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Abstract: Capacitively coupled plasma (CCP) discharges working at low pressure are widely used
for the synthesis of thin films and the modification of the surface properties of materials. Due to
their importance, considerable research was carried out over the years to understand their working
mechanisms, and the physical properties of the CCP discharges were measured by many research
groups, while simulations of their characteristics were often performed using both fluid and kinematic
models. However, most of the simulation and characterization work found in the literature is focused
on the discharge steady-state characteristics, since most of the applications rely on its properties,
while less information is available on the early stages. In fact, the initial stages of CCP plasma
discharges are of great importance to improve the understanding of their ignition process as well as to
figure out the working mechanism of pulsed discharges, the use of which has increased in importance
in recent years. In this work, a review of the results published in recent years concerning the physical
mechanisms involved in the very first stages of low-pressure CCP discharges is presented, focusing
on the first few microseconds of discharge time.

Keywords: CCP; low-pressure plasma; plasma ignition

1. Introduction

Plasma discharges are of great importance in modern technology, especially due to
their ability to activate chemical reactions at low temperatures, thanks to the molecular dis-
sociation processes that can be activated by high-energy electrons [1]. Thin-film deposition
and surface modification processes [2] used in microelectronics [3] are a typical example of
the technological application of plasma discharges, but these techniques are also used in
several other fields, such as photovoltaics, ref. [4] production of materials for energy-saving
applications, ref. [5] pollution control, ref. [6] as well as biomedicine. Ref. [7] Low-pressure
discharges have been used for a much longer time compared with atmospheric pressure
ones since a lower power density is required for their activation and they allow simpler
control of the process parameters. Ref. [1] Among them, radio frequency-activated ca-
pacitively coupled plasma discharges (RF-CCP) are of especially widespread use, thanks
to their simplicity and relatively low cost, compared with other discharge types, such as
inductively coupled plasmas (ICP) or microwave-activated ones [8].

Due to their high technological interest, low-pressure RF-CCP discharges have been
widely studied, both theoretically and experimentally, and a considerable amount of
literature can be found about them [9]. However, most of the studies are focused on the
behavior of plasma when the steady state has been reached, and all the parameters have
assumed approximately constant values. In fact, most technological processes that make
use of plasma discharges work at the steady state, since it is usually desirable to have
stable values of parameters such as deposition rate or etching rate. For these reasons, a
relatively low amount of information is available about the discharge behavior during the
transition time that is required to reach the steady state, or the time evolution of the plasma

Plasma 2024, 7, 531-565. https:/ /doi.org/10.3390/plasma7030029

https:/ /www.mdpi.com/journal /plasma


https://doi.org/10.3390/plasma7030029
https://doi.org/10.3390/plasma7030029
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plasma
https://www.mdpi.com
https://orcid.org/0000-0002-2575-7785
https://doi.org/10.3390/plasma7030029
https://www.mdpi.com/journal/plasma
https://www.mdpi.com/article/10.3390/plasma7030029?type=check_update&version=1

Plasma 2024, 7

532

parameters during a cycle of the RF excitation. On the other hand, studying the plasma
behavior during the transition time is of considerable importance in order to understand the
discharge ignition process. Moreover, pulsed discharges, which are important for several
applications, such as the deposition of polymeric thin films [10], are strongly influenced by
the transition time between the rise of the excitation signal and the reaching of the plasma
steady state.

In this work, a review is presented concerning the information available in the lit-
erature about the temporal evolution of plasma parameters in RF-CCP discharges, with
a special focus on the early stages after the discharge ignition or at the beginning of the
turn-on phase in a pulsed discharge. A preliminary selection of papers for the literature
review has been obtained using the Scopus and Web of Science databases, searching for
papers that include in the title, abstract, or keyword sections the following terms: plasma,
ccp or capacitively-coupled, time-variation or time-evolution or evolution in time or ignition. A
surprisingly low number of publications was found, as low as 72 in the case of the Scopus
database and 54 for Web of Science, with publication dates ranging from 1989 to 2023. The
publications were then carefully selected on the basis of their abstract content, considering
only the ones that described experimental research concerning the time evolution of plasma
parameters during low-pressure RE-CCP discharges. Moreover, the bibliographic section
of each paper was examined to search for other works of interest. Conference papers were
not included in the review.

The review includes experimental works concerning the time evolution of plasma
parameters in RF-CCP discharges, thus focusing on the publications that include measure-
ments of the time evolution of some physical quantities involved in the plasma. However,
several works also include simulation results or analytical models about discharge behavior.

The review has been divided into six sections: in the first one a very brief review about
the main properties of RF-CCP discharges is provided; the second one reports about the
reactor that was used as a reference in several of the publications reviewed; the third one
deals with the time evolution of plasma parameters in continuous discharges; the fourth
one covers the topic of pulsed discharges; the fifth one deals with the effects of parasitic
discharges on the time evolution of plasma parameters; and the last one is devoted to some
other topics, including the effect of powder formation and of the change of gas mixture
composition during the discharge process.

2. Fundamental Properties of Low-Pressure RF-CCP Discharges

An example of a near-complete introduction to the properties of CCP plasma dis-
charges can be found in the recent review paper by Chabert et al. [8], while in this section,
only a very brief summary of the main discharge properties will be given. Capacitively
coupled radio frequency discharges rely on the application of a time-varying electric field
to a gas mixture by means of two electrodes, between which the gases are injected at a
pressure lower than the atmospheric one. The simpler configuration involves the use of
two planar parallel electrodes, one of which is usually grounded, while the other one
is connected to a radiofrequency generator (usually working at 13.56 MHz) through a
matching network, which is necessary to tune the load impedance in order to minimize the
amount of power reflected to the generator. The time-dependent electric potential between
the electrodes provides the energy required to accelerate the electrons inside the discharge,
giving rise to the processes of ionization, excitation, and dissociation (if molecular gases
are used) inside the gas mixture.

The space between the electrodes can usually be divided into three main regions: the
plasma volume in the middle of the discharge, where the condition of quasi-neutrality is
achieved and in which the electric potential is more positive than at the electrodes, and the
two sheaths near the electrodes, where a depletion of negative charges is usually present,
providing a stronger electric field that tends to accelerate ions towards the electrodes
and to confine the electrons in the plasma bulk. The thicknesses of the two sheaths are
characterized by an oscillating behavior, in which at different phases of the RF period,
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one of the sheaths is suppressed, while the other one reaches its maximum extension, as
discussed in Section 3.

The huge mass difference between electrons and ions causes different behaviors
for the two particle types, producing a process of charge separation, which leads to the
development of a DC component of the electric potential, usually called self-bias. The DC
potential is more positive in the plasma bulk and drops in the two sheath regions towards
the electrodes, thus accelerating the ions in the sheaths towards them. If the two electrodes
have different areas, the potential drop is stronger towards the smaller electrode, which is
usually the powered one, giving rise to an asymmetric RF-CCP discharge. These kinds of
discharges are often used when a strong ion acceleration is desired toward only one of the
electrodes, such as in sputtering deposition processes or in reactive ion etching.

Inside of the plasma bulk, different kinds of electron energy distribution functions
(EEDF) can be achieved depending on the plasma conditions: a Maxwellian-like distri-
bution is more frequent when molecular gases are uses, while a Druyvesteyn-like one is
more common for atomic gases. The mean electron energy in the bulk region of RF-CCP
discharges is usually of the order of a few electron volts, but the tails of the EEDF extend
to more than 10 eV, providing electrons with sufficient energy to activate the ionization
processes. The transfer of energy between the electron and ions is very inefficient due to
the huge mass energy, and ions receive lower acceleration from the electric field due to
their much greater inertia, so the mean ion energy in the plasma bulk is several orders of
magnitude lower compared to electrons.

Secondary electrons can be emitted from the electrodes as a result of the interaction
between the ions and the electrode surfaces and can be strongly accelerated towards the
plasma bulk by the sheath electric field, reaching high energies and contributing to the
ionization of the gas atoms and molecules. When these kinds of ionization processes are
dominant, the discharge is said to work in the y mode, while if the ionization happens
mainly in the plasma bulk, the « mode is achieved. Other operation modes are also possible,
as described in Section 3.

Besides continuous discharges, in which the RF potential is continuously applied
between the electrodes, pulsed discharges are also possible, in which times of RF activation
are alternated with times in which the bias is suppressed. These kinds of discharges, which
are discussed in Section 4 of this review, have become more common in recent years due to
their ability to provide a better control of some plasma parameters in etching processes.

