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We apply an implicit particle-in-cell Monte-Carlo (PIC-MC) method to study a radio-frequency argon
microdischarge at steady state in the glow discharge limit, in which the microdischarge is sustained by
secondary electron emission from the electrodes. The plasma density, electron energy distribution
function (EEDF), and electron temperature are calculated in a wide range of operating conditions,
including driving voltage, microdischarge gap, and pressure. Also, the effect of gap size scaling (in the
range of 50-1000 um) on the plasma sustaining voltage and peak electron density at atmospheric
pressure is examined, which has not been explored before. In our simulations, three different EEDFs,
i.e., a so-called three temperature hybrid mode, a two temperature o mode, and a two temperature y
mode distribution, are identified at different gaps and voltages. The maximum sustaining voltage to
avoid a transition from the glow mode to an arc is predicted, as well as the minimum sustaining voltage
for a steady glow discharge. Our calculations elucidate that secondary electrons play an essential role
in sustaining the discharge, and as a result the relationship between breakdown voltage and gap

spacing is far away from the Paschen law at atmospheric pressure. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4878161]

. INTRODUCTION

Microdischarges (MDs) are plasma sources that allow
conventional glow discharges to operate on a continuous ba-
sis at gas pressures up to atmospheric pressure by shrinking
the dimensions below 1 mm, following the famous pd prod-
uct (i.e., product of pressure and characteristic gap size).'”
In recent years, MDs have gained strong interest as they can
indeed produce a stable non-equilibrium plasma at atmos-
pheric pressure. The most remarkable advantages of MDs
are the low voltage and power that is necessary to drive the
discharge, but the discharge can still be stable at atmospheric
pressure and high discharge power densities (100 kW/cm?).
In fact, to maintain a non-equilibrium high pressure plasma
in other configurations than a MD is hard or even impossible,
because small fluctuations tend to be unstable and trigger a
rapid rise in the gas temperature (i.e., transition to a thermal
plasma arc). MDs can create a highly reactive environment
that contains charged particles, excited species, radicals and
photons, and the reduced dimensions enable low-power sour-
ces with small footprints suited for integration in microsys-
tems and portable devices. Therefore, atmospheric pressure
MDs have become of great importance for fundamental and
industrial research in recent years, as they can be used in a
broad range of applications,””’ such as for material process-
ing, displays, radiation sources, microsatellite propellers, and
in biomedical and environmental applications. Furthermore,
they may also become of great interest for the chemical
industry because they create a highly reactive environment
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at ambient temperatures and they may open up alternative,
highly flexible, environmentally friendly, and energy saving
chemical conversion routes.

MDs exist in numerous different configurations such as
DC glow discharges,®’ dielectric barrier discharges
(DBDs),"*!'" and radio-frequency (1f) discharges.'*™'® In par-
ticular, atmospheric pressure rf discharges are of great inter-
est, because they show interesting physics, including high
plasma density, and they have widespread applications.'”'®
A large variety of rf MDs, operating over a wide range of
frequencies,'>'®'? and with some characteristic discharge
dimensions,'® have been studied.”® Some unique properties,
such as discharge mode transition, the role of highly ener-
getic electrons, and non-equilibrium characteristics, have
been demonstrated.'*"?

However, despite the large number of studies performed
on MDs in the past 10 years, the physics and chemistry of
MDs are still far from understood. First, these MDs differ
from their larger scale, lower-pressure counterparts, as will be
illustrated below for the breakdown of pd scaling at different
gaps. Second, with micrometer and submillimeter gaps, the
role of “boundary dominated” phenomena, such as secondary
electron emission (SEE), becomes very important, which can
cause the reduction of the required operating voltage. Given
these challenges, it is interesting to understand the role of the
various operating parameters in MDs, such as the driving
voltage, pressure, discharge gap size, and especially the pd
scaling and the minimum plasma sustaining voltage.

It is well known that the gas pressure p and the gap size
d are key parameters in determining the breakdown voltage,
or in explaining how the plasma can be sustained in MDs.

