗ in all
the cases. The low-energy electrons (∼1.5 eV) are further
absorbed in excitation fromAr∗ to Ar∗∗ (e+Ar∗ → e+Ar∗∗)
and its production rate is utmost in the square waveform and
lowest for the sinusoidal waveform (see figure 3(f)).

The observed asymmetries when the applied wave-
form is changed are mainly due to an asymmetry in the

spatio-temporal ionization dynamics. To elucidate this, we
further investigate the ionization mechanism by examining
the spatio-temporal profile of the ionizing collision rate for
three different current waveforms. This is plotted in figure 4
for two RF periods averaged over the last 600 RF cycles. As
shown in figure 4(a), for the sinusoidal waveform, the ion-
ization profile is symmetrical and broad, and the maximum
ionizing collision rate is observed during the time of sheath
expansion at both the grounded and powered electrodes.
Moreover, the ionizing front penetrates the bulk plasma and
reaches the opposite sheath because of the nearly collisionless
operating conditions. Figure 4(b) shows the spatio-temporal
profile of the ionizing collision rate for the sawtooth wave-
form, which has the highest asymmetry (also see figure 1);
i.e. a strong ionization is observed near to the grounded
sheath compared to the power electrode sheath. Here, mul-
tiple beams of energetic electrons emerge during the expand-
ing phase of the sheath near to the grounded electrode that
penetrate the bulk plasma and approach the opposite sheath
edge.

The spatio-temporal profile of the ionizing collision rate
for the square waveform is displayed in figure 4(c). Here,
the profile nearly turns symmetrical, and multiple bursts of
high-energy electrons emerge from the expanding phase of
the sheath edge. The intensity of these bursts is higher in
comparison to the sawtooth and sinusoidal waveforms. Com-
paring sheath velocities on the grounded electrodes for dif-
ferent waveforms shows it is highest for the square wave-
form (7.35× 105 m s−1) and lowest for the sinusoidal wave-
form (2.2× 105 m s−1). The sheath velocity for the sawtooth
waveform is 4.97× 105 m s−1. The higher sheath velocity
enhances the energy gained by the oscillating electrons and
henceforth the ionizing collision rate, and therefore the plasma
density, also goes up. Further, by looking at the figure of the
spatio-temporal ionizing collision rate, it is clearly observed
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Figure 4. Spatio-temporal evolution of ionizing collision rates at different current waveforms; i.e. (a) sinusoidal (b) sawtooth and (c) square
for 13.56 MHz for current densities of 50 A m−2.

in figure 4(b) that multiple beam-like structures are present
near to the grounded electrode during the sheath expansion.
Similarly, in figure 4(c), intense multiple beam-like structures
are created both near to the grounded and powered electrode

during the time of sheath expansion. However, such multiple
beam-like structures are absent in the case of the sinus-
oidal waveform. The reason for the creation of these mul-
tiple beam structures during the sheath expansion is due to
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the high-frequency modulation on the instantaneous sheath
edge position, which is similar to the sheath modulation
in CCP discharges excited by multiple frequencies [26, 28,
71]. We will support this argument by investigating the non-
linearity in the spatio-temporal profile of the electric field and
higher harmonics generation on the instantaneous sheath edge
position.

Figures 5(a)–(c) show the spatio-temporal evolution of the
electric field for the sinusoidal, sawtooth, and square wave-
forms, respectively. The data shown here are for two RF peri-
ods, averaged over the last 100 RF cycles when the simu-
lation results achieved a steady state condition. As shown
in figure 5(a), for the sinusoidal case, the electric field is
mostly confined in the sheath region and the bulk plasma is
almost quasi-neutral. The instantaneous sheath edge position
is smooth in this case. When the applied current waveform is
changed to a sawtooth (see figure 5(b)) waveform, the tem-
poral electric field at the sheath boundary near to the grounded
electrode is substantially modified; i.e. high-frequency oscil-
lations are observed on the instantaneous sheath edge position.
The electric field here is also confined inside the sheath region
and the bulk plasma is almost quasi-neutral. Furthermore,
when the applied current waveform is square (see figure 5(c)),
the temporal electric field at both the sheath edges, i.e. near
to the grounded and powered electrode, is significantly modi-
fied and the high-frequency oscillations are clearly visible on
the instantaneous sheath edge positions. These high-frequency
modulations on the instantaneous sheath edge at both sheath
edges is one of the principal factors responsible for driving the
higher ionization rate and, as a result, producing higher plasma
density in the system.