3. The GEC Reference Plasma Reactor

A fundamental paper was published in 1991 by Hargis and a large collective of
researchers from several research laboratories [11]. While this work does not provide any
result concerning the time evolution of plasma quantities in a discharge, it was included
in this review since it is often cited in subsequent publications as a reference for the
experimental and theoretical analysis of CCP plasma discharges. In the paper, a standard
reference cell was defined, named the gaseous electronics conference radio frequency reference cell,
or GEC cell in its abbreviated form. This kind of cell consisted of a cylindrical stainless-steel
chamber equipped with two round parallel electrodes, each having a diameter of 102 mm
and positioned at a distance of 25.4 mm from the other. The electrodes were isolated from
the chamber walls in order to allow them to be biased or ground independently or to leave
them to float. The gas mixture was injected from the top electrode, using a showerhead
configuration, while the exhaust gases were pumped away from four pumping ports
located in the lateral walls, as shown in Figure 1. Such an unusual pumping configuration
was used to reduce azimuthal variations in the gas pumping speed in order to minimize
variations in the concentration of chemical species.
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Figure 1. Schematic diagram of the GEC reference cell pumping apparatus. The four pumping
windows are visible in the diagram. Reprinted from [11], with permission of AIP Publishing.

An experimental analysis of the electrical characteristics was carried out for plasma
discharges activated using Ar gas in GEC reference cells with an identical design produced
by different manufacturers in order to test the reproducibility of plasma conditions. To this
aim, a set of sinusoidal excitation signals, with specific peak-to-peak voltage values, were
applied to the cells at different values of Ar pressure and a fixed gas flow rate of 20 sccm.
The voltage and current signals in the discharge were then measured, and a Fourier analysis
of the measured voltage and current waveforms was carried out, considering the first five
Fourier components. A simplified electrical circuit, shown in Figure 2, was used to describe
the electrical behavior of the cells.

Ve

e
1

Figure 2. A simplified electrical circuit used to describe the GEC cell behavior. V is the voltage signal

applied to the cell, upstream of the matching network, while V. and I, are the voltage and current
measured between the electrodes. L, L., and Cs are the inductors and the capacitor included in the
matching network. Reprinted from [11], with permission of AIP Publishing.

The results of the electrical characterization of the cells are shown in Figure 3, where
the current passing between the electrodes is shown as a function of the voltage difference
between them. In the picture, the data measured on different GEC cells in different
laboratories are reported together, with a line representing a least square linear fit of the
data and two lines representing the one standard deviation of the data from the fitted line.
According to the results, a good agreement between the electric measurements performed
on the different cells is evident.
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Figure 3. Dependence of the electrode current on the electrode voltage in GEC reference cells
manufactured in different laboratories. The solid line is a linear fit to the data, while the dot-dash
line represents the one-sigma standard deviation from the fitted line. Reprinted from [11], with
permission of AIP Publishing.

4. Time Evolution of Plasma Parameters during RF Cycles of Continuous Discharges
4.1. Time Evolution of the Plasma Potential and Electron Temperature in Ar Discharges

The earlier experimental work found in the research results, which was published
by Wilson and coworkers in 1989, ref. [12] included a temporal analysis of the plasma
potential, as well as the electron temperature and density in an RF-CCP discharge activated
in a commercial plasma etcher in Ar gas at a pressure of 53.3 Pa, a power of 100 W, and
a peak-to-peak RF amplitude of 72 V. The time-varying floating potential, measured by
means of a capacitive probe, was found to be of sinusoidal shape, with an amplitude of
(42.1 +£1.6) V and a DC reference, measured using a high-input impedance Langmuir
probe, of (—4 £ 0.7) V. The plasma potential, obtained from the I-V characteristic curve,
was found to vary between (51.0 & 1.6) V and (9.0 £ 1.6) V. The time-varying current
was measured by a low-input impedance Langmuir probe and the shape of the resulting
I-V characteristic curve, measured at the time of maximum and minimum bias voltage, is
shown in Figure 4. The plot shows the average and instantaneous current as a function of
the bias voltage, with the instantaneous current measured at the times at which the plasma
potential assumed its minimum and maximum values, respectively.

e INSTANTAREDUS
I=V &t Vamax

()

Figure 4. Plot representing the average (crosses) and instantaneous (continuous lines) current as a
function of voltage (a). The instantaneous current is measured at the time of minimum (Vpmin) and
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maximum (Vpmax) bias voltage. Plot of the typical scope trace of instantaneous cutrent (b), where I
occurs at Vpmin and I occurs at Vpmax for an applied bias voltage V},. Reprinted with permission
from [12]. Copyright 1989, American Vacuum Society.

4.2. Sheaths Motion in Ar, He, and Hy Discharges

In another interesting study published by Wood and coworkers in 1991, ref. [13]
the motion of the sheaths during an RF-CCP discharge in Ar was investigated through
experimental and theoretical means. A circuit model was developed for the physical system
composed of the discharge and a Langmuir probe, in order to relate the voltage measured
by the probe to the sheath motion. The model equation was solved numerically, obtaining
waveforms that were comparable with the observed ones. Unfortunately, the digitalized
version of the paper shows very degraded images, so the comparison between experimental
data and calculated curves is quite difficult.

The time-resolved dynamics of sheaths in an RF-CCP discharge was investigated
by Czarnetzki and coworkers [14] in 1998. The authors used a laser-induced fluorescence
technique (LIF) to measure the time-resolved voltage in the sheaths of asymmetric He and
H;, GEC reference discharges by exploiting the Stark effect. The measured time evolution
of the sheath voltage at the powered and ground electrodes in the He discharge is shown
in Figure 5. The voltage was obtained by integrating the electric field measured by the LIF
technique. The authors also compared the measured quantities with a model description
of the ion and electron motion in the discharge and found a reasonable agreement. The
sheath voltage measured at the ground electrode in the H; discharge as a function of time is
shown in the lower graph of Figure 6, while the upper section of the figure shows the time-
and space-resolved excitation rate for the excitation of hydrogen atoms to the state with
n = 3. It is worth noting that the peak of sheath voltage between 25 and 45 ns (evidenced
by the red lines in Figure 6) corresponds to a region of high excitation near the electrode,
while another region of high excitation appears between 45 and 55 ns, when the sheath
voltage has been already suppressed. The authors provide quite elaborated explanation of
this behavior, which cannot be reported in this review due to space limitations.

voltage (V)

0 i X 3 40 5 e T
time (ns)

Figure 5. Time evolution of the voltage measured over the sheaths at the grounded (w) and powered
(e) electrodes in a GEC He discharge at a pressure of 50 Pa, a gas flow rate of 90 sccm, and a peak-to-
peak bias voltage of 700 V. The solid lines are sinusoidal fits. © IOP Publishing. Reproduced with
permission from [14]. All rights reserved.



Plasma 2024, 7

537

Figure 6. Time and space resolved excitation rate to the n = 3 state of atomic hydrogen (upper
graph) and time evolution of the sheath voltage at the powered electrode (lower graph) in a GEC H,
discharge at a pressure of 80 Pa, a gas flow rate of 90 sccm, and a peak-to-peak bias voltage of 650 V.
© IOP Publishing. Reproduced with permission from [14]. All rights reserved.

In 2020, an important effect was discovered by Sun and coworkers in a simulation
study ref. [15] that is related to the effect of strong electron emission from the electrodes
of a CCP discharge on the behavior of the sheaths and the plasma volume. The resulting
discharge, which was called inverted RF plasma (IRF) by the authors, is characterized by
a linear potential drop in the central region of the discharge, while two small sheaths
are located near the electrodes, in which the electric field direction is inverted compared
to a normal RF-CCP discharge. The potential drop in the central region is much greater
compared to the ones located in the inverted sheaths. The authors did not include any
experimental data in their work, which is purely based on 1D1V kinetic simulations, but it
was included in this review due to its importance.

4.3. Time Evolution of Rotational Temperature in H, Discharges

The time evolution of the rotational temperature of H, molecules in a GEC discharge
was reported in a study published by Gans and coworkers in 2001. Ref. [16] The authors
used a high resolution camera to measure the intensity of emission peaks in a specific
range of the Fulcher-« band of the H;, spectrum. Two peaks of the emission intensity were
observed during each RF cycle, at different times near the end of the cycle, and different
distances from the powered electrode. The farthest peak from the powered electrode was
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attributed to the emission of electrons from the space charge region into the plasma region.
On the other hand, the peak closer to the electrode was considered due to the acceleration
of electrons emitted from the sheath towards the electrode during the electric field reversal
at the end of an RF cycle. A mathematical model was developed by the authors to explain
the behavior of the rotational temperature with time within an RF cycle, and a comparison
between the model and the experimental results is shown in Figure 7.
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Figure 7. Time evolution of the rotational temperature of hydrogen molecules in a GEC Hj discharge
at a pressure of 42 Pa, gas flow rate of 50 sccm, and an RF power of 100 W. The thick solid line
represents the result from a mathematical model. © IOP Publishing. Reproduced with permission
from [16]. All rights reserved.

