
Field reversal in low pressure, unmagnetized radio
frequency capacitively coupled argon plasma
discharges

Cite as: Appl. Phys. Lett. 123, 264102 (2023); doi: 10.1063/5.0179467
Submitted: 2 October 2023 . Accepted: 11 December 2023 .
Published Online: 27 December 2023

De-Qi Wen,1,2,a) Janez Krek,2 Jon Tomas Gudmundsson,3,4 Emi Kawamura,5 Michael A Lieberman,5

Peng Zhang,1 and John P Verboncoeur1,2

AFFILIATIONS
1Department of Electrical and Computer Engineering, Michigan State University, East Lansing, Michigan 48824, USA
2Department of Computational Mathematics, Science and Engineering, Michigan State University, East Lansing, Michigan
48824, USA

3Science Institute, University of Iceland, Dunhaga 3, IS-107 Reykjavik, Iceland
4Division of Space and Plasma Physics, School of Electrical Engineering and Computer Science, KTH Royal Institute of Technology,
SE-100 44 Stockholm, Sweden

5Department of Electrical Engineering and Computer Sciences—1770, University of California, Berkeley, California 94720, USA

Note: This paper is part of the Special Topic: Plasma Sources for Advanced Semiconductor Applications.
a)Author to whom correspondence should be addressed:wendeqi@msu.edu

ABSTRACT

In general, the radio frequency (rf) electric field within a sheath points toward the metal electrode in low pressure, unmagnetized rf
electropositive capacitively coupled plasma (CCP) glow discharges. This is due to the large ratio of electron to ion mobility and the formation
of an ion sheath. In this work, we studied, using fully kinetic particle-in-cell simulations, a reversed electric field induced by the strong
secondary electron emission during the phase of sheath collapse in a high-voltage rf-driven low pressure CCP glow discharge. We explored
the transition behavior of the formation of field reversal as a function of driving voltage amplitude and found that field reversal starts to form
at around 750V, for a discharge with an electrode spacing of 4 cm at 10 mTorr argon pressure driven at 13.56MHz. Accordingly, the energy
distribution function of electrons incident on the electrode shows peaks from around 3 to 10 eV while varying the driving voltage from 150 to
2000V, showing potentially beneficial effects in plasma material processing where relatively directional electrons are preferred to solely ther-
mal diffusion electrons.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0179467

Radio frequency (rf) capacitively coupled plasma (CCP) sources
are essential tools in the high-tech microelectronic industry. CCPs
operated at low pressure (a fewmTorr) are typically utilized for plasma
etching, sputtering, cleaning, and plasma immersed ion implantation
due to the more directional ion bombardment on the target through
the acceleration across high sheath fields in a less collisional regime.1–3

To understand the fundamental plasma physics, rf-driven argon
glow discharges, having relatively simple chemistry and few chemical
reactions, are commonly studied in the literature.3–9 The discharges
usually have a sheath–plasma–sheath sandwich structure with strong
electric fields within the sheath regions adjacent to the powered/
grounded electrodes and near-zero electric field within the plasma

bulk region. The lighter electrons have higher mobility compared to
ions, and respond to the oscillating sheath over time, while the heavy
ions respond to the time-averaged sheath electric field, resulting in a
nearly static profile and a typical ion sheath. Thus, the electric field
within the sheath in general points toward the electrodes from the
plasma bulk for electropositive plasma discharges.1,3

At high pressures (hundreds of mTorr), a field reversal (the elec-
tric field pointing toward the plasma from the surface) in capacitive
discharges can be caused by collisions of electrons with the background
gas and the corresponding collisional drag force on the electrons. Such
collision-driven field reversals have been investigated experimentally,
theoretically, and numerically for helium,10 molecular gases including
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hydrogen10–12 and nitrogen,13 in single and/or multi-frequency dis-
charges.14 At a low pressure of 2.3 mTorr, a reversed electric field at
the sheath edge during sheath collapse phase was measured experi-
mentally for an argon CCP, and it was attributed to the electron iner-
tial effect.15 In addition, the presence of a magnetic field tangential to
the electrode surface in CCPs was also found to be capable of generat-
ing a field reversal during sheath collapse.16–19 For a floating metal or
dielectric surface present in a Hall thruster or negative hydrogen ion
source for nuclear fusion applications, the intense emission of elec-
trons20–22 or negative ions23 can also cause a reversed electric field
along with negative charge excess near the surface, leading to the
absence of a conventional Debye or space charge sheath. In principle,
in addition to thermal diffusion of electrons, a field reversal can be
formed, which then accelerates the electrons toward the electrode to
compensate the positive ion current and guarantee a constant (zero)
time-averaged current.11 In CCPs, the field reversal can affect the elec-
tron power absorption, ionization dynamics, and the electron and ion
energy distributions of the species bombarding the surface.24

