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Abstract

CrossMark

We present a detailed analysis of electron trajectories within the sheath regions of capacitively
coupled plasmas excited by radio-frequency voltage waveforms at low pressures. Complex
features inside the sheaths are identified in several physical quantities, which are sculptured by
the trajectories of bouncing energetic electrons (predominantly ion induced secondary
electrons) under the influence of the spatio-temporally varying electric field. Based on a
systematic parameter variation the generation of the various features as a function of surface
processes is explained and the trajectories of electrons of different origin are identified.
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(Some figures may appear in colour only in the online journal)

Capacitively coupled radio-frequency (RF) plasma sources
are of great importance due to their numerous industrial appli-
cations [1-3]. Due to the complex nature of the underlying
physical mechanisms, such as e.g. the coexistence of neu-
tral and charged particles under nonequilibrium conditions, a
description based on kinetic theory is necessary [4, 5], which
is usually acquired based on numerical computer simulations
[6, 7]. As the lightest charged particles in low temperature
plasmas are electrons, understanding their kinetics and their
interaction with the spatio-temporally varying electric field
inside the plasma is of utmost importance, as they are primarily
responsible for sustaining the plasma and for generating reac-
tive neutrals via dissociation. Depending on the electron kinet-
ics, distinct operation modes (such as the a- and y-modes) and
transitions between these exist in RF plasmas. The a-mode
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is associated with electron heating at the edge of the expand-
ing sheath, while in the v-mode secondary electrons (‘y-
electrons’) emitted from the electrodes and accelerated by the
sheath electric field, cause significant ionization and increase
the plasma density [8—11]. Mode transitions are intimately
coupled with the electron energy distribution function [12].
The physics of low temperature plasmas is further enriched
by the non-local character of the electron transport: in typ-
ical low-pressure settings the electric field usually varies in
space along the free flights of the electrons, or varies in
time between two collisions, which is intimately related to
the electrons’ interactions with the sheaths [13—15]. At low
pressures, the electrons interacting with one sheath can reach
the opposite sheath without undergoing many collisions, thus
leading to a scenario where electrons ‘bounce’ back and forth
between the two sheaths and bounce resonance heating can

© 2021 IOP Publishing Ltd  Printed in the UK
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Figure 1. Configuration space of the electrons at t = 31.38 ns
during sheath expansion within the RF-cycle. The powered
electrode is at x = 0 and the grey region marks the plasma bulk.
Note (i) the parabolic line from the origin that corresponds to
v-electrons emitted from the electrode and fly towards the center
(marked by the black arrow) and (ii) the pronounced turning point of
a group of electrons at ~4 mm inside the sheath (marked by the blue
arrow). The ‘traces’ of individual electrons correspond to a time
window of ~0.14 ns. (A movie, covering the full RF period is
available as supplementary material.) The colors correspond to
different energies: navy: 0-20 eV, green: 20—40 eV, orange:

40-60 eV, red: >60 eV.

occur [16, 17]. As in reality there is an electric field even out-
side the sheath region, which is predominantly an ambipolar
electric field [18, 19], low energy electrons, which are usu-
ally ‘trapped’ within the discharge, can effectively be ‘heated’
under such resonant conditions by the ambipolar field as well
[20]. The spatio-temporally resolved non-local dynamics of
electrons, especially that of secondary electrons, at low pres-
sures as a consequence of their interaction with the bound-
ary surfaces and with the RF modulated sheaths is not fully
understood. Highly energetic electrons, which can traverse
through the whole discharge, called beam electrons have been
the subject of numerous research works [21-24]. Fu et al [25]
investigated the kinetic behaviour of highly energetic ~-
electrons within the bulk (high-energy ballistic electrons) and
their effect on different plasma parameters. They conducted
test particle simulations using the particle-in-cell/Monte Carlo
collisions (PIC/MCC) method to trace electrons and deter-
mined their ‘bouncing’ between the sheath boundaries. Wang
et al revealed the origin of specific structures in the energy
distribution of electrons reaching the electrodes [26].

