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Abstract

®

CrossMark

This work demonstrates the presence of a small number of high-energy ballistic electrons
(HEBES ) that originate from secondary electrons in low-pressure radio-frequency (rf)
plasmas. The kinetic behaviors of the HEBEs are illustrated through electron energy
probability functions from the fully kinetic particle-in-cell simulations, showing two wavy
high-energy tails and two bifurcations during one rf cycle. Test-particle simulations and a
semi-analytical method associated with nonlocal electron kinetics are performed to
characterize the HEBE trajectories, which reveal the ballistic nature of the HEBEs and their
typical bouncing features between the rf sheaths. Parameter dependence of the HEBEs on the
discharge conditions (e.g., gas pressure, gap distance, and rf frequency) are identified, which is
relevant to the plasma collisionality. With a pronounced presence of HEBEs, the overall
impacts of the secondary electron emission on discharge parameters, such as electron power

absorption and ionization rate, are also illustrated.

Keywords: RF plasma, ballistic electron, energetic electron, secondary electron, electron
energy probability function, particle-in-cell simulation, nonlocal electron kinetics

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

Low-pressure radio-frequency (rf) discharge plasmas have
attracted attention for many years due to their widespread
applications [1-3]. Among the focused studies, electron kinet-
ics and heating mechanisms are of major interests, which are
essential for the generation and control strategies of the rf plas-
mas [4-10]. It is generally recognized that in rf discharge
plasmas, electrons are energized mainly through electrode-
side stochastic (collisionless) heating at low pressure whereas
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bulk-region ohmic (collisional) heating becomes dominant at
high pressure [11, 12]. Additional collisionless heating also
exists in bounded rf plasmas when the bulk electrons are
bounced back and forth between the oscillation sheaths at
expanding phases, which is the so called bounce resonance
heating (BRH) [13, 14]. The energized electrons, gaining
energy from the sheath field and dissipating their energy to
plasma through collisions, are of fundamental importance on
the modulation of plasma properties.
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Additional energetic electrons could be directly gener-
ated by secondary electron emissions (SEEs), which how-
ever are usually considered for high-pressure rf discharges
in the gamma-mode where the ionization by electrons (e.g.,
secondary electrons) in the sheaths dominates. At low pres-
sures, especially in the range of few mTorr, SEEs are often
ignored for discharges in the alpha-mode where the ionization
by electrons accelerated by the expanding sheaths dominates
[15-17]. More recent studies incorporate various SEE mech-
anisms in low-pressure rf discharges and the impacts of SEEs
on discharge parameters are investigated, with focuses on their
roles in plasma control and parameter optimization [18-21].
Although the existence of ballistic beam electrons has been
experimentally detected in rf plasmas at a certain pressure [22,
23], the kinetic behaviors of the energetic electrons and their
parameter dependence on discharge conditions are still not
fully demonstrated, leaving some of the underlying discharge
features remain undiscovered.

In this work, we demonstrate the presence of a small
number of high-energy ballistic electrons (HEBEs) that orig-
inate from secondary electrons in low-pressure rf plasmas.
The energy trajectories of the HEBEs are illustrated through
electron energy probability functions (EEPFs) obtained from
particle-in-cell/Monte Carlo collision (PIC/MCC, 1d3v) sim-
ulations [24, 25]. Here we use the ASTRA code which was
previously benchmarked with Turner et al [26] (see sup-
plementary materials in [25] for the code benchmark and
other details). The simulations are performed with argon at
300 K, accounting for three electron—neutral collisions (elas-
tic, excitation, and ionization scattering) and two ion—neutral
collisions (isotropic and backward scattering) [27]. The dis-
charge is capacitively coupled and geometrically symmetric;
the gas pressure p is <10 mTorr. The rf voltage V() = 300 -
sin(2w f1) (V), where f = 1/T is the driving frequency with T
being the rf period, is applied to electrode A (at x = 0) while
electrode B (at x = d) is grounded. In the simulations, the time
step is A7 = T'/1000 and the grid size is Ax = d/300. The sec-
ondary electrons while considered are induced by the ion flux
with an emission coefficient v, = 0.1; the electron reflection
probability is set to zero for all conditions. Test-particle simu-
lations and a semi-analytical method associated with the non-
local electron kinetics are performed to elucidate the HEBE
behaviors. This work provides explicit demonstrations on the
generation, kinetic information, and parameter dependence of
HEBE:s in low-pressure rf plasmas.