© 2014 AIP Publishing LLC
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From the Paschen law, the breakdown voltage in a DC-
discharge, i.e., the voltage necessary to start a discharge or
electric arc, can be predicted as a function of pressure and
gap length.?! In our paper, the breakdown voltage is the volt-
age necessary to start a 13.56 MHz rf-steady-state-glow-dis-
charge and to sustain the plasma at steady state.

Some groups have studied the breakdown voltage versus
pd scaling in a DC discharge model,"***"?* focusing either
on gaps smaller than 50 um at atmospheric pressure or on
gaps larger than 200 um at a pressure lower than atmos-
pheric. However, due to the complicated physics and the
time-consuming numerical simulation processes involved,
the pd scaling on atmospheric pressure rf breakdown vol-
tages in MDs with a wide range of gap sizes (50-1000 ym)
has not been considered until now, which might open up a
new paradigm. Such a computational study is indeed much
more time consuming than for a low pressure or DC dis-
charge. In addition, the effect of pressure on the breakdown
voltage in rf MDs has also not yet been explored. Therefore,
in the present paper, we want to investigate how the pd scal-
ing affects the breakdown voltage in rf MDs sustained by
SEE in a gap varying from 50 to 1000 um. For this purpose,
we use an implicit PIC-MC method. First, the effect of vari-
ous operating parameters, including the driving voltage
(50-500V), the gap size (50—1000 um), and the pressure
(50-760Torr) on the MD behavior will be presented.
Second, the effect of gap size (d) and pressure (p) scaling on
the breakdown voltage in MDs at steady state will be exam-
ined. Note that we do not only try to address the dependence
of the plasma properties on the operating parameters but we
also aim to predict the minimum values of these parameters
for sustaining the plasma, and especially, we try to find the
optimum parameters, including the rf-voltage and gap size,
for atmospheric pressure MDs in argon, operating in a stable
way in the glow mode. We will show that the resulting dis-
charge behaves like a glow discharge, which is a self-
sustaining cold discharge sustained by SEE.

Il. DESCRIPTION OF THE MODEL

Numerical studies of MDs can be either based on a fluid
model or on a kinetic model, i.e., the PIC-MC method. MDs
are generally at non-equilibrium and the electron velocity
distribution is typically non-Maxwellian, although most
MDs are not far from thermal equilibrium at high pressures.
Fluid simulations'® have provided important information
about MDs; however, they assumed a Maxwellian electron
velocity distribution. It would be more accurate to use the
PIC-MC model."* On the other hand, the plasma density in
MDs can be as high as 103 m™3 , and the electron tempera-
ture is about 1eV, which will lead to a small Debye length
(in the order of 10~*~107>cm) and a high electron oscilla-
tion frequency (around 10'*~10'°Hz). As is well known, an
explicit PIC model requires to resolve the Debye length and
the electron oscillation frequency, which will lead to a high
computational cost several thousands cells and billions of
time steps). Indeed, if the spatial grid of the explicit simula-
tion does not resolve the Debye sheath, the particles will be
numerically heated, i.e., so-called “self-heating.” Moreover,
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the high pressure makes the situation even worse, because
the simulations require a much longer time to reach steady
state.

The alternative approach is to adopt an implicit PIC-MC
method,?® which allows us to use much larger space and
time steps while keeping the same accuracy. Here, we use a
direct implicit method, in which the field equations are
derived from direct summation and extrapolation of the
equations of particle motion. Our method has been described
in detail and tested widely before.?’*® Therefore, we only
briefly summarize it here. In general, the calculation of parti-
cle motion, or the so called “particle pushing procedure” is
divided into a so-called “first-push”
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and a “final-push”
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where x"*!, v**1/2 and "' are the position, velocity, and

averaged accelerations of the macro particles, and tilde is
attributed to the intermediate values between the time steps n
and n + 1. Furthermore, a"*! = gE"*! /m and a" is used for
Eq. (1) and updated by

1
a' = 5(5"71 —|—(1”+1). (3)
Between the two pushing procedures, the electric field E"*'
at time t"! is solved by