4.4. Transition between o Mode and Drift-Ambipolar Mode in CF4 Discharges

Capacitively coupled discharges may work in two main different operation modes,
usually named « mode and 7y mode; in the former, the ionization processes are mainly
activated by the electrons in the bulk of the discharge, while in the latter, they are mainly
produced by the secondary electrons accelerated inside the sheaths. Ref. [8] However, other
operation modes may exist, and a specific one, named drift-ambipolar mode (DA mode), was
identified in a study published in 2011 by Shulze and coworkers, ref. [17] for the specific
situation of the strongly electronegative CF4 gas. The authors exploited a combination
of experimental analyses, including phase-resolved optical emission spectroscopy (PROES),
computer simulations, by means of the particle in cell with Montecarlo collision method
(PIC-MCC), and an analytical model. The authors identified two main components in the
electric field inside of the discharge during the DA mode: a nearly uniform drift field,
mainly due to the low DC conductivity in the bulk of the discharge, and an ambipolar one,
peaked near the sheath edge and mainly due to the accumulation of electrons in that region.
Figure 8 shows the simulation and experimental results obtained by the authors in two
CF, discharges working at a pressure of 40 Pa and peak bias voltages of 100 V and 400 V,
respectively. The DA mode can be observed at the lower voltage (left column of images)
where the peak of the calculated ionization rate and the corresponding measured light
emission peak is observable near the two sheaths edges during one RF period. On the other
hand, at a peak bias voltage of 400 V the « mode is observed, in which the ionization rate
peak moves in the bulk region between the two sheaths. Figure 9 shows a similar transition,
while keeping constant the peak bias voltage at 200 V and changing the total pressure from
40 to 80 Pa. At the lower pressure a hybrid situation between the « and the DA mode is
observed, while increasing the pressure a pure DA mode is achieved.
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Figure 8. Plasma parameters as a function of time and space in a CF4 discharge working at 40 Pa.
In the first row, ionization rates from PIC-MCC simulations are reported in unit of 102! m~3 s~ for
100 V (a) and 400 V (b) peak bias voltages, while in the bottom row the measured plasma emission at
250 nm is reported in arbitrary units for 100 V (c) and 400 V (d) peak bias voltages. Reprinted with
permission from [17]. Copyright (2011) by the American Physical Society.
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Figure 9. Plasma parameters as a function of time and space in a CF4 discharge working at 200 V
peak bias voltage. In the first row, ionization rates from PIC-MCC simulations are reported in units
of 102! m—3 s~ for pressure of 40 Pa (a) and 80 Pa (b), while in the bottom row the measured plasma
emission at 250 nm is reported in arbitrary units for pressure of 40 Pa (c) and 80 Pa (d). Reprinted
with permission from [17]. Copyright (2011) by the American Physical Society.
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4.5. Effect of Electrode Non Planar Features on the Plasma Parameters in Ne Discharges

The effects of specific non-planar features on the surface of the powered electrode were
presented in an interesting study published by Shmidt and coworkers in 2013 [18]. The
authors measured the time-dependent behavior of the excitation rate in a modified GEC cell
working with pure Ne with an RF bias amplitude of 264 + 4 V, using a 2D phase-resolved
optical emission spectroscopy (PROES), and the results are shown in Figure 10. In the top
row of the figure, a plot shows the time evolution of the applied RF voltage, while the
images in the lower rows represent the excitation rate, as a color scale in arbitrary units,
in the region near the structured electrode, measured over a duration of 5 ns at different
times in the RF period. A remarkable amplification of the excitation rate is visible near the
trenches as compared with the situation of the planar electrode, especially for triangular-
shaped structures. According to the authors’ interpretation, the excitation intensity follows
the expansion in time of the plasma sheaths, and a strong amplification is achieved when
electrons accelerated by sheaths moving in convergent directions meet in a certain region,
as in the case of the triangular trenches.

Figure 10. Time-resolved excitation rate near the structured powered electrode in a Ne discharge
working at 10 Pa and 264 V peak RF amplitude, with electrode structures. The first row shows the
time evolution of the RF bias on the electrode. © IOP Publishing. Reproduced with permission
from [18]. All rights reserved.

4.6. Radial Dependence in the Time Evolution of Plasma Parameters in Ar Discharges

In 2021, the radial dependence of several plasma parameters as a function of time in Ar
discharges was investigated experimentally by Su and coworkers. Ref. [19] Figure 11 shows
the results of electron density in a semi-logarithmic scale, where the upper horizontal axis
in the graphs reports the time elapsed from the pulse start and the lower horizontal axis
shows the corresponding number of RF periods. According to the authors, the electron
density was too low to be measured during the first 54 RF periods, then started to rise very
rapidly for a few microseconds and, after about 63 RF periods, began to lower its rate of
rise. This behavior is very similar at all the distances from the central axis up to about
15 cm, which is the electrode radius, while it changes to a lower increase rate at 16 cm,
which correspond to a position outside the cylindrical volume between the electrodes.
Figure 12 shows the light emission intensity at 750.4 nm as a function of time and radial
position. As can be seen from the graph, the light emission is not measurable for the first
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46 RF periods due to too low of an electron density and RF power absorbed in the plasma.
Differently from the electron density, the light emission intensity shows a remarkably
different time evolution at different radial positions, with a much greater initial overshoot
near the center of the discharge volume, which is completely suppressed in the discharge
periphery. According to the authors, the light emission overshot in the center region should
be related to a similar behavior of the electron density, which is not observed. The authors
attributed this inconsistency to a limitation of the procedure used in the measurement of
the electron density using a hairpin probe due to the approximation applied to extract the
electron density from the raw values, which considered a constant electron temperature.

Figure 11. Time evolution of the electron density, shown in a semi-logarithmic scale at some radial
positions during the first 120 RF cycles of an Ar RF-CCP discharge. The vertical lines in the graph
show some specific RF cycles, T = 56, 62, 70, and 100. Reproduced from [19] by permission of IOP
Publishing Ltd. All rights reserved.

Figure 12. Time evolution of the optical emission intensity at 750.4 nm at some radial positions during
the first 120 RF cycles of an Ar RF-CCP discharge. The vertical lines in the graph show some specific
RF cycles, Ty = 56, 62, 70, and 100. Reproduced from [19] by permission of IOP Publishing Ltd. All
rights reserved.
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5. Time Evolution of Plasma Parameters in Pulsed Discharges
5.1. Overall Pulse Behavior in Pulsed Ar Discharges

An important work was published by Overzet and Leong-Rousey in 1995, ref. [20] in
which experimental measurements of the main plasma electrical quantities were reported
for a GEC reference cell working with Ar at a pressure of 500 mtorr and a 20 sccm flow
rate, to which a pulsed bias was applied by means of a square wave signal with 500 Hz
frequency. The voltage and current in the discharge, as well as the power absorbed, were
measured as a function of time during the turn-on and turn-off phases of the pulse. The
turn-on behaviors of voltage and current are shown in Figure 13a, where the electrical
quantities are shown as a function of time in a semi-logarithmic plot: while the voltage
follows the pulse shape, the current shows intense oscillations with a regular time interval
of approximately 500 ns. A similar behavior was found during the turn-off phase of a pulse,
as shown in Figure 13b, with the voltage that follows the pulse behavior and the current
that oscillates with approximately the same frequency as in the turn-on phase. The authors
measured the same quantities in the evacuated reactor and found oscillations of the current
having the same period but a much lower amplitude. The time evolution of the power
absorbed in the discharge during the turn-on of the pulse is shown in Figure 13¢c, where it
is quite evident that the power rises with oscillations similar to the ones observed in the
current. During the power-off of a pulse, instead, similar oscillations are still present, as
shown in Figure 13d, but they are centered around the zero power value and show negative
values, which are related to power being returned to the RF generator. A similar behavior
was also measured in the emptied reactor without the plasma discharge. The authors
attributed the presence of this reflected power to the energy stored in the resonant network
between the probes and the electrodes, which was delivered to the generator during the
power turn-off.

Figure 13. Electrical characterization of a CEG reference cell working with Ar at 500 mtorr and
20 scem, powered by a pulsed RF signal (pulse frequency 500 Hz). Voltage between the electrodes (m)
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and current flowing in the plasma (e) measured as a function of time during the turn-on (a) and
turn-off (b) phases of a pulsed discharge. Power absorbed in the discharge as a function of time
during the turn-on (c) and turn-off (d) phases of a pulse. © IOP Publishing. Reproduced with
permission from [20]. All rights reserved.