In previous works, studies of the electron-sheath interaction
have mostly been restricted to thermal electrons that interact
with the sheath stochastically at different times throughout the
RF period [1, 2] and to beam electrons generated by sheath
expansion heating at the opposite electrode [16, 17, 21]. Due
to their relatively low energy such electrons do not penetrate
deeply into the sheath and have not been found to cause sig-
nificant intrasheath phenomena. Thus, the sheath is typically
modelled as a hard wall for electrons. As secondary electrons
can obtain much higher energies, since they are generated at
the electrode surface and can gain energy according to the full
sheath potential, they can penetrate much more deeply into the
opposite sheath after traversing the bulk collisionlessly. For
such electrons the sheath edge is no longer a hard wall and
significant intrasheath dynamics can occur, which have not
been analysed before.

In this letter, we identify ‘features’ observed in various
physical properties of the plasma inside the sheaths and explain
them by the complex motions of different types of (not exclu-
sively -) electrons. The results reveal the complex intra-
sheath dynamics of electrons and, therefore, represent a step
towards understanding the dynamics of energetic electrons in
low temperature plasmas.

Penetration of high energy electrons deep into the sheath
from the plasma side is clearly revealed in figure 1 that shows
electron trajectories in the (x — v,) configuration space in
an argon plasma at p = 1 Pa, assuming plane parallel elec-
trodes with a gap of L = 50 mm, established by an RF voltage
®(1) = Py cos(2mff) with an amplitude of &y =150 V, at a
frequency of f = 13.56 MHz. These conditions are referred to
as the ‘base case’ in the following. The results are obtained
from PIC/MCC simulation of the discharge [27-29]. The
model assumes two constant surface coefficients: an elastic
electron reflection probability, R = 0.2, and an ion-induced
secondary electron emission coefficient, v = 0.4.

The penetration of the fast electrons into the
sheaths—made possible by a ‘soft’ boundary—gives rise to
various curved features that can be observed when analysing
the spatio-temporal distribution of several physical quantities
related to the electrons, as illustrated in figures 2(a)—(d)
for the base case specified above: the mean energy, (c)
(a), longitudinal temperature, T, (b), density, n. (c) and
normalised density gradient, Vn./n. (d). The mean energy
and density show very similar structures within the sheath
together with the longitudinal temperature, whereas in the
latter there is a difference in the region between ~20-45 ns in
the RF-cycle (near the electrode). The reason for this is, that
in this temporal domain only a few electrons, coming from
the center of the discharge, can penetrate deep into the sheath.
Thus, predominantly ~y-electrons (emitted from the adjacent
electrode) will contribute to the mean energy and the tempera-
ture. The definition of the temperature is Ty, = m.({(v?) — u?),
where m,. is the electron mass, v, and u, are the velocity
of an electron and the mean velocity of the electrons in
the x-direction, respectively. Thus, it is proportional to the
variance of the electrons’ velocity, which, for the y-electrons,
is low, as they are emitted from the electrode with the same
energy and need many collisions before their velocities are
randomised. This, on the other hand, does not mean, that their
mean energy, defined by (g) = % (v} 4 v} 4 v7), cannot be
large.

As the normalised electron density gradient shows the
curved features most clearly, we will concentrate on this quan-
tity from now on to identify the reason for the appearance of
the different structures. The enumerated features identified in
figure 2(d) are the ones to be explained. As a first step, the
sensitivity of these structures on the operating conditions is
addressed, as shown in figures 2(d)—(f). Panel (d) corresponds
to the base case. As the pressure is increased [panels (e)—(f)],
the features gradually disappear: first 4, 5 and 6 already at 2 Pa,
and then 1 and 3 with only feature 2 remaining at 5 Pa. As ulti-
mately these curved features are caused by the motion of elec-
trons, the increase in pressure means that electrons undergo
more collisions and, thus, their ‘collective’ motion is inhibited
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Figure 2. Mean energy [eV], {(¢), (a), longitudinal electron temperature, Ty, [eV], (b), density [m~3] (c) and normalised density gradient
[m~'] (d) of the electrons for the base case (p = 1 Pa, L = 50 mm, f = 13.56 MHz), and the effects of parameter variations on the
normalised electron density gradient (e)—(h). The parameter that differs from the value in the base case is noted in the upper right corners of
the panels. The dashed black line in panel (d) corresponds to the time instance shown in figure 1. The numbers and the corresponding arrows
indicate the features investigated. The solid black lines indicate the sheath edge [30]. The plots show only the vicinity of the powered
electrode situated at x = 0. The color scale of panel (d) applies for panels (e)—(h).