Ve[l @)Vt = —pm, @)
where p""! denotes the charge density calculated at ¥"*!,
and y(¥) =Y, ipi! %5t2. The ), denotes the summation
over all species particles. After the procedures of pushing the
particles and solving the electric field, a standard MC proce-
dure is executed.”” We consider only electron-atom and ion-
atom collisions (i.e., electron impact ionization and excita-
tion from the Ar ground state, and electron-Ar and Ar+-Ar
elastic collisions), as the ionization degree is never larger
than 1% and Coulomb collisions are negligible.”® The cross
sections for these reactions are adopted from Refs. 30-32. In
summary, the simulation cycle consists of the following
steps: (1) first pushing; (2) weighting; (3) solving the electric
field equation; (4) final pushing; and (5) MC process.

A 13.56 MHz rf-voltage source with peak voltages in
the range of 50-500V is used to drive the discharge. Argon
gas is used at a temperature of 300 K and the pressure ranges
from 50 Torr to 760 Torr. The discharge is sustained between
two parallel plate electrodes separated by a gap distance
varying from 50 to 1000 ym.

The PIC-MC method in this paper is modified by adding
a SEE model. SEE is known as an Auger electron emission



193301-3 Zhang et al.

process,’! and its coefficients depend on many factors, such
as the electrode material, the state of the electrode surface
(e.g., clean or contaminated), the kind of species and their
energy when impacting on the electrode. We have studied
the effects of different SEE coefficients, and we found that if
the coefficients are not assumed zero, the absolute values of
the results are different, but qualitatively the differences are
rather small. We assumed a value of 0.2 for the SEE coeffi-
cients due to ion and electron impact throughout the paper,
which corresponds to a clean stainless steel surface at low
energy.’” As the electron and ion densities increase rapidly
due to SEE, a particle merging algorithm is used when the
particle number exceeds a certain value. This PIC-MC
method is stable over a very broad range of physical and nu-
merical parameters.

In MDs, the fast oscillation modes of electrons are not
so much of interest,8 so we only need to resolve the rf-
frequency in time. Moreover, the Debye length does not
need to be resolved with this implicit method,*® so only the
sheath needs to be fully resolved in space. This saves us a
significant computational cost, and thus it allows us to reach
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steady state within a reasonable time and to scan the operat-
ing parameters over a broad range. The simulation time-step
is fixed at 10~'% s and the gap space is divided into 128 cells
in all cases, i.e., independent from the gap spacing. The ini-
tial electron and ion temperatures are 3eV and 300K,
respectively. In order to reach steady state, we ran the simu-
lations for several thousand rf periods. All the simulation
results, such as the electron and ion densities, the electron
temperature, the electric field and potential, and the electron
energy distribution functions (EEDFs), will be presented by
averaging over one f period after the simulations have
reached steady state.

lll. DISCHARGE BEHAVIOR IN A WIDE PARAMETER
RANGE

A. Effect of applied rf voltage

The effect of rf-voltage on the electron and ion densities
is shown in Fig. 1 for two different gap sizes, i.e., 500 um
(upper panels (a)—(c)) and 100 um (lower panels (d)—(g)), at
atmospheric pressure. In all cases, the electron and ion
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densities are more or less equal to each other as expected,
except in the sheaths, where the ion density is slightly higher,
creating a net positive space charge. The densities rise with
applied voltage in both discharge gaps, as expected.
Furthermore, the maximum plasma density in the 100 yum
gap is significantly larger than in the 500 um gap for the
same rf-voltage (i.e., a difference of one order of magnitude
at 100V, as is clear from Fig. 1). Indeed, the electric field is
much higher in the smaller gap at the same voltage, leading
to more ionization.

The electron and ion density profiles show two symmet-
ric peaks near the sheath boundary in the case of the 500 yum
gap (upper panel), which is similar to experimental observa-
tions®> in a SEE sustaining MD. On the other hand, in the
case of the 100 um gap (lower panel) the density profiles
show only a single peak in the center. This will be explained
in the following paragraphs.