The temporal EEPF is calculated at the gap center when
the discharge with SEE operates at the steady state, as shown
in figure 1(a). The discharge condition is (p, d, f) = (5 mTorr,
5 cm, 13.56 MHz), which is considered as the base case in
this work. It can be observed that the EEPF has two wavy
high-energy tails and two bifurcations for each in one rf cycle,
which are the trajectories of the named HEBE (justified later).
This kind of EEPF has not been previously reported, probably
owing to the neglected SEE at this rather low pressure and the
limited energy scope in terms of the low-temperature plasmas.
In figure 1(b) (zoomed from figure 1(a)), we can see that the
lowest energy, corresponding to which the HEBE trajectory is
still visible, is above ~60 eV, which remains much higher than
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Figure 1. (a) Temporal EEPF with wavy high-energy tails and
bifurcations, indicating the presence of HEBEs; (b) zoomed part of
the EEPF with SEE; (c) temporal EEPF without SEE while other
conditions are maintained; (d) EEPFs with SEE show bumped tails
due to HEBE at different instants of time; (e) time-averaged EEPFs
with and without SEE. In the simulation, (p, d, f) = (5§ mTorr, 5 cm,
13.56 MHz).

the most energetic electrons (including the resonant electrons
by BRH [14]) in low-temperature rf plasmas. In figure 1(c)
with other conditions maintained but without SEE, the energy
range of the EEPF is within 100 eV and the wavy high-energy
tails no longer exist. In figures 1(b) and (c), the EEPFs are
almost the same in the low-energy part, but strong differences
are demonstrated for the high-energy region. It thus can be
confirmed that the high-energy tails are caused by SEE and
the HEBEs originate from the secondary electrons.

The existence of the energetic ballistic electrons was experi-
mentally confirmed in the dc/rf hybrid capacitive coupled dis-
charge and the energy distributions of the ballistic electrons
were also diagnosed, but only accounting the electrons passing
through the diagnostic window which can be detected by the
energy analyzer [22]. The electron energy distribution func-
tion with a high-energy peak was also confirmed through test
particle simulations, focusing only on emitted electrons [23].
In this work, we counted all the groups of the electrons at the
gap center, thus the number of the HEBE is relatively small
but clearly visible in the EEPF. Figure 1(d) shows the bumped
high energy tails in the EEPFs, which indicates the small num-
ber of the HEBEs due to SEE at different instants of time
(e.g.,t=0,T/8,T/4,and 3T/8). The position and number of
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Figure 2. (a) Electron energy trajectories from test-particle
simulations corresponding to the base case; (b) typical motion
trajectories of electron emanating from electrode A (x = 0) at phases
E, F, G, and H; spatiotemporal electric field is from the PIC
simulation (Emax is 35.6 kV m™'); (c) HEBE wavy trajectories in
EEPF are exactly reproduced by A0, BO, Al, and B1 from the
test-particle simulations.

the bumped tails are time-dependent, which is in accordance
with the temporal HEBE trajectory in figure 1(a). Figure 1(e)
shows the time-averaged EEPFs with and without SEE for
Y = 0.1 and v, = 0, respectively. Without SEE the EEPF is
bi-Maxwellian, having two distinct slopes, while with SEE it
has a high-energy tail boosted up to about 320 eV, correspond-
ing to the maximum potential of the rf sheath, of which the
features also agree well previous PIC results [20, 28].

To elucidate the electron kinetics leading to the wavy tra-
jectories observed in the EEPF, test-particle simulations are
conducted based on the spatiotemporal electric field from the
PIC results. The energy and time information of electrons are
collected when they arrive at the gap center. The trajectories of
the test-particles are shown in figure 2(a), where AO, A1, and
A2 (green lines) are for electrons emanating from electrode A
(atx =0), and BO, B1 and B2 (red lines) are for electrons from
electrode B (grounded). The numbers 0, 1, and 2 correspond to
energy trajectories of electrons experiencing zero-, one-, and
two-time bounces when detected at the gap center.

Since the discharge is symmetric, we only analyze the tra-
jectories of electrons emanating from electrode A (x = 0).
Typical electron motion trajectories during one rf cycle are rep-
resented by four groups of electrons emitted at phases E (one-
time bounced), F (two-time bounced), G (three-time bounced),
and H (without bouncing), as shown in figure 2(b). At the
sheath collapsing phase (e.g., phases E, F, and G), the emit-
ted electrons are weakly accelerated by the sheath fields and
bounced back to the plasma bulk since they are not ener-
getic enough to overcome the electrostatic potential well. At
phase E, the electric field is still strong but decreasing and the
emitted electrons at certain energy start being bounced, show-
ing a bifurcated trajectory Al, which is descending when the

first-bounced electrons from phases F and G having lower
energy are also recorded in the following. At phase F, the
emitted electrons having lower energy can bounce twice, cor-
responding to the bifurcated trajectory A2. At phase G, the
emitted electrons can bounce more times and not discussed
due to their relatively small energy. While emitted at phase H,
the electrons are strongly accelerated and energetic enough to
overcome the opposite sheath without bouncing. These elec-
trons correspond to the right branch (i.e., t/T > 0.45) of the
trajectory AO while the left branch indicates the electrons from
phases E, F, and G detected at the gap center before bouncing.