The authors used a theoretical model to estimate the time evolution of the electron
collision frequency during the turn-on phase of a pulse from the measured electrical
quantities, as shown in Figure 14. According to their estimation, the collision frequency
rises strongly in the first few microseconds after the RF power activation, reaching a value
of approximately 2 x 10'° Hz, and then decreases by about one order of magnitude after
one millisecond. This behavior was explained by the fact that at the very beginning of the
pulse the sheaths are not yet formed, and most of the RF power is released in a discharge
bulk, while as the sheaths start to be generated they absorb an increasingly high fraction of
the power.
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Figure 14. Estimated electron collision frequency as a function of time during the turn-on of a pulse in
a CEG reference cell working with Ar at 500 mtorr and 20 sccm, powered by a pulsed RF signal (pulse
frequency 500 Hz). © IOP Publishing. Reproduced with permission from [20]. All rights reserved.

5.2. Overall Pulse Behavior in Pulsed Discharges Using Ar + He Mixtures

Another paper dealing with the study of pulsed discharges in a GEC cell was published
in 1998 by Overzet and Kleber. Ref. [21] In this study, discharges based on He, Ar, and a He +
Ar mixture were investigated using a Langmuir probe (LP) and a microwave interferometer
(MWI). The RF power signal was modulated by a square wave with a period of 50 ms or
2 ms, a duty cycle of 50%, and a modulation of 100%. A quite complete characterization
of the plasma discharge was carried out by the authors, including a measurement of the
plasma potential, floating potential, electron density, ion density, and electron effective
temperature (kT¢). Figure 15 shows the normalized electron density (1) measured in He
and Ar discharges working at 300 and 100 mtorr, respectively, pulsed by a square wave of
50 ms period and measured by means of MWI during a cycle of the pulse wave. The two
quantities were normalized to assume the same value in the graph during the active phase
of the pulse, which corresponds to the region before f = 25 ms in the graph. At the pulse
turn-on, as shown at the left end of the graph, the time required for the electron density
to reach a steady-state is much shorter in the He discharge (shown as circles in Figure 15)
than in Ar (shown as a continuous line in Figure 15). At the pulse turn-off, at f = 25 ms,
the electron density strongly rises in the He discharge, before being reduced to a negligible
value. On the other hand, in Ar, a more complex behavior is visible in the time evolution
of the electron density after turn-off, with a reduction, followed by a rise, and then by a
subsequent reduction.
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Figure 15. Normalized electron density measured by means of MWI in He (circles) and Ar (continuous
line) discharges working at 300 and 100 mtorr, respectively, measured by means of MWI during a
pulse of 50 ms total duration (turn-on plus turn-off phase). © IOP Publishing. Reproduced with
permission from [21]. All rights reserved.

The increase of electron density after the discharge extinction is explained by the
authors considering the presence in the He and Ar discharges of atoms in metastable
excited states, which can give rise to an additional form of ionization when the electron
energy has become negligible after the discharge turn-off. To justify this explanation, the
authors have considered a comparison between the electron densities obtained by MWI
and by the Langmuir probe in the He discharge, as shown in Figure 16, which is related to
a pulse period of 2 ms. In fact, considering the He discharge behavior shown in Figure 16a,
a rise in the electron density after the pulse shut-off at t = 1 ms is observed by both the MWI
and the Langmuir probe analyses, while, during the same time, the electron temperature
has already reached negligible values. An ionization mechanism different from electron-
impact must be considered to explain this rise in electron density, which could be given
by the presence of He metastable excited atoms. In order to confirm this explanation, the
authors also measured electron energy distribution function after the pulse shut-off and
found a peak at an energy value which is compatible with the emission of electrons from
He metastable excited states.

A different behavior was measured in an Ar discharge, as shown in Figure 16b, where
a totally different time evolution is seen after the pulse turn-off for the electron density
measured by MWI and the Langmuir probe, with the former slowly rising and the latter
decreasing abruptly. Moreover, the electron temperature reduction after the pulse turn-off
requires about 100 us in He, as seen in Figure 16a, and a much shorter time required in Ar, as
shown in Figure 16b. The authors noted that the values shown in Ar after this time are not
reliable, as evidenced in the graph. The larger time required to reduce electron temperature
in He was addressed by the authors to the larger mass of the Ar atoms compared to the He
ones, which involved a lower efficiency of energy transfer from electrons to atoms during
elastic collisions after the plasma turn-off. In order to explain the difference between the
electron density measured by MWI and the Langmuir probe, the authors considered that
the former technique provides an average value of the plasma parameter mediated over all
the reactor volume, including the part not involved in the plasma discharge. On the other
hand, the Langmuir probe provides a measure related to a relatively small volume, located
in the space between the electrodes. According to the authors” interpretation, the slower
electron temperature decrease in He plasma produces a slower decrease in the electron
loss rate, which compensates for the ionization provided by the metastable excited atoms
presence in the region between the electrodes.
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Figure 16. Electron density (shown as circles in the upper graph) and electron temperature (shown as
circles in the lower graphs) measured by a Langmuir probe, and electron density measured by MWI
(shown as continuous lines in the upper graphs) as a function of time. The values are measured in a
He discharge at 500 mTorr, 30 sccm and 200 V RF amplitude (a), and an Ar discharge at 100 mTorr,
20 sccm and 200 V RF amplitude (b), during a pulse of 2 ms total duration (turn-on plus turn-off
phase). © IOP Publishing. Reproduced with permission from [21]. All rights reserved.

5.3. Afterglow Region in Pulsed Ar Discharges

In 2010, an interesting work from Samara and coworkers was published, ref. [22]
which included an experimental analysis of the electron density and the light emission
behavior in the afterglow region of a pulsed Ar GEC discharge. The electron density
was measured by means of Langmuir and hairpin probes, while the light emission was
investigated by means of a spectrometer and a CCD camera. The authors investigated Ar
discharges working at pressure values in a range from 7 to 70 Pa and RF power ranging
between 2 and 100 W, which were pulsed by means of different kinds of signals.

A simpler situation is shown in Figure 17, where the time-dependent behavior of
light emission and electron density is shown for a discharge working at 27 Pa and 50 W,
pulsed through a rectangular wave with a period of 1 ms and a duty cycle of 50%. The light
emission signal was obtained by integrating the radiation emitted from the discharge in the
range of wavelengths between 300 and 900 nm and normalizing it to the value measured
in the non-pulsed discharge. This parameter was used by the authors to evaluate the
electron temperature since the two quantities are strictly related and the latter shows much
greater instability during the discharge. The optical emission shows an abrupt peak at the
beginning of the pulse, followed by reduction and stabilization, and drops quickly after the
pulse turn-off. On the other hand, the electron density increases more smoothly after the
pulse turn-on, reaching a stable value after about 250 us, and drops following a two-step
linear behavior after the RF turn-off. Moreover, it shows a short pulse immediately after
the RF turn-off, which may seem to be a surprising behavior since the electron energy
is quickly decreasing in that part of the pulse. The authors provide an explanation for
this behavior, considering that when the electric field vanishes, the electrons cool rapidly
due to elastic collisions with the gas atoms, thus reducing their speed and increasing the
time they remain in the region between the electrodes. Moreover, new electrons can be
produced even when the electron temperature has already vanished, thanks to the Penning
ionization process.
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Figure 17. Light emission intensity (dashed line, scale on the left) and electron density (continuous
line, scale on the right) measured in a pulsed GEC cell working at 27 Pa and 50 W in Ar. The light
emission intensity is normalized to a non-pulsed discharge. © IOP Publishing. Reproduced with
permission from [22]. All rights reserved.

More complex situations are shown in Figures 18 and 19, where the time evolution
of electron density and light emission intensity are shown for two different types of pulse
as continuous lines, while the same evolution for the rectangular pulse is also reported
as a dashed line for comparison. In Figure 18, a linear increase in the RF amplitude is
applied in the turn on phase of the pulse, followed by an abrupt turn-off. On the other
hand, in Figure 19, the opposite behavior is considered, in which an abrupt turn-on is
applied, followed by a linear decrease in amplitude in the turn-off phase. Compared with
the situation of a square wave modulation, the situation in Figure 18 shows the absence of
an overshoot of the light emission, and therefore of the electron temperature, at the RF turn
on. Moreover, the electron density rises more slowly while reaching a very similar final
value. The turn-off phase, on the other hand, is very similar for the rectangular wave and
the modified one.