First, it is important to realize that, despite the high col-
lision frequency at atmospheric pressure, the ions and elec-
trons do not necessarily exhibit a local behavior in a MD.
When the discharge is in a so-called hybrid mode™ (i.e., sus-
tained by SEE), a “local discharge” means that the SEE elec-
trons cannot reach the bulk region and most of them will
lose their energy in the sheath. A “nonlocal discharge,” on
the other hand, means that the SEE electrons can reach or
pass through the bulk region and induce ionization in the
bulk plasma.

At the discharge gap of 500 um, it can easily be seen
from the density profiles in Figs. 1(a)—1(c) that for an rf volt-
age of 300V and 500 V, the MD is nonlocal, while it is local
for the rf voltage of 100V (i.e., steep density peaks at the
sheath boundaries and low density in the bulk). In other
words, the SEE electrons gain more energy with increasing
driving voltage (from 100V to 300V and 500V) and the
mean free path of these electrons becomes comparable to or
larger than half of the width of the bulk region between the
sheath boundaries. Thus, these SEE electrons can reach or
pass through the bulk region and give rise to ionization,
explaining why the electron and ion densities are reasonably
high in the bulk at 300V and 500V, while they are almost
negligible in the bulk at 100 V. Furthermore, the sheaths
occupy a larger portion of the discharge gap when the rf volt-
age is reduced, which is explained because the electron and
ion densities are lower at lower rf voltage. The peak densities
are calculated to be 1.5 x 1019, 1021, and 2.9 x 1021m_3,
respectively, for 100V, 300V, and 500 V. Hence, the differ-
ence between 100 and 300V is much larger than between
300 and 500V, which is again explained by the local vs.
non-local behavior. Note that 500V was found to be the
maximum discharge voltage in the 500 um gap, to avoid the
transition from glow to arc discharge in our simulations.

At the discharge gap of 100 um, the density profiles in
Figs. 1(d)-1(g) indicate that the MD is nonlocal at all condi-
tions investigated. Indeed, the gap size is so small that the
mean free path of the SEE electrons is typically larger than
half of the gap size, and therefore, the SEE electrons can eas-
ily enter the bulk region and give rise to ionization, explain-
ing the maximum ion and electron densities in the center. It
is clear that the sheaths occupy again a smaller portion of the
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discharge gap at higher rf-voltages, and hence, the plasma
density shows a broader maximum in the discharge center.
Moreover, the plasma density becomes much larger upon ris-
ing voltage. Indeed, the peak densities are 5.4 x 10",
2.2 % 1020, 1.3 x 1021, and 2.7 x 10%* m_3, respectively, for
90V, 100V, 150V, and 200 V. Hence, in this case, the dif-
ference is very large between 150 and 200V, as well as
between 90 and 100 V. This can be explained because the
plasma is sustained in a steady state glow mode between
minimum 90V and maximum 200V breakdown rf voltage,
and in this narrow plasma stability range a small increase in
rf voltage leads to a large increase in plasma density. Note
that the maximum discharge voltage in the 100 um gap to
avoid the transition to an arc discharge was indeed approxi-
mately 200 V in our simulations.

It should be realized that in our PIC-MC model, we
adopted a 1D electrostatic model, and we do not consider the
magnetic field induced by the plasma current. Moreover, we
also keep the density and temperature of the background gas
fixed. Both assumptions are valid as long as the total ioniza-
tion rate is not very high (i.e., ionization degree < 10%) and
the gas heating is not significant, which is indeed the case for
the MDs operating in the glow regime. However, our model
cannot be used to describe the discharge in the arc regime,
where the magnetic field and gas heating cannot be
neglected. Therefore, the upper plasma density limit of our
simulations is about 10-10**m™> at the operating condi-
tions under study. Beyond these values, the plasma density
would increase rapidly, and the calculations would collapse
shortly. Hence, this also sets the upper limit of the applied rf
voltage, which is indeed around 500V in the gap of 500 um
and 200V in the gap of 100 um at atmospheric pressure.

Finally, it is striking that in the 100 um gap the sheaths
occupy more than half of the discharge gap, and even more
at the rf voltages of 90 and 100 V. It has been reported’""?
that when the sheaths are larger than half of the gap size, the
overall time-averaged electron and ion densities do not give
rise to an electrically neutral plasma. This will be further dis-
cussed explicitly in Sec. III B.