Therefore, it is of importance not only for facilitating the understand-
ing of fundamental physics but also for realistic applications in indus-
try. However, the sheath field reversal induced by secondary electron
emission (SEE)25 from different plasma species and the transition
from absence to presence as well as its effect on the plasma characteris-
tic in low pressure CCPs have not been reported.

In this work, we investigate the field reversal due to SEE, its
dependence on the driving voltage amplitude, and the energy distribu-
tion of electrons incident on electrodes via fully kinetic 1d3v (one-
dimensional in space and three-dimensional in velocity) particle-in-
cell/Monte Carlo (PIC/MCC) simulations in low pressure rf-driven
capacitively coupled argon glow discharges. The surface SEE processes
induced by ions, electrons, and excited state atoms, fast ground state
neutrals as well as resonant photons are considered. A schematic of
the symmetric CCP discharge is shown in Fig. 1.

The PIC/MCC simulation code (oopd126–30) utilized here, incor-
porating the excited state neutrals including the metastable-level Arm,
the radiative-level Arr, and the 4p-manifold level Ar(4p) as self-
consistent space- and time-varying fluids, is strictly benchmarked in a
wide pressure range and well validated against experimental measure-
ments31 at low pressure in our recent works.32–35 The background gas
is assumed to be a spatially uniform fixed fluid at room temperature.
The electron-neutral collisions include elastic scattering, excitation to
multiple levels of states, and impact ionization. Metastable pooling and
stepwise ionization, as well as reactions between excited states are also
considered. The corresponding reaction thresholds and cross sections
are introduced in our earlier works.32,33 On the electrode surface, the
recombination coefficient for excited states is set to be 0.5 as suggested

by Stewart,36 i.e., 50% quenched and 50% reflected, and the SEE coeffi-
cient is set to 0.21 for Arm and Arr and 0.27 for Ar(4p).37 The
electron-induced energy- and angle-dependent SEE coefficient is mod-
eled by the empirical Vaughan formula38 by additionally incorporating
a 3% elastic reflection component and 7% inelastic back-scattered
component,35 where the fitting parameters are based on the experi-
mental data by Baglin et al.,39 Furman and Pivi,40 and Kirby et al.41

The photons from the resonance radiation of Arr, with an energy of
11.62 eV, are partially imprisoned at low pressure, and the correspond-
ing SEE coefficient is 0.075 given by the experiments of Feuerbacher
and Fitton42 for a stainless steel electrode. The pressure considered
here is 10 mTorr, typically utilized for etching, sputtering, and plasma
immersed ion implantation. At this pressure, the ions have few colli-
sions while traveling through the sheath and strike the electrode sur-
face with a high energy, thus, the surface condition of a “clean”
electrode43,44 is adapted for ion-induced SEE. The discharge is driven
by a sinusoidal voltage source with driving frequency of 13.56MHz,
and the electrode spacing is fixed at 4 cm. The driving voltage is varied
from 150 to 2000V. In Fig. 2(a), we show the spatiotemporal electric
field as a base case with a driving voltage of 1000V at 10 mTorr. “SEE”
in the title represents that all the secondary electron processes are con-
sidered in the discharge model. For comparison, Fig. 2(b) shows the
spatiotemporal variation of the electric field when the SEE processes
are all neglected in the simulation (“No SEE”). Similarly, the spatio-
temporal electron power absorption J � E is shown including all the
SEE processes in Fig. 2(d) and neglecting all the SEE processes in
Fig. 2(e). In addition to the ambipolar diffusion electric field within the
region spanned by the sheath motion, an electric field near x¼ 0 cm
pointing toward the plasma bulk during the phase of sheath collapse is
formed. The thermal electrons are further accelerated to move toward
electrode by the positive electric field, resulting in a positive electron
power absorption J � E at sheath collapse as shown in Fig. 2(d). With
the sheath built up, the secondary electrons accelerated by the sheath
field also lead to positive power absorption. Turning off the SEE pro-
cesses, one can see in Figs. 2(b) and 2(e) that the field reversal and pos-
itive electron power absorption vanish, implying that the field reversal
is induced by the SEE processes. Decreasing the driving voltage from
1000 to 150V, but restoring the SEE processes, similarly, field reversal
(also positive power absorption at sheath collapse) disappears as
shown by comparison of Figs. 2(c) and 2(f). Thus, a transition from
negative electric field to positive reversed field during sheath collapse
exists while scanning the voltage amplitude, as discussed later.