The situation shown in Figure 19 is very different from the case of the rectangular wave,
both at the turn-on and turn-off phases of the pulse signal. In fact, at the pulse beginning
there is an overshot of the light emission for both the rectangular and the modified pulse
waves but it is followed by a signal stabilization at different values, with the higher one
being observed for the modified wave. The authors suggested that this difference could
be due to the presence of different electron energy distributions in the afterglow region
in the two situations. In the turn-off region, the optical emission shows a less abrupt
decrease with the modified wave, while the electron temperature shows an anticipated
decrease and does not show the short pulse that is present with the rectangular wave pulse.
These results are interesting in the view of a better control of the plasma properties during
pulsed discharges.
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Figure 18. Electron density (b) and light emission intensity (c) in an GEC cell working at 27 Pa and
50 W in Ar and pulsed with a rectangular signal (dashed lines) and a signal shaped as shown in

(a) (continuous line). The light emission intensity is normalized to a non-pulsed discharge. © IOP

Publishing. Reproduced with permission from [22]. All rights reserved.
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Figure 19. Electron density (b) and light emission intensity (c) an Ar GEC cell working at 27 Pa
and 50 W and pulsed with a rectangular signal (dashed lines) and a signal shaped as shown in

(a) (continuous line). The light emission intensity is normalized to a non-pulsed discharge. © IOP
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5.4. Re-Ignition Phase in Pulsed Ar Discharges

The phases of plasma turn-off and re-ignition are of paramount importance in pulsed
discharges, and the physical mechanisms involved have been the subject of considerable
interest in the scientific community. In recent years, an interesting study about this topic
was published by Lee and coworkers, ref. [23] in which the plasma ignition during the
turn-on phase of Ar pulsed discharges was investigated by means of plasma emission
spectroscopy. The results of the total optical emission, measured as a function of time
during the ignition phase of a pulse are show in Figure 20, where, in each of the plots, one
of the parameters among applied power, pressure, and distance between the electrodes was
varied, while keeping fixed the other two. Figure 20a, in which only the power is changed,
shows how this parameter determines the final optical emission intensity, after the ignition
phase, while in the other two plots, where the power is fixed, the final intensity does not
change. The variation of pressure, as can be seen in Figure 20b, shows how this parameter
has a strong influence on the time required to reach a stable emission level after the pulse
turn-on, showing an increase in the time lag when the pressure is reduced. The authors
suggest that this behavior is mainly related with the reduction induced in the electron
density when the pressure is lowered, which causes a reduction in the electron collision
rate, thus increasing the time lag. Figure 20c shows how the time lag is reduced with a
reduction in the electrode distance, which can be related to the consequent increase in the
electric field intensity.

Figure 20. Total light emission forms a pulsed RF (13.56 MHz) CCP discharge in Ar during the
ignition step of a pulse. In the different plots the results are show for the variation of a different
parameter: (a) fixed pressure and inter-electrode distance, while varying the applied power; (b) fixed
power and inter-electrode distance, while varying the pressure; (c) fixed pressure and power, while
varying the inter-electrode distance. © The Japan Society of Applied Physics. Reproduced from [23]
by permission of IOP Publishing Ltd. All rights reserved.

Another interesting work related to pulsed discharges was published in 2020 by
Hernandez and coworkers [24], in which the authors investigated the electron heating
mechanism in a pulsed RF (13.33 MHz) CCP discharge in Ar by means of phase-resolved
optical emission spectroscopy (PROES). The discharge was pulsed by means of square waves
with frequencies of 0.1 kHz and 10 kHz and a 50% duty cycle, and the results observed with
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the two frequencies were compared, while the emission intensity was filtered to isolate the
750.4 nm emission line. The authors especially investigated the phenomenon of plasma
emission and electron temperature overshoot that is observed during the re-ignition of a
plasma discharge in the turn-on phase of a pulsed discharge.

In Figure 21, the excitation rate of Ar is reported as a function of time and space for a
discharge pulsed with a wave of 10 kHz frequency. Each plot of the figure shows a time
window of 150 ns duration, corresponding to two RF periods, starting at different discharge
times, as follows: Figure 21a shows the first RF period in which the optical emission was
strong enough to allow the extraction of the excitation intensity from the optical emission
data; Figure 21b shows the RF period in which the overshoot takes place; Figure 21c shows
the first RF period in which the plasma reaches the steady state; and Figure 21d shows an
RF period at a time when the steady state was completely established. In all four graphs in
this figure, the excitation rate assumes a peak value once per period, during the time of the
period in which the sheaths are expanding from the electrodes towards the center of the
discharge and are moving away from the powered electrode. Moreover, a single excitation
peak is observed for each RF period in all four time windows investigated. According to
the authors, this behavior is consistent with an o mode of electron heating.

Figure 21. Excitation rate, measured at different times and distances from the powered electrode (at
0 mm) during the re-ignition of an Ar CCP discharge pulsed by a 10 kHz wave. Each plot shows two
rf periods (150 ns) at the following times: (a) 2 us, (b) 4 ps, (c) 10 us, and (d) 50 ps, after the re-ignition
start. Each plot is normalized to the value reported in the plot title. Reprinted with permission
from [24]. Copyright 2020, American Vacuum Society.

Figure 22 shows the same data but acquired in a discharge pulsed with a wave of
0.1 kHz frequency. While Figure 22a,d show a behavior quite similar to the case of the
10 kHz pulsing frequency, considerable differences can be observed between Figure 22b,c,
compared with the corresponding graphs in Figure 21. In fact, during the RF periods
represented in these two graphs, the excitation frequency shows two peaks per RF period,
as compared to only one observed with the 0.1 kHz pulsing frequency. The stronger of the
two peaks happens during the sheath expansion, but the less intense peak is present during
the sheath contraction phase. According to the authors’ interpretation, this behavior is
not consistent with an o heating mode but could be explained considering a hybrid mode
involving both & and DA (drift-ambipolar) modes. The latter mode was already introduced
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in the case of electronegative gases in a work previously described in this review [17] and
could be able to produce the second peak observed. According to these results, it could be
possible to tune the electron heating mechanism by changing the pulsing frequency.

Figure 22. Excitation rate, measured at different times and distances from the powered electrode (at
0 mm) during the re-ignition of an Ar CCP discharge pulsed by a 0.1 kHz wave. Each plot shows two
rf periods (150 ns) at the following times: (a) 2 ps, (b) 4 ps, (c) 10 us, and (d) 50 ps, after the re-ignition
start. Each plot is normalized to the value reported in the plot title. Reprinted with permission
from [24]. Copyright 2020, American Vacuum Society.

Another important work concerning the re-ignition phase in pulsed discharges was
published by Wang and coworkers in 2021. Ref. [25] The authors investigated the light
emission intensity and the electron density as a function of time in pulsed RF Ar discharges,
working at a pressure of 60 Pa and an RF frequency of 12.5 MHz with a steady-state value of
the voltage amplitude of 150 V. A rectangular pulsing signal was used, with a Toy fixed at
200 ps and a Topp varying between 12.5 us and 800 ps. Figure 23 shows the time evolution
of the bias voltage applied on the powered electrode as a function of time for different
values of the Topr time. A different evolution of the bias voltage can be observed in the
plot for the different Topr times during the first 50 ps following the discharge turning off,
while after this time the same steady-state value of 150 V is reached for all the plots. This
difference in the potential time evolution was explained by the authors considering that,
depending on the Topr time, a different value of the electron density was present in the
gas when the discharge was re-activated. Moreover, the Vgp value did not drop to zero
immediately after the discharge turn off but showed an approximate exponential behavior
during about 10 us, which, according to the authors, was mainly produced by the energy
exchange between the discharge and the inductors and capacitors of the matching network.

The time evolution of the light emission intensity and electron density are shown as
a function of time in Figure 24 for different values of the Topr time. The Ty value in the
bottom axis of each graph is the number of RF periods: Ty = t/Trp, where Tgr is the RF
period, which is equal to 80 ns with the chosen frequency of 12.5 MHz. As can be seen
from Figure 24a,b, the electron density rises to an approximate value of 2 x 10° cm ™~ after
about 25 ps for all the values of the Topr time considered. After the discharge turns off, the
electron density decreases exponentially, as can be seen at ¢ = 200 pus in Figure 24a, down
to a minimum density value. As the Topr value is increased, the electron density decay
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rate is increased, while the minimum value it reaches is decreased. The authors attributed
these differences to the different behaviors of the neutral atoms with different Topp times,
since if the Ton/Torr time was longer, the atoms acquired more energy during the Ton
time by collision with energetic ions, thus increasing the effective gas temperature and,
consequently, reducing its density. A lower neutral gas density would reduce the electron
collisions, increasing the probability that they are absorbed by the electrodes.

Figure 23. Voltage amplitudes as a function of time in a pulsed RF discharge in Ar working at 60 Pa,
for value of the pulse Toy fixed at 200 ps and different values of the pulse Topr. The vertical dashed
lines indicate the times when the next pulse is turned on. Conditions: RF = 12.5 MHz, steady-state rf
amplitude Viieaqy = 150 V, Ton =200 ps, p =450 mTorr, and L = 2.5 cm. Reprinted from [25] under
the terms of Creative Commons Attribution 4.0 license.

Figure 24. Time evolution of the electron density (a,b) and optical emission intensity (c,d) as a
function of rf period number Ty, since the beginning of the pulses. T\ = t/Trr, where Tgr is the
duration of one RF period. The labels of the curves specify the Topr value. Reprinted from [25] under
the terms of Creative Commons Attribution 4.0 license.