Figure 2 presents the time-averaged potential distribu-
tions, for the same gap sizes and rf voltages as in Fig. 1. As
is well known, with increasing rf-voltage, the plasma poten-
tial increases in both gaps. Furthermore, it is clear that the
sheaths become thinner at higher rf voltages, as could also
be deduced from Fig. 1 above. Due to the relatively low
plasma potentials (several tens of V), the avalanche induced
by the SEE electrons in the discharge will be limited. In
other words, the SEE electrons will be able to give rise to
only a few ionization collisions on their journey from elec-
trode to the bulk plasma, before they become thermal.

In order to examine the corresponding electron kinetics,
we plot the space-time-averaged EEDFs and the electron
temperature profiles in Fig. 3, for the different rf voltages,
and the two different gaps. As the gap size decreases from
500 pm to 100 pum, a transition of the electron heating mode
is observed. Indeed, the EEDFs change from a three-
temperature distribution (hybrid mode) in the 500 um gap
(at least in the case of 100 and 500 V) to a two-temperature
distribution (in the case of 150 and 200V) and a
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FIG. 2. Time-averaged potential distributions for a gap size of 500 um (a)
and 100 um (b), and different rf voltages (see legend).
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one-temperature distribution (at 90 and 100 V) in the 100 um
gap (y mode), as is shown in Figs. 3(a) and 3(b).

The three electron groups that can be identified in the
EEDFs of Fig. 3(a), in the case of 100 and 500 V, correspond
to low-energy (<1.5eV), mid-energy (between 1.5 and
12eV), and high-energy (>12eV) electrons. At 300V, a
two-temperature distribution (i.e., o« mode discharge) is
observed in Fig. 3(a), with two electron groups correspond-
ing to low energy (<2.5eV) and relatively high-energy
(>2.5eV), and the SEE induced y mode seems to be negligi-
ble. This is also clearly illustrated by the dashed line in Fig.
3(c), where no peaks in the electron temperature are
observed at the sheath boundaries for the 300 V case. Note
that this o mode dominated two-temperature EEDF, as
obtained in the 500 um gap at 300V, is essentially different
from the y mode two-temperature EEDFs, obtained in the
100 um gap at 150 and 200V (see Figure 3(b)). Indeed, in a
two-temperature o mode, the EEDF is dominated by low
energy bulk electrons, whereas in a two-temperature y mode,
the EEDF is dominated by the energetic SEE electrons,
which are rapidly accelerated across the sheath due to the
high electric field. The two electron groups that can be iden-
tified in Fig. 3(b) at 150 and 200V indeed correspond to
mid-energy (between 0.2 and 1.3eV) and relatively high-
energy (>1.3eV), which is different from the two electron
groups identified in Fig. 3(a); see above. In addition, the one
electron group in Fig. 3(b) at 90 and 100V corresponds to
relatively high energy (>0.2eV).

The question now arises why the 500 um gap at 100V
and 500V results in a hybrid mode (three-temperature elec-
tron distribution), whereas the 500 um gap at 300V yields a
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FIG. 3. Space-time-averaged EEDFs ((a) and (b)) and electron temperature profiles ((c) and (d)), for a gap size of 500 um ((a) and (c)) and 100 um ((b) and

(d)) for different rf-voltages (see legend).
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two-temperature o mode distribution, and the 100 um gap
gives a two/one-temperature y mode distribution at all vol-
tages. The answer for the different behavior at 300V in the
500 um gap can be found when comparing Figs. 1(b) and
1(c). Indeed, at 300 V, there is almost no difference between
the ion and electron densities in the sheaths, resulting in a
weak electric field, whereas at 500V, the ion density is
somewhat higher than the electron density, giving rise to a
positive space charge and hence a stronger electric field in
the sheath. This could also be seen in Fig. 2(a). This stronger
electric field implies that more SEE electrons can be acceler-
ated and give rise to ionization, explaining the hybrid mode
at 500 V, whereas the weaker electric field at 300 V explains
the « mode. The reason why the 100 um gap yields a y mode
distribution can be explained because the sheaths occupy a
larger portion of the gap and SEE becomes the main source
of the plasma electrons.