As shown in figure 2(c), the wavy trajectories of HEBE in
EEPF are exactly reproduced by A0, BO, Al, and B1. The
HEBEs in EEPF are composed of the electrons before their
first bouncing or absorption (A0 and B0), which are detected
during the whole rf cycle, and one-time bounced electrons (Al
and B1), which are detected at a certain time, especially when
the sheath field is weak. The agreement of the energy tra-
jectories from the test-particle and PIC simulations explicitly
illustrates the ballistic nature of the HEBEs.

Figure 3 shows the parameter dependence of the HEBEs
on the discharge conditions, including the gas pressure, gap
distance, and rf frequency. Comparing to the base case
(figure 1(a)), we find that a larger gap distance (see figure 3(a))
makes the HEBE less obvious whereas a higher rf frequency
(see figure 3(b)) makes it more pronounced. From figures 3(a)
and (c), we note that an increase of the gas pressure fur-
ther weakens the HEBESs, even resulting in an absence of the
trajectories of bounced electrons. The same pressure depen-
dence can also be found in figures 3(b) and (d). The parameter
dependence can be understood from the plasma collisionality,
which can be characterized through two combined parame-
ters pd and f/p. As shown in figures 4(a) and (b), although
the individual parameters (p, d, f) are all different, the HEBE
trajectories are maintained since pd and f/p are kept corre-
spondingly the same. Physically, pd is proportional to the colli-
sion number in space (pd o d/\ ~ Nco) while f/p represents
an inverse of the collision number in time (f/p X f/Veon =
T~ /7. ~ Negij» Where veon = Tof o p is the electron col-
lision frequency) [29-31]. The discharge with larger pd and
smaller f/p is more collisional, in which the HEBEs have a
high probability to experience energy-loss collisions and their
ballistic nature is undermined. This is also consistent with the
previous study for atmospheric pressure pure rare gas rf dis-
charges (gamma mode) in which secondary electrons that have
been accelerated in the sheath are short-lived and rapidly lose
their energy due to the high collisionality [32, 33]. Note that
the gamma modes at low pressure and high pressure may not
be due to the same physical phenomenon; in molecular and
rare gas mixtures the gamma mode at high pressure can be
driven by secondary electrons as well as Penning ionization
inside the sheaths [34, 35]. The moderate presence of HEBEs
in figures 3(a) and (d) are also consistent with the intermediate
values of pd and f'/p, comparing to figures 4(b) and (c).

A semi-analytical method with the nonlocal electron kinet-
ics is proposed to predict the HEBE trajectory without bounc-
ing (see figure 3(c)). In the absence of energy-loss collisions,
the total electron energy e = €. — e¢ should be conserved,
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Figure 3. Parameter dependence of the HEBE in EEPF on the
discharge condition parameters. (a) (p, d, f) = (5 mTorr, 10 cm,
13.56 MHz), (b) (p, d, f) = (5 mTorr, 5 cm, 27.12 MHz), (¢) (p, d, f)
= (10 mTorr, 10 cm, 13.56 MHz), and (d) (p, 4, f) = (10 mTorr,
5cm, 27.12 MHz).

wheree, = 1/ 2mev§ is the kinetic energy (. is electron mass
and v, is velocity) and ® = —e¢ is the potential energy [36].
The HEBE kinetic energy at the gap center thus can be esti-
mated by the converted potential energy from the sheath poten-
tial. Figure 4(a) shows the electrode potentials (¢, = Vs and
¢p = 0) and the potential differences between the gap center
and the electrodes (Agy = ¢,—yp — Ppand Agg = ¢, ypp —
¢p)- The converted potential energy of a secondary electron
is detected as kinetic energy in the EEPF when they arrive
at the gap center. Since the transit time inside the sheath is
relatively short, during which the potential to kinetic energy
conversion is complete, and the electrons travel at a constant
velocity thereafter, the time delay for an electron transiting
from the electrode to the gap center can be estimated by

Ngw b= 4 (1)

0. 2/2e¢/me

The transit time depends on an electron kinetic energy (con-
verted from the potential energy). Transforming the temporal
potential difference and incorporating the transit time delay,
the recorded kinetic energy of the electrons from electrode A
and B is expressed as

ee(t) = AP, (1) = eAdap(t — Ata). @)
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Figure 4. (a) Temporal electric potentials at electrodes A and B (¢,
and ¢p) and the potential differences between the gap center and the
electrodes (A¢, and Agg); (b) HEBE trajectories predicted by the
semi-analytical method show an excellent agreement with the PIC
simulation. In the simulation, (p, d, f) = (10 mTorr, 10 cm,