The time evolution of the light emission intensity is shown in Figure 24c,d, where a
sharp peak is visible immediately after the discharge ignition, the intensity of which is
enhanced at longer Torpp values. On the other hand, the light emission intensity drops
in a much shorter time, compared with the electron density, after the discharge turns
off, suggesting that energetic electrons are lost more rapidly than less energetic ones.
Figure 24b,d show the time evolution of the electron density and light emission intensity
in the first 12 ps after the discharge re-ignition. In Figure 24b, it is clearly visible that the
electron density at the beginning of the turn-on phase of the pulse depends strongly on the
duration of the turn-off phase, with much higher density values for shorter turn-off times.
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According to the authors, this residual electron density has a strong impact on the evolution
of the plasma parameters during the discharge re-ignition, as can be seen in Figure 24b,d.

5.5. Step-like Amplitude Modulation in Pulsed Ar Discharges

Aless typical type of pulsed discharge, called step-like amplitude modulation was applied
by Fu and coworkers in 2022 [26] in a CCP-RF discharge working in Ar at 60 Pa, using
an electrode distance of 2.5 cm and an excitation frequency of 12.5 MHz. This kind of
pulsing involved three different phases during the pulse period, as shown in Figure 25:
two phases in which the RF power was active but with different RF amplitudes, and a final
phase in which the power was turned off. A first type of pulse, called step-up and shown in
Figure 25a, had a total duration of 250 us, during which the signal had a lower amplitude
value V7, for the first 100 ps than a higher value V for the following 100 ps, and finally
was turned off for the last 50 ps. A second type, called step-down and shown in Figure 25b,
had a total duration of 500 ps, in which the signal intensity was at Vy for the first 100 us,
then at V1 for the following 200 us, and turned off for the last 200 pys. The value of Vy
was fixed at 150 V for both pulse types, while several values of V|, were considered by the
authors, corresponding to different values of the voltage ratio = V. /Vy. For the step-up
signal, the values ¢ = 0%, 10%, 30%, 50%, 70%, 90%, and 100% were used, while for the
step-down modulation, the authors used the values ¢ = 0%, 17%, 34%, 50%, 67%, 80%, and
100%.

Figure 25. Two different types of step-like amplitude modulation signals used to pulse an RF
discharge: (a) step-up pulse and (b) step-down pulse. © IOP Publishing. Reproduced from [26] with
permission. All rights reserved.

Figure 26 shows the time evolution of the electron density in the discharge during the
different phases of the step-up (Figure 26a) and step-down (Figure 26b) pulse types for
different values of the voltage ratio (. In the case of the step-up pulse signal, shown in
Figure 26a, the electron density shows a similar behavior for all the pulses with a voltage
ratio { > 50%, for which a step-like increase can be observed during the first part of the
pulse, followed by a second increase during the second part, and a decrease in the last part,
in which, however, the electron density does not reach zero. For lower values of the voltage
ratio ¢, the time evolution of the electron density becomes more complex, with two peaks,
shown by pink arrows in Figure 26a, in the case of ¢ = 30% and a single peak at 50 us for
C = 10%. The authors provided a complex explanation for this behavior, which is too long
to be reported here. In the case of the step-down pulse signal, shown in Figure 26b, the
time evolution of the electron density during the first part of the pulse is identical for all
the values of the voltage ratio ¢, showing a step-like increase to the same value. During
the second part of the pulse, the behavior is similar for ¢ > 50%, with a step-like reduction,
which becomes negligible for ¢ = 100%, where there is no step-down between the two pulse
phases. The behavior is more complex for ¢ < 50%, with the formation of a double step
for ¢ = 34% and a density peak at 200 ps for ¢ = 17%. It is also interesting to note that the
electron density decreases faster to a zero value for { = 17% compared with the case of
C = 0%. The authors also provided an interesting explanation for these behaviors, which,
however, is too long to be included in this review.
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(a) (b)

Figure 26. Time evolution of the electron density in an RF-CCP Ar discharge working at 60 Pa,
pulsed by means of the (a) step-up and (b) step-down pulse types shown in Figure 25a and Figure 25b
respectively. The percentage values near the curves represent the values of the voltage ratio voltage
ratio ¢ = V1, /Vy. © IOP Publishing. Reproduced from [26] with permission. All rights reserved.

5.6. Time Evolution of Ion Properties in Pulsed Discharges Using Ar + CoHy Mixture

Most of the research papers reviewed here deal with the time evolution of electron
properties, but the time evolution of ions and neutrals is also important for investigating the
discharge behavior. In this context, an interesting paper concerning the time evolution of
both charged and neutral species in a discharge composed by Ar and C,H, was published
in 2022 by Jimenez-Redondo and coworkers. Ref. [27] The authors investigated the time
evolution of the density of several charged and neutral radicals using a combination of
mass spectrometry and a 0D kinetic model consisting of a time-dependent differential
equation for each species. The discharge was characterized by a 13.56 MHz RF frequency, a
gas flow ratio [Co;Hy]/[Ar] = 1.25, and a pulsing frequency of 100 Hz with a 50% duty cycle.
Figure 27 shows the neutral densities of Ar atoms and several dissociation and recombi-
nation byproducts inside the discharge. The values shown in Figure 27a,b were obtained
from the kinetic model using experimental data measured by means of a quadrupole mass
spectrometer and a plasma process monitor, respectively. According to the authors, the
latter was used for the lighter species due to its better signal-to-noise ratio. An increase
in the hydrogen density, which was produced by the dissociation of C;H; molecules in
in the discharge, is clearly visible in the plot up to the final steady-state. The densities of
carbon-based radicals, instead, follow a different type of evolution, with a steep rise to a
peak value, followed by a slow decrease. The time evolution of several cation densities is
shown in Figure 28, where a continuous increment with time of Ar" and ArH" is clearly vis-
ible, up to a steady-state value. On the other hand, the densities of cations of carbon-based
radicals show a peak at different times during the first 10 s of the discharge, resembling
the behavior of carbon-neutral species. Figure 29 shows the time-dependent density of
several anions, among which the C;H™ shows a peculiar behavior, compared to the other
cations, with a continuous rise to the steady state, instead of showing a minimum at about
30 s. The authors attributed this difference to the different formation mechanisms of the
cations, where C,H™ was produced by direct electron attachment, while the other cations
were formed during chemical reactions in the discharge.
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(a) (b)

Figure 27. Time evolution of the density of several neutral species in an Ar+CyH; RF pulsed
discharge, obtained by a 0D kinetic simulation based on the experimental data obtained by (a) a
mass spectrometer and (b) a plasma process monitor. © IOP Publishing. Reproduced from [27] with
permission. All rights reserved.

Figure 28. Time evolution of the density of several cations in an Ar+CyH, RF pulsed discharge,
obtained by a 0D kinetic simulation based on the experimental data obtained by a plasma process
monitor. © IOP Publishing. Reproduced from [27] with permission. All rights reserved.

Figure 29. Time evolution of the density of several anions species in Ar+C,H, RF pulsed discharge,
obtained by a 0D kinetic simulation based on the experimental data obtained by a plasma process
monitor. © IOP Publishing. Reproduced from [27] with permission. All rights reserved.
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5.7. Time Evolution of Ion Properties in Pulsed Discharges Using Ar + C4Fg + Oy Mixture

The last work dealing with pulsed discharges included in this review, which was
published in 2023 by Kuboi and coworkers, ref. [28] deals with the time-resolved analysis
of the positive ion density in a pulsed dual-frequency RF-CCP discharge, working with
a mixture of Ar, C4Fg, and O; at a pressure of 4 Pa. One of the electrodes was powered
simultaneously by a VHF and LF signal working at different frequencies and powers,
both pulsed with the same pulsing wave. The VHF signal had a frequency of 40 MHz
and a power of 100 W, while the LF signal had a 2 MHz frequency and 20 W power. The
pulsing was achieved by a rectangular wave with a 1 kHz frequency and a 50% duty cycle.
The authors measured the densities of ion species through a QMS, and applied specific
normalization procedures, not reported here for space limitations, to overcome the issues
related to the measurement of the volume density from the mass spectrum. Figure 30a
shows the time evolution of the cation density in a discharge composed by Ar only, which
was used as a reference to which the more complex gas mixture discharge was compared.
The Ar* density required more than 100 us to reach the steady state, then started to drop
at 500 us when the turn-off phase of the pulse started, reaching a zero density in about
100 ps. Figure 30b shows the time-resolved densities of several cations in the Ar + C4Fg +
O, discharge, where a completely different behavior of the Ar* density can be observed,
with an immediate drop at the pulse turn-on, which lasts about 100 ps, followed by a
gentler reduction, which lasts until the start of the turn-off phase of the pulse. During
the intermediate part of the turn-on phase the most intense density is observed for the
C,F4, cations, while O," density remains very low for the entire pulse duration. The
authors measured the time-resolved electron density during the first 40 us of the pulse, and
Figure 31 reports this result, together with the calculated ratio between the Ar* and electron
densities, which the authors considered an estimation of the electron temperature. This
ratio showed a rapid fall during the first few microseconds of the pulse, then continued
to reduce more slowly until it reached a steady state after about 3 ps, while the electron
temperature rose more slowly and reached a constant value at about the same time. The
authors noted that the intensity of charge species showed a time evolution even after the
time required to stabilize electron density and temperature and proposed a model to justify
this behavior. The time evolution of charged species is of considerable importance in
reactive ion etching (RIE) applications, especially when high aspect ratio geometries are
required, considering that the etching process at the bottom of trenches is mainly due to
reactive ions since neutral radicals usually do not have the energy required to reach the
bottom surfaces.