The presence of the electric field inside the bulk plasma
is also significant here, which is termed ‘electric field transi-
ents’. The formation of these electric field transients is repor-
ted in earlier articles [11, 14, 42, 72] and is mainly due to
the higher sheath velocities that enhance energy gained by the
electrons interacting with the oscillating sheath. Such elec-
tric field transients were mostly observed at higher driving
frequencies [14, 61], whereas here they are present at a fun-
damental frequency of 13.56 MHz, but only in the case of
the square waveform. We believe this is mostly related to the
sheath velocity and higher harmonics on the instantaneous
sheath position, which is higher in the case of the square wave-
form and is discussed in the following paragraph.

Figures 6(a) and (b) show the instantaneous sheath position
and its fast Fourier transform (FFT), respectively, for different
applied current waveforms. The graph in figure 6(a) is plotted
for one RF period near to the grounded electrode. Again, the
sheath width is calculated by observing the maximum posi-
tion of the electron sheath edge from the electrode and where
the quasi-neutrality breaks down. As shown in figure 6(a), for
the sinusoidal waveform, the sheath width is expanding up
to a maximum position of ∼15 mm from the grounded elec-
trode. The instantaneous sheath position in this case is vary-
ing smoothly within the RF period; i.e. it is reaching up to the
maximum position and collapsing back towards the grounded
electrode.

In contrast to the sinusoidal waveform, the maximum
sheath edge position is lower (∼9.5–9.7 mm) in the case of the
sawtooth and square waveforms. Furthermore, both the saw-
tooth and square waveforms show high-frequency modulation
on the instantaneous sheath position. These high-frequency
oscillations are similar to the multi-frequency excited CCP
discharges [26, 71]. Due to this, the conjugate sheath velo-
city modifies drastically and remains higher for the square
waveform (7.35× 105 m s−1) as the number of oscillations
on the instantaneous sheath edge position is higher in this
case. The corresponding FFT is shown in figure 6(b). It is
clear from figure 6(b) that the contribution of the fundamental
frequency is highest in the case of the sinusoidal waveform
and the higher harmonics contribution drops monotonically,
whereas higher harmonic contents up to the seventh harmon-
ics are clearly visible for the sawtooth and square wave-
forms (figure 6(b)). While comparing different waveforms, it
is observed that the higher harmonic content (above the third
harmonics) is maximum in the case of the square waveform.
Thus, the presence of higher harmonic contents justifies pro-
duction of higher plasma density in the case of the square
waveform, as they are efficient in the power deposition. It is
noteworthy that, due to asymmetry, the sawtooth waveform
reflects high-frequency oscillations during the initial phase of
the collapsing sheath edge (0.5–0.8 on the Y-axis in the RF
period) and then smoothes out towards the grounded electrode.

The presence of higher harmonics on the instantaneous
sheath edge position and therefore the higher sheath velocity
drives the higher electron energy beams from near to the sheath
edge. As discussed earlier, the sheath velocity is lowest for
the sinusoidal waveform (2.2× 105ms−1) and highest for the
square waveform (7.35× 105ms−1). These high-energy elec-
trons create the electric field transients (figure 5(c)) inside the
bulk plasma, which increase the population of high-energy
electrons through non-linear interaction. This effect could be
verified by analyzing the electron energy distribution func-
tion (EEDF). Figure 7 shows the EEDF at the center of the
discharge for the three different waveforms. As displayed in
figure 7, due to the strong electric field transients, both the
low-energy electrons and high-energy tail-end electrons are
highest in the case of the square waveform. The shape of the
EEDF for the square waveform reveals three electron tem-
peratures; i.e. bulk electron temperature (∼6 eV), mid-energy
range (∼6 eV–33 eV), and high-energy tail-end electrons
(>33 eV). The sawtooth waveform produces higher population
of the low-energy electrons in comparison to the sinusoidal
waveform; however, its tail-end electron population is slightly
lower than the sinusoidal waveform. This effect is attributed to
the asymmetric discharge behavior in the case of the sawtooth
waveform.