at higher pressures. In other words, the complex features are
caused by electrons reaching the vicinity of the powered elec-
trode, which is less likely to happen when the pressure is
increased. By increasing the gap length, L [panel (g)], the fea-
tures get shifted in time, due to the fact, that the electrons need
more time to traverse a longer gap. The frequency variation
[panel (h)] results in a smaller sheath width, which is attributed
to the higher plasma density. Features 1 and 2 can be identi-
fied in panel (h), but the others are not present. This, as we
shall see, is due to the fact that in order for a given trajectory
to be formed, it matters in which phase of the sheath expan-
sion/collapse the electron arrives at the instantaneous sheath
edge.

Based on this, one can infer that the complex features in
the figures above do not correspond to individual electron
trajectories, but rather to the envelope of these, i.e. it is the
ensemble of turning points of incoming electrons (cf figure 1)
which together give rise to the features. This necessitates two
remarks: (i) given this predicate, it is more understandable why
we see a difference between figures 2(a) and (b): as many elec-
trons that reach the sheath region will turn back giving rise to
feature 2 in panel (d), in the region below feature 2 predomi-
nantly y-electrons will be present, which, as elucidated above,
give rise to a smaller electron temperature. (ii) The features
identified in the normalised electron density gradient shown in

figure 2(d) all have a negative (blue) and a positive (red) side.
This can be explained by the fact, that at the turning points of
the electrons the electron density is locally increased, which
(asseen in figure 2(d)). This causes a positive edge in the gradi-
ent of the electron density at the side of the powered electrode,
and a negative one in the other direction.

As ~y-electrons reach much higher energies than the elec-
trons born outside the sheath, they are the primary suspects for
the generation of the complex features. Following their tra-
jectories aids the explanations of these features. A sketch of
the principal electron trajectories is shown in figure 3: green
circles denote y-electrons, blue circles bulk (i.e. ‘born in the
bulk’) electrons. Whenever an electron reaches the electrode
surface, it undergoes a reflection from the electrode surface
with a probability R. The ends of the trajectories (the arrow-
heads) correspond to the approximate place/time where the
electrons turn back inside the sheath at the powered (bottom)
electrode.

Our approach is to run simulations with every possible com-
bination of the surface processes: we can have secondary elec-
tron emission on either electrodes, both or none (controlled
by the y-coefficient, having a value of 0 or 0.4), and similarly
with the elastic electron reflection (controlled by the R coef-
ficient, having a value of 0 or 0.2), which has already been
applied in e.g. [31], albeit with a different goal compared to
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Figure 3. Sketch of principal electron trajectories aiding the
explanations of the features identified and enumerated in figure 2(d).
Green circles denote ~y-electrons, blue circles stand for bulk
electrons. The powered and grounded electrodes of the discharge are
situated at the bottom and at the top of the graphs, respectively. Dark
grey regions: sheath domains. Light grey regions: bulk. Thick black
lines: sheath edges. For easier legibility figure 2(d) is reproduced in
panel (d).

ours. For brevity and notational simplicity, ‘bottom’ and ‘top’
electrode will be used instead of powered/grounded. The
results obtained this way for the base case are shown in
figure 4.

Table 1 summarizes the appearances of the various features,
by listing the numbers assigned to the features in figures 2(d)
and 4(a).

Based on this table, it can readily be identified what surface
process on either electrode is needed to generate the given pat-
tern. In principle, this approach can be generalised to more
than two surface processes, including e.g., secondary elec-
tron emission due to electron bombardment of the electrodes
[32, 33].