The formation of the local reversed field facilitates the electron
current to balance the ion current over one rf period.11 However, it is
worth noting that a local negative charge excess is present near the
electrode surface. Figure 3(a) shows the instantaneous electron density
profile for different rf phases t=T ¼ 0; 0:25; 0:27; 0:29, and 0.5. The
electrons are distinguished into two groups depending on the genera-
tion source, i.e., primary electrons (ne) from electron impact ionization
and secondary electrons (nse) from surface emission and/or reflection.
The oscillating primary electron density ne is significantly lower than
both the ion density ni and the secondary electron density nse within
the sheath, even at the collapse phase. The secondary electron density
nse is higher than ni near the electrode x¼ 0 cm at sheath collapse
t=T ¼ 0:25 when the voltage on the powered electrode arrives at its
peak. Accordingly, the electric field seen in Fig. 3(b) is positive at
t=T ¼ 0:25. The emitted secondary electrons have a positive flux andFIG. 1. Schematic of a low pressure, unmagnetized rf capacitively coupled plasma.
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tend to move further into the bulk plasma; however, the positive elec-
tric field will drag back the secondary electrons. A local minimum
potential will be formed and act as a virtual cathode, finally leading to
a net negative flux of primary/secondary electrons (not shown here) to
balance the ion current during sheath collapse. With increasing rf
phase, the local secondary electron density decreases near the surface,
and the electric field returns to be negative for t=T ¼ 0.27 and 0.29.

Varying the driving voltage from 150 to 2000V, the spatial elec-
tric field and potential drop, V � Vrf , withVrf being the voltage ampli-
tude at sheath collapse phase t=T ¼ 0:25, are plotted in Figs. 3(c) and
3(d), respectively. It is found that the electric field near the electrode
surface is around zero for 500V, and a positive field is formed for
750V. The reversed field near the electrode is stronger for a higher
driving voltage. Note that the electric field near x¼ 1.0 cm is the

FIG. 2. Spatiotemporal electric field for driving voltage amplitude of (a) 1000 V, in the presence of secondary electron emission (SEE), (b) 1000 V, in the absence of SEE, and
(c) 150 V, with SEE; the spatiotemporal deposited electron power density hJ � Ei (d)–(f), respectively. The feedstock gas pressure is 10 mTorr, and the driving frequency is
13.56MHz, with T the rf period, and the electrode spacing is 4 cm.

FIG. 3. (a) The plasma density profiles for
ions (ni ), primary electrons (ne), second-
ary electrons (nse), and (b) electric field at
five phases t=T ¼ 0; 0:25; 0:27; 0:29,
and 0.5 for a driving voltage amplitude of
1000 V including SEE processes in the
discharge model. Panels (c) and (d) show
the electric field and voltage profile at the
sheath collapse phase t=T ¼ 0:25 at var-
ious driving voltages from 150 to 2000 V.
The gas argon pressure is 10 mTorr, the
electrode spacing is 4 cm, and the driving
frequency is 13.56MHz. In panels (c) and
(d), the results are shown only for 0–2 cm
as the rf discharge is symmetric with
respect to the discharge midplane
x¼ 2 cm.
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ambipolar electric field, which is generated due to the monotonically
decaying plasma density from the discharge center toward the electro-
des.45 Accordingly, the spatial potential is always positive when the
driving voltage is below 500V, and a local minimum negative potential
starts being formed for voltage above 750V. The local minimum
potential remains almost constant when the voltage is increased fur-
ther from 1500 to 2000V. With increasing driving voltage, the plasma
ion density increases, along with an increased ion flux flowing toward
the electrode. Meanwhile, the ions travel through the sheath almost
collisionlessly; thus, the ion impact energy is higher. For a clean elec-
trode condition, the ion-induced SEE coefficient increases slightly for a
higher ion impact energy. As a result, more ion-induced secondary
electrons could be generated and accelerated by the sheath field to
strike the opposite electrode to induce more secondary electron emis-
sion again, leading to a stronger reversed field. When the driving volt-
age is further increased from 1500 to 2000V, the electron impact
energy increases accordingly. Note that the electron-induced SEE coef-
ficient decreases as a function of impact energy when the energy is
above 275 eV for stainless steel electrodes (see the SEE coefficient curve
in Wen et al.35). This may be the reason why the field reversal strength
is less significantly increased, and the minimum potential is nearly a
constant (around �5V) for driving voltage in the range 1500–2000V.
Figure 4 demonstrates the time-averaged electron energy distribution
function (EEDF) in the low energy range for electrons incident on the
electrode, and we can see that the reversed electric field increases the
peak energy of EEDF up to around 10 eV, much higher than the elec-
tron energy of thermal diffusion at low driving voltages.