Figure 30. Cont.
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Figure 30. Time evolution of the density of Ar* and other anions in pulsed double-frequency RF
discharges composed by (a) Ar only and (b) an Ar+C4Fg+O, gas mixture. © The Japan Society of
Applied Physics. Reproduced from [28] by permission of IOP Publishing Ltd. All rights reserved.

Figure 31. Time evolution of the electron density (in red, right scale) and Ar density normalized to
the electron density (in blue, left scale) in a pulsed double-frequency RF discharges composed by
an Ar + C4Fg + O, gas mixture. © The Japan Society of Applied Physics. Reproduced from [28] by
permission of IOP Publishing Ltd. All rights reserved.

6. Effect of Parasitic Discharges in the Time Evolution of Plasma Parameters
6.1. Plasmoid Formation in H, Discharges

An interesting phenomenon that may appear in plasma discharges is the plasmoid,
which consists of a localized, small volume of plasma, associated with a light emission
significantly more intense than its surroundings and is associated with much greater values
of several plasma parameters, such as electron density and temperature. Plasmoids can
sometimes be observed near the powered electrodes of plasma discharges, especially in
the case of structured, grid-shaped electrodes. An interesting work on this subject was
published by Chesaux and coworkers in 2013, ref. [29] in which the authors measured,
by means of PROES, the time-resolved Hx emission (656 nm) from plasma near a grid
positioned in the middle of a CCP reactor, parallel to the grounded electrode, during an
RF (13.56 MHz) discharge in H; at 100 Pa, working in normal conditions, and during the
formation of a plasmoid. Figure 32a shows the emission intensity as a function of time
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and the distance from the grid, which is shown as a blue bar, while Figure 32b shows
the corresponding time evolution of the RF bias applied at the powered electrode. Two
peaks of light emission are visible at about 5 ns and 45 ns: the former is addressed by
the authors to the acceleration of electrons towards the RF electrodes, while the latter is
considered due to the ejection of electrodes from the electrode toward the grid. The latter is
consistent with similar measurements made in 1998 by Czarnetzki and coworkers [14], who
observed a peak of emission intensity at about 45 ns in a similar H; discharge, although
in that case there was no grid positioned in the discharge volume. The dashed arrows
shown in the figure and labeled as I and II indicate the presumed direction of the electron
motion. The discharge is confined in the region between the grid and the powered electrode
(upper region in the image), but a low emission is also observed between the grid and the
grounded electrode, which is addressed by the authors to the electrons pushed from the
cathode and penetrating the grid. Figure 33 shows the same arrangement in conditions
where a plasmoid is generated just above the grid. A peak of emission intensity is visible
just below the grid, close to the time at which the maximum bias is reached and is attributed
by the authors to a current flowing back from the grounded electrode to the powered one
and passing through the grid. Another intensity peak is visible at about 30 ns and is quite
similar to the one observed without the plasmoid.

Figure 32. (a) Emission intensity of the Ho line, as a function of time and vertical position, in an Hp
discharge working at 100 Pa without plasmoids, near a grid positioned parallel to the electrodes. The
dashed arrows, marked I and II, show the expected direction of electron flows. (b) Voltage on the rf
electrode. The color scale is logarithmic. © IOP Publishing. Reproduced with permission from [29].
All rights reserved.
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Figure 33. (a) Emission intensity of the Hux line, as a function of time and vertical position, in a Hp
discharge working at 100 Pa with a plasmoid, near a grid positioned parallel to the electrodes. The
dashed arrows, marked I and II, show the expected direction of electron flows. (b) Voltage on the rf
electrode. The color scale is logarithmic. © IOP Publishing. Reproduced with permission from [29].
All rights reserved.

6.2. Micro-Arc Discharges Formation in Ar Discharges with Oil-Coated Electrodes

A problem that may arise in plasma CCP discharges is the formation of localized
micro-arc discharges, usually in proximity of one of the electrodes. These phenomena may
be detrimental since they can produce damage to the material under treatment or to the
reactor. This subject was addressed by Kim and coworkers in a 2015 study, ref. [30] in which
some results were reported about the time-dependent variations of the floating potential
near the oil-coated surface of the grounded electrode in an RF-CPP discharge, working in
Ar at a pressure of 6.66 Pa and an applied power in the range 10-100 W. The authors used
an unusual configuration, in which a shunt inductor was inserted between the powered
electrode and the RF generator. A fraction of the grounded electrode surface was covered
by a thin layer of oil before the discharge ignition. The authors reported that the micro-arcs
were observed only near the oil-coated regions of the electrode and were shorter than the
sheath length. Figure 34 shows the floating potential, measured by means of a Langmuir
probe, immediately before and during the formation of a micro-arc when a power of 50 W
was applied to the electrode. A sudden drop of the floating potential immediately after the
micro-arc ignition can be observed in the plot, followed by a linear increase in its intensity.
According to the authors, the potential drop happens in a time of about 200 ns, while the
original potential value is restored after about 20 us, as can be seen in the figure. According
to the authors’ interpretation, the oil vapors emitted from the oil-coated regions of the
electrode surface play an important role in the micro-arc formation.
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Figure 34. Floating potential, measured during the ignition of a micro-arc discharge, near the oil-
coated surface of the grounded electrode, in an RF-CCP discharge in Ar at 6.66 Pa and 50 W of applied
RF power. Reprinted from [30], Copyright (2015), with permission from Elsevier.

7. Other Topics
7.1. Influence of Powder Formation in Discharges Using Ar + C;Hy Mixture

An important phenomenon that may take place in some kinds of plasma discharges
at certain conditions is the formation of dust particles. This effect is usually unwanted
during plasma-assisted deposition or etching processes since dust particles can contaminate
the material under treatment or be incorporated into the growing lattice, but they can be
exploited for the production of nanoparticles. An interesting work about this subject was
published in 2017 by Stefanovi¢ and coworkers [31], in which the electron and excited
metastable Ar atom density was measured as a function of time during RF (13.56 MHz)
continuous and pulsed CCP discharges using mixtures of Ar and C;H,. The authors
investigated the plasma discharge behavior in four conditions: Ar-only discharge; Ar plus
C,H; before and during the formation of dust particles; and pure Ar plasma with dust,
achieved by suppressing the C,H, flow after the particles had been formed. The density
of metastable Ar atoms was measured by means of laser absorption spectroscopy (LAS) at
772.38 nm, while the electron density was measured by microwave interferometry (MIW).

When the discharge was activated in continuous mode, without pulsing, in a mixture
of Ar and CyHj, the formation of dust particles was observed, which grew in size up to an
approximate average dimension of 0.6 um, then were removed from the plasma region due
to the electrostatic forces. At that point, the formation of new particles started, giving rise
to a series of cycles of particle formation and expulsion. The electron density in the plasma
discharge as a function of time during two of these cycles is shown in Figure 35, where
a considerable reduction of the electron density is visible during the dust growth cycles.
According to the authors’ interpretation, the surfaces of dust particles collect a considerable
fraction of the plasma electrons during their growth, thus reducing the plasma density.

The authors also investigated the dust formation when pulsing the discharge and
found that the pulsing frequency could be used to activate or suppress the dust formation
in the Ar + C;H, mixture since the phenomenon was inhibited for frequencies lower than
700 Hz. Figure 36 shows the densities of Ar metastables and electrons measured as a
function of time in a discharge in Ar and acetylene at a pressure of 0.1 mbar and power of
40 W, pulsed by a signal with a 100 Hz frequency and a 50% duty cycle. The different lines
and symbols represent different gas mixtures, as described in the figure caption, and the
graph shows considerably different behaviors of the two plasma parameters depending on
the composition.



Plasma 2024, 7

560

Figure 35. Electron density in a plasma discharge in Ar and CoH, measured during two consecutive
cycles of dust formation. The letters in the graph refer to different stages of the cycle: (a) t = 0 min
plasma ignition in pure argon, (b) t = 1.1 min injection of acetylene, (c) t = 1.7 min starting of dust
formation, (d) t = 3.9 min maximum plasma emission in the discharge, () t = 15.7 min, (f) t = 21.7 min,
(g) t =26.65 min, (h) t = 27.08 min particle expulsion from the plasma region, (i) t = 27.3 min starting
of a new particle growth cycle. © IOP Publishing. Reproduced with permission from [31]. All
rights reserved.