As shown in figures 5(a) and (b), the electric field pro-
file shows that the sheath is nearly symmetrical on both
the powered and grounded electrode for the sinusoidal
waveform (sheath voltage ∼1380 V at the powered and
grounded electrode), whereas, for the sawtooth waveform,
the powered electrode sheath is smaller in comparison to the
grounded electrode. Thus, although the sheath velocity near
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Figure 5. Spatio-temporal evolution of the electric field for two RF cycles at different applied current waveforms for 50 A m−2 and
13.56 MHz: (a) sinusoidal, (b) sawtooth, (c) square.
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Figure 6. (a) Instantaneous sheath edge position for one RF period and (b) FFT of the instantaneous sheath edge for different applied
current waveforms (sinusoidal, sawtooth, and square) for 13.56 MHz RF frequency and current densities of 50 A m−2.

to the grounded electrode is higher for the sawtooth waveform
and imparts higher energy to the electrons, they are not effect-
ively confined on the opposite sheath edge as the powered elec-
trode sheath voltage is lower (sheath voltage ∼350 V at the

powered electrode and ∼560 V at the grounded electrode).
Thus, the higher population of high-energy electrons for the
sinusoidal waveform is due to the longer electron confine-
ment, whereas, due to the asymmetric sheath, the sawtooth
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Figure 7. Electron energy distribution function at the center of the discharge for three different current waveforms. The current density
amplitude is 50 A m−2 and the base frequency is 13.56 MHz.

Figure 8. Ion energy distribution function (IEDF) for three different current waveforms at (a) the powered electrode and (b) the grounded
electrode. The current density amplitude is 50 A m−2 and the RF frequency is 13.56 MHz.

waveform produces lower population of high-energy tail-end
electrons (poor electron confinement).

On the other hand, the total (from ground state and excited
states) time-averaged ionization rates (figure 3) are higher for
the sawtooth waveform and therefore produce higher popula-
tion of low-energy electrons. This effect is mainly attributed
to the high-frequency oscillations on the instantaneous sheath
edge position of the sawtooth waveform, which is not present
in the case of the sinusoidal waveform.

Next, we study the effect of different current waveforms on
the IEDF at the electrode surface. Figures 8(a) and (b) show the
IEDF for the sinusoidal, sawtooth, and square waveform at the
powered and grounded electrode, respectively. The simulation
result predicts bimodal IEDF with multiple low-energy peaks

for all the waveforms. The bimodal behavior is due to the col-
lisionless ion transit through the RF sheath [30]. In the present
case, the ratio of the sheath width (s) to ion means the free path
(λi), s/λi, is∼1–3.75 and therefore a bimodal energy distribu-
tion centered around the DC potential is observed. It is note-
worthy that the asymmetry in the ion energy is highest in the
case of the sawtooth waveform; i.e. the mean ion energy (the
average of bimodal peak energies) is lower (∼106 eV) on the
powered electrode when compared to the grounded electrode
(∼317 eV). This asymmetry is attributed to the formation of
DC self-bias and therefore the mean ion energy corresponds to
the plasma potential (∼320 V) at the grounded electrode and
plasma potential with respect to the DC self-bias (∼213 V) at
the powered electrode. On the other hand, both the sinusoidal
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and square waveforms produce nearly symmetrical and higher
mean ion energies at both the powered and grounded electrode.
This is attributed to the lower DC self-bias and higher values
of the plasma potential, as shown in figure 2(b).

For the sinusoidal case, the mean ion energy is ∼570 eV,
whereas, for the square, it is ∼539 eV at the grounded elec-
trode and ∼596 eV at the powered electrode due to the negat-
ive self-bias of ∼52 V. As shown in figure 8, the energy sep-
aration (∆E) of the bimodal peaks is lowest in the case of the
sawtooth-like waveform (∼16 and∼30 eV at the powered and
grounded electrode, respectively) in comparison to the sine
(∼75 eV at both the powered and grounded electrode) and
square (∼97 and ∼90 eV at the powered and grounded elec-
trode, respectively) waveforms. A drop in the sheath potential
for the sawtooth waveform is one of the possible reasons for a
decrease in the energy separation.