13.56 MHz).

The HEBE trajectories predicted from equation (2) show an
excellent agreement with the PIC simulation (see figure 4(b)),
but only for the HEBESs before their first bouncing or absorp-
tion. As for the bounced HEBE:S, their kinetic energy can also
be modulated by the interacting sheath during bouncing and
cannot be accurately estimated by their potential energy at
the emanating electrode. Meanwhile, the energy of the bounce
HEBE:s is relatively lower and a small error may cause evi-
dent deviations on the trajectory prediction. Although only one
case (cf: figure 3(c)) is demonstrated here, the semi-analytical
method can also be applied for other cases to predict the HEBE
wavy trajectories.

Figure 5 demonstrates the overall impact of SEE with a pro-
nounced presence of the HEBEs on the discharge parameters.
The SEE shows little impact on the electric potential while
increases the electron density (~12%) in the bulk and the elec-
tron heating rate P. = J. - E (with J. being the electron current
density) in the sheath region (see figure 5(a)). The ionization
is enhanced due to the turned-on SEE and the spatiotemporal
ionization rate difference with and without SEE is calculated
through AR;,(x,t) = Ri,(x, H)sgg — Riz(x, D)nosgg, as shown in
figure 5(b), which is generally positive during the whole
rf cycle. The ionization enhancement is mostly pronounced
inside the plasma bulk, especially on the bulk side of the sheath
edge during the sheath expansion. The maximum ionization
rate without SEE is ~1.5 x 10 m~3.s~! and the ionization
rate increase shown in figure 5(b) is about ten times smaller,
which corresponds the percentage of the electron density
increase (~12%). The enhanced ionization can be attributed to
both the direct ionization from secondary electrons (including
HEBES) and their indirect effects. Figure 5(c) shows integrated
ionization probabilities along the HEBE motion trajectories
(see figure 2(b)), Si, = ) ; (1 — exp (—oi(t)Nave(tAL;) ),
which reflect relative ionization abilities that could be directly
from the secondary electrons. The ionization ability is strong
either when the electron trajectory (or trapping time) is long
(at phase G), or the electron energy is high (at phase H). The
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Figure 5. (a) Time-averaged electron density 7., electric potential
¢, and electron heating rate P, for the base case (symbols are with
SEE and solid lines are without SEE); (b) ionization rate increase

due to the turned-on SEE; (c) integrated ionization probability Sj,

along the HEBE motion trajectories.

electrons emitted at phase H, having the energy closely corre-
sponding to the highest ionization cross section, show the high-
est percentage (~46%) for contributing to the ionization. Note
that although some of them may experience energy-loss colli-
sions, the HEBESs alone cannot explain the ionization increase
since they are mostly ballistic; other energetic electrons, such
as the non-HEBE secondary electrons and ‘cold’ bulk elec-
trons energized through interacting with energetic beam elec-
trons [37, 38], also contribute. The electron heating through
particle—field and particle—particle interactions can also be
enhanced with the additional energetic beam electron from
SEE. The indirect mechanism and direct impact of all the sec-
ondary electrons raise population of the high-energy tail in
EEPF, enhancing the ionization in the rf plasmas.

In summary, we have demonstrated the presence of HEBEs
originating from secondary electrons in low-pressure rf plas-
mas from the fully kinetic PIC simulations. It is found that
the wavy HEBE trajectories (A0 and BO) in EEPF are com-
posed of the electrons before their first bouncing or absorption,
which are detected during the whole rf cycle; the trajec-
tory bifurcation (Al and B1) in EEPF is due to the one-
time bounced electrons from the opposite electrode, which
are detected during certain time phase. The presence of the
HEBE:s is identified to be relevant to the plasma collision-
ality, which is less pronounced when the combined param-
eter pd becomes larger or f/p becomes smaller. With a
pronounced presence of HEBES, the turned-on SEE shows lit-
tle impact on the electric potential while increases the electron
density, the electron power absorption, and the ionization. The
enhanced ionization can be attributed to both the direct ion-
ization from secondary electrons (including HEBEs) and their
indirect effects, among which their relative ionization abili-
ties are evaluated through the integrated ionization probabil-
ity. This work explicitly demonstrated the generation, kinetic
information, and parameter dependence of HEBEs, providing

essential details for comprehensively understanding the elec-
tron kinetics in rf plasma devices. The influence of energy-
dependent SEE on the presence of HEBEs will be incorporated
in future work. One may also expect more complicated kinetic
effects when electrodes are strongly emissive (thermionic sur-
faces [39, 40]) or externally ejected electrons are considered,
which will also be the subjects of future work.
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