Figure 36. (a) Density of metastable excited Ar atoms and (b) electron density, measured as a function
of time in a pulsed plasma discharge in Ar and C,H, at 0.1 mbar and 40 W. Different gas mixtures
are represented by different symbols on the graph: solid green triangles for pure Ar, black crosses
for Ar + CoH>, solid red line for Ar + Co,H, with dust, and blue dotted line for Ar with dust. © IOP
Publishing. Reproduced with permission from [31]. All rights reserved.

7.2. Time-Dependent Gas Mixture Composition in Discharges Using Ar + Ny + CsHy4
Gas Mixture

The time-dependent behavior of several plasma parameters when other gases are
injected in an Ar RF-CCP discharge was investigated by Ogawa and coworkers in an
interesting work published in 2010. Ref. [32] The authors studied the injection of Ar, N, as
well as hexane, in both gaseous and bubble form, inside an Ar discharge and monitored
the time evolution of several parameters, including electron density and temperature, as
well as light emission. Figure 37 shows the time evolution of several parameters after the
injection of hexane gas inside an Ar RF-CCP discharge working at a pressure of 23 Pa and
an RF power of 7 W. The matching network parameters were previously tuned to minimize
the reflected RF power in a mixture of Ar and hexane, so the reflected power shown in
Figure 37a at t = 0 ms is quite high since, before the hexane injection, a discharge of pure Ar
was present in the reactor, and the matching network tuning was not optimized for it. After
the hexane injection, a decrease in the reflected power can be observed in the plot, which
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becomes negligible after about 60 ms, while the net power increases, reaching a final value
of about 10 W after 100 ms. Figure 37b shows the time evolution of the plasma density
and electron temperature after the hexane injection. The former was measured by means
of microwave interferometry (MWI), shown as a continuous line in Figure 37b, which
provided a measure of the electron density weighted over all the reactor volume, and by a
Langmuir probe of wise type, shown as a dashed line, which provided a localized signal
related to a small volume near the powered electrode. As can be seen from Figure 37b,
the localized plasma density remained practically constant after the injection, and the
space-averaged one showed a relatively modest increase. On the other hand, a substantial
reduction of the electron temperature can be observed in the graph, especially during
the first 10 ms after the hexane injection. The authors suggest that this behavior could
be related to the different ionization potentials of hexane and its dissociation products
compared with Ar, as well as to the electron energy absorbed by vibrational and rotational
excitations of hexane. Figure 37c,d show the optical emission of plasma at 415.9 nm, which
is related to Ar, and 431.4 nm, which relates to CH radicals, measured in 4 different regions
of the discharge. The Ar emission is reduced after the hexane injection, and the authors
address the Penning ionization by means of Ar* metastable excited atoms as one of the most
probable causes. On the other hand, the CH emission from the region near the cathode
(line 4) remains approximately constant and does not change with the hexane injection.
According to the authors’ interpretation, this emission is not due to hexane dissociation
byproducts but rather to radicals produced from the interaction between the plasma and
the electrode surface.
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Figure 37. Forward, reflected, and net power (a); electron density and temperature (b); and light
emission intensity at 415.9 nm (c) and at 431,4 nm (d) as a function of time after the injection of hexane
gas in an Ar discharge. Reproduced with permission from [32]. All rights reserved.
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7.3. Effects of Surface Erosion

RE-CCP plasma discharges are often used for the physico-chemical modification of
surfaces, such as in sputtering and plasma etching processes, thanks to their ability to
provide an ion bombardment and to deliver reactive radicals to the surface of materials.
The material removed from the surface in contact with the discharge can be incorporated
into the discharge composition and give rise to a substantial modification of its behavior.
In some cases, unwanted etching effects are also possible in discharges that are activated
for other purposes. An example of this kind of effect is reported in a study from Sackers
and coworkers of 2022, ref. [33] related to the problem of the removal of metallic atoms
from the inner surfaces of a fusion reactor due to the etching exerted by the fusion plasma
and the subsequent deposition of the same elements on the surface of metallic mirrors
used inside the reactor. The authors studied the possibility of cleaning the contaminated
surfaces by means of an RF-CPP Ar discharge working at 60 MHz with pressures in the
range of 0.5-10 Pa and power in the range 20-100 W. The unusual excitation frequency was
chosen to reduce the sheath thickness, in order to limit the ion bombardment energy, and to
prevent unwanted interferences with the excitation frequencies of the ion cyclotron resonance
(ICR) devices used to light the fusion plasma. The work does not provide experimental or
calculation results about the time evolution of plasma quantities; however, it provides an
extensive investigation of the effects of plasma conditions on several plasma parameters.

8. Conclusions

In this work, a review was presented concerning the main experimental research
works focused on the time evolution of one or more plasma parameters in low-pressure,
capacitively coupled radio frequency discharges. The reviewed works cover a time span
from 1989 to 2023, and each of them contains experimental results about the time evolution
of one or more plasma parameters, while some also include simulation or analytical results.
Table 1 summarizes, for each paper, the physical quantities for which the time evolution
was considered and reports the time scale, defined as the time span over which the results
are presented, as well as the time resolution. Most of the reviewed works deal with Ar-
based discharges, but a few of them include other types of gases, including He, Ne, and Hy,
as well as hydrocarbons or even fluorine-based discharges.

Table 1. List of the plasma parameters measured or calculated as a function of time in the reviewed

articles.
Time Resolution 2 Time Scale ! Plasma Parameters Plasma Composition Refs.
Plasma potential (V)
N/A 3 108 s Electron temperature (kT.) Ar [11]
Electron density ()
N/A 1077 s Probe voltage Ar [12]
Discharge voltage (Ve)
Discharge current (Ie)
107 s 1073 s Discharge RF power (P) Ar [14]
Electron density ()
Collision frequency (f)
Electron density
—4 -2
10™"s 107%s Electron temperature He, Ar [15]
1085 1077 s Voltage over the sheaths He, H, [16]
1085 1077 s Rotational temperature of Hp H, [17]
Electron densit
106 s 1035 Y Ar [18]

Optical emission intensity
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Table 1. Cont.

Time Resolution 2 Time Scale ! Plasma Parameters Plasma Composition Refs.
Electron temperature
10 3¢ 10~ 1g Electron density Ar, Ny, CgHyy [19]
Light emission
Tonization rate
-8 -9
107" s 107"s Light emission intensity CFy [20]
1077 s 10725 Excitation rate of Ne Ne [21]
1077 s 1077 s Light emission intensity H, [22]
1077 s 10745 Floating potential Ar [23]
Ar metastable density
-5 -2
107"s 107%s Electron density Ar, CoHy [24]
10%s 1s Light emission intensity Ar [25]
1078 s 1077 s Excitation rate Ar [26]
Electron density
-7 -5
107"s 107> Light emission intensity Ar (271
Electron density
-7 -5
107"s 107s Light emission intensity Ar 28]
1065 1073 s Electron density Ar [29]
Neutral density
(Ar, Hp, CoHp, C4Hp, C¢Hp, CgHy, C19Hp)
Cation density
2
Is 10%s (Ar*, CoH,*, C4Hy* CoHy*, CoHy ) An Gt 0l
Anion density
(H,CC™, GH™, C4Hp—, CeHp ™)
Cation density
10775 1073 (Ar*, O, CF*, CF,*, CF3*, CoF,*, C3F5™, Ar, C4Fg, Oy [31]
CqF7™)

! Order of magnitude of the larger time span among all the measurements reported in the paper. 2 Order of

magnitude of the better resolution among all the measurements reported in the paper. 3 N/A indicates that the
g g P pap

value cannot be obtained from the data provided or is too uncertain.

Several papers refer to the GEC reference cell, the design of which was started by an
ad hoc committee formed at the 1988 Gaseous Electronics Conference and was finally
published as a reference standard in 1994 [11]. Earlier papers provide results with a lower
time resolution, while works published in recent years report results with resolution in the
nanosecond range. An important topic, which is addressed in several of the reviewed pa-
pers, is the development of a model to explain the behavior of pulsed discharges, especially
considering the re-ignition phase, when the RF bias turns on after being suppressed during
the turn-off part of the pulse. In fact, the discharge behavior during this phase was found
to be strongly dependent on the duration of the turn-off part of the pulse. While several au-
thors presented interesting experimental data about the time evolution of electron density
and temperature during the re-ignition phase, the discharge behavior during the first two
microseconds has not yet been measured due to the limitations of available experimental
apparatuses, with only simulation data available.
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