4. Summary and conclusion

In this work, we studied the effect of waveform tailoring
on plasma density, ionization asymmetry, higher harmonics
generation, theformation of electric field transients, and elec-
tron/ion energy distribution function. Two temporally asym-
metric waveforms, sawtooth and square waveforms, were
chosen and the results were compared with standard sinus-
oidal waveforms. The fundamental driving frequency was
13.56 MHz and the CCP discharge was operated by a current
waveform at a constant current density amplitude of 50 Am−2

and 5 mTorr gas pressure. A large number (N = 50) of har-
monics were chosen for creating an ideal sawtooth and square
waveform.

The simulation results demonstrate that the square wave-
form produces the highest plasma density in comparison to
sinusoidal and sawtooth waveforms. An enhanced plasma
density in the case of the square waveform is due to the high-
frequency oscillations (higher harmonics), up to 100 MHz,
on the instantaneous sheath position that can penetrate the
bulk plasma and therefore increase the total ionization rates
from the ground state and excited states of the argon atom.
The high-frequency oscillations are smaller in the case of
the sawtooth waveform and, for the sinusoidal case, are
negligible.

The maximum discharge asymmetry is observed in the
case of the sawtooth-like waveform. An analysis of the time-
averaged plasma potential shows a DC self-bias of ∼210 V
for the sawtooth waveform, whereas for the square waveform
it is −50 V, and no DC self-bias is observed in the case
of the sinusoidal waveform. The corresponding sheath width
for the sawtooth waveform is smaller near to the powered
electrode (∼6 mm) in comparison to the grounded sheath
(∼10.4 mm). For the square waveform, there is a slight differ-
ence (∼0.2 mm) between the sheath width at the powered and
grounded electrode and for the sinusoidal waveform it is the
same at both electrodes. The observed asymmetry is caused by
the spatio-temporal ionization asymmetry, which shows that

the ionization is higher near to the grounded sheath and lower
near to the powered electrode sheath for the sawtooth wave-
form.

Both the sawtooth and square waveforms show multiple
electric field transients. Thesemultiple transients originate due
to the high-frequency oscillations on the instantaneous sheath
edge position. These high-frequency oscillations impart high
energy to the electrons because of higher conjugate sheath
velocities and thus the transients are stronger in the case of
the square waveform penetrating the bulk plasma. For the saw-
tooth waveform, the energies of such transients are lower due
to the lower number of high-frequency oscillations in com-
parison to the square waveform and therefore constraints near
to the sheath region. Additionally, due to asymmetry, these
transients are mostly observed near to the grounded sheath
for the sawtooth waveform, whereas, for the square waveform,
they originate from both the powered and grounded electrode
sheaths.

For the square waveform, the EEDF represents three elec-
tron temperatures with a highly elevated electron tail when
compared to the sinusoidal and sawtoothwaveforms. The elev-
ated electron tail is due to the penetration ofmultiple beam cur-
rents and better confinement of high-energy electrons between
opposite sheaths. For the sawtooth waveform, the confinement
of high-energy electrons is poor due to the asymmetric sheath;
it therefore produces a lower population of high-energy elec-
trons in comparison to the sinusoidal waveform. The shape of
the IEDF is bimodal with multiple low-energy peaks for all the
waveforms. The mean ion energies and energy separation of
the bimodal peaks is lowest in the case of the sawtooth wave-
form because of the lower sheath voltage and higher in the case
of the square and sinusoidal waveform. The mean ion energies
of the bimodal peaks coincide with the plasma potential at the
grounded electrode and plasma potential with respect to the
DC self-bias on the powered electrode.

From the simulation results, it is concluded that the choice
of waveform is critical for achieving maximum asymmetry
and plasma density/ion flux simultaneously in CCP discharges
using tailored waveforms.
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