The formation of a field reversal is highly relevant to the SEE pro-
cesses, which are determined by the flux of ionsCi, excited state neutrals
Cn, and resonance photons Cph flowing toward the surface, of which,
the ion flux depends on the plasma ion density. To further analyze the
relative importance of different plasma species in generating SEE,
Fig. 5(a) displays the peak plasma density at the midplane of the dis-
charge with and without SEE; Figs. 5(b) and 5(c) show the variations of
Ci; Cn, and Cph vs driving voltage with and without SEE, respectively.
The plasma density is significantly enhanced by the SEE processes in
the voltage range of interest from 150 to 2000V due to electron reflec-
tion, scattering and emission along with the ion, and neutral and photon
impacts on the electrode surfaces. In the absence of the SEE processes,
the plasma density is much lower, and even starts decreasing if the driv-
ing voltage is increased further from 1500 to 2000V. At this scenario,
we find that the increased sheath width gradually compresses the
plasma bulk region to make it almost disappear at 2500V (not shown
here), and the plasma density further decreases. In Fig. 5(b) with SEE,
one can find that the ion flux flowing toward the electrode is larger than
the photon and excited state neutral flux. However, note that the SEE
coefficient for ions is very close to that of resonant photons, and is
around one third of the excited state neutral coefficient in the voltage
range of interest. Thus, both the excited state neutrals and resonant pho-
tons are important SEE processes that in turn influence the strength of
the field reversal. In the absence of SEE processes, the fluxes Ci; Cn and
Cph decrease significantly as shown in Fig. 5(c).

In summary, we studied the field reversal during the sheath col-
lapse phase due to the strong SEE induction from ions, electrons,

FIG. 4. Time-averaged electron energy
distribution function in the energy range of
0–30 eV for (a) all electrons, including pri-
mary and secondary electrons, and (b)
solely the primary electrons incident on
the metal electrode.

FIG. 5. Time-averaged ion plasma density at the discharge midplane with and without SEE (a), and the flux of plasma species, ions (Ci ), photons (Cph), and excited state neu-
trals (Cn) at each electrode (b) with and (c) without SEE, vs the voltage amplitude in the range 150–2000 V for 10 mTorr gas pressure.
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excited state neutrals, and resonant photons bombarding the electrodes
in low pressure CCPs. It is found that the formation of field reversal
starts for a driving voltage amplitude of around 500V, while scanning
the voltage from 150 to 2000V. The reversed field is capable of acceler-
ating the electrons to strike the electrode with an energy peak up to
10 eV, much higher than the conventional impact energy from thermal
diffusion, showing possible beneficial effects in plasma processing
applications where relatively directional electrons can be useful. The
excited state neutral and resonant photon fluxes flowing toward the
electrode are lower than the ion flux, but of the same order of magni-
tude. As a result, excited state neutrals and resonance photons are
important in affecting the strength of the reversed electric field as their
SEE coefficients are almost three times, and close to, the ion SEE coef-
ficient, respectively. In future work, the effects of the pressure and elec-
trode spacing on the field reversal are worth exploring, and a two-
dimensional model describing the charge neutralization for structured
dielectric surfaces is also worth being developed to explore the impor-
tance of directional electrons generated by reversed electric fields with
potential applications in plasma processing, such as etching in micro-
electronics fabrication.
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