Invoking figure 3, the features are identified as follows:

e Feature 1 (figure 3(a)) is present only in the + bottom
column, i.e. it is caused by secondary electrons born at
the bottom electrode. As the feature is present irrespec-
tive of the presence of electron reflection, it means, that a
~-electron born at the bottom electrode traverses the
whole discharge, is reflected by the opposing (top) sheath
and flies back to the bottom electrode again. This can hap-
pen, as taking a -y-electron having an average energy of
~75 eV, it can traverse the gap of 50 mm in ~ 10 ns.

e Feature 2 (figure 3(b))—as it is present in the ~y top col-
umn, it is caused by y-electrons born at the top electrode,

accelerated by the sheath electric field and reaching the
bottom sheath where they are turned back.

e Feature 3 (figure 3(c))—as it is present in the v bottom
and R top panels, the feature is proven to be generated by
those y-electrons, which are born at the bottom electrode,
traverse the discharge, reach the opposite electrode where
they get reflected, and come back to the bottom sheath
again.

e Feature 4 (figure 3(b)) is not among the panels discussed
before, which means, that it has to be a multiple reflection-
caused feature. It can only be found in the 7 top col-
umn with both electrodes having nonzero reflection coeffi-
cients (R both row). This means, that this feature is caused
by electrons born at the top electrode, reflected twice by
either electrodes before turning back in the bottom sheath
region.

e Feature 5 (figure 3(a)) is again a multiple reflection-
caused feature, because it is found in the v top column
and the R top row, which means the electron is born at the
top electrode, but also reflected by it. The only way it can
happen is, if it is first reflected by the bottom sheath and
then the top electrode.

e Feature 6 (figure 3(c)) is the only structure which appears
in the « none column, and is not sensitive to reflections.
Thus, it is caused by electrons generated within the plasma
bulk that reach the bottom sheath.

We note that the intrasheath features observed in figure 2 do
not cause any significant modification of the spatio-temporal
distribution of the potential inside the sheath, i.e. their weak
effects on the electron density inside the sheath (shown in
figure 2(c)) do not modify the sheath electric field significantly.
Thus, the observed intrasheath features are a sole and direct
consequence of the electron motion rather than the effect of a
modification of the electric field inside the sheath.

In summary, the complex dynamics of fast electrons were
analysed in low pressure capacitively coupled plasmas via
PIC/MCC simulations. Prominent features in a number of
physical parameters were found inside the sheath regions. We
have successfully associated these features with distinct mech-
anisms of energetic electron generation [1, 2, 8, 11, 21] and
the motion of these electrons in the spatio-temporally varying
electric field as well as their reflection at boundary surfaces
and sheaths. It was found that they primarily originate from
energetic ion induced secondary electrons, as these have a high
enough energy to be able to penetrate deeply into the sheath
region at the opposite electrode. It was inferred that the fea-
tures do not correspond to trajectories, but are envelopes of
the turning points of these electrons within the sheath region.
Each feature was associated with particular groups of energetic
electrons and their non-local dynamics in the plasma. This was
revealed by a procedure where the electrode surface processes
were turned on/off (by assuming nonzero/zero values for the
surface coefficients) and all possible combinations have been
scanned. This approach enables a deeper understanding of the
complex and non-local spatio-temporal dynamics of energetic
electrons in technological plasmas.
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Figure 4. Features under different electrode surface conditions. The panels show the normalized electron density gradient. The
presence/absence of the electron reflection process (rows) and the secondary electron emission process (columns) are indicated by the
keywords ‘both’, ‘none’, ‘Top’ and ‘Bottom’, which refer to the electrodes. The Bottom electrode is situated at x = 0. For clarity, axis labels

and colorbars are omitted, they agree with that of figure 2(d).

Table 1. Appearances of the various features.
- both vy none < bottom 7y top
R both 1-6 6 1,3,6 2,4,5,6
R bottom 1,2,6 6 1,6 2,6
R top 1,2,3,5,6 6 1,3,6 2,5,6
R none 1,2,6 6 1,6 2,6
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