As shown in Figs. 3(c) and 3(d), the electron temperatures
exhibit also quite different profiles for the 500 um and 100 um
discharge gaps, because of the mode transition demonstrated
above. The peak electron temperature values are 0.9, 0.3, and
1.4eV, respectively, for 100V, 300V, and 500V in the
500 um gap, whereas the peak electron temperature values are
0.3, 0.4, 0.09, and 0.2eV, respectively, for 90V, 100V,
150V, and 200V in the 100 um gap. The maximum electron
temperature in the 500 um gap is typically larger than in the
100 um gap. For instance, at the same driving voltage of
100V, the maximum electron temperature is 0.9eV in the
500 yum gap and only 0.4 eV in the 100 um gap. The reason is
that the plasma potential in the 500 um gap is larger than in
the 100 um gap for 100 V. Indeed, in the y mode discharge,
the SEE electrons are accelerated to high energy by the poten-
tial drop in the sheath. This also explains why the maximum
electron temperature in the 500 um gap at 300V is so much
lower. The maximum electron temperature at 150V and
200V in the 100 um gap is lower, because in the sheaths the
ion and electron densities show a quasi-neutral trend.

J. Appl. Phys. 115, 193301 (2014)

It is notable that there is a very strong temperature gradi-
ent (with a slope almost infinite) in the temperature profiles
for all y mode cases, as shown in Figs. 3(c) and 3(d), near
the sheath edge. This is a natural result for atmospheric pres-
sure discharges, as the pressure is high and many collisions
take place, so most of the electrons can only be heated in the
sheath. In the bulk plasma, the electrons cannot be heated by
the rf electric field and will be cooled by the collisions, so
most of them will rapidly lose their energy, leading to a sig-
nificant temperature drop near the inner sheath edge.

In the hybrid mode (Fig. 3(c): 100 and 500 V) or the v
mode (Fig. 3(d)), the electron temperatures exhibit a saddle-
like profile, with maximum values in the sheaths and minima
in the bulk plasma. This can be explained because the elec-
tron impact ionization is mainly induced by the SEE beam
electrons from the electrodes. Therefore, the electron tem-
perature in the sheaths can show several peaks, which is
especially obvious in Fig. 3(d). These peaks correspond to
energy gain from the electric field in the sheaths, followed
by energy loss due to (ionization or excitation) collisions. On
the other hand, the « mode (i.e., in the 500 um gap at 300 V;
see dashed line in Fig. 3(c)) is characterized by a gradually
increasing electron temperature inside both sheaths towards
a constant value in the bulk discharge region. This is because
the bulk electron impact ionization dominates in this case.
This also explains why the bulk electron energy is larger at
300V in the 500 um gap than at 100 V and 500 V, because of
the o heating mode.

B. Effect of gap size

The effect of gap size on the electron and ion densities
at an rf-voltage of 100V and atmospheric pressure is shown
in Figs. 4(a)-4(d). As the gap size decreases, the sheaths
occupy a larger portion of the discharge gap. However, the
neutral bulk discharge region is always sustained at all gaps,
even at the smallest gaps of 50 and 200 um, where the
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sheaths are larger than half of the discharge gap. This is in
contrast with the simulations of Refs. 7 and 13, where no
quasi-neutral bulk region was obtained for the time-averaged
bulk density. However, we believe it is necessary that the
time-averaged density forms a neutral bulk region, when the
simulations reach a steady state.

The plasma densities show a single steep peak in the
center in the case of the 50 and 200 um discharge gaps (Figs.
4(a) and 4(b)), while the densities appear in two symmetric
peaks near the sheaths in the case of the 300 and 400 um
gaps (Figs. 4(c) and 4(d)). The peak densities are 4 x 10%°,
3.4 x 1019, 4 x 1019, and 5 x 1019m_3, respectively, for the
50, 200, 300, and 400 um gaps. Hence, the 50 um gap results
in the highest density. The density profiles can be understood
from the mean free path for ionization(s) of the SEE elec-
trons, which is in the order of ~100 um, depending on pres-
sure, but also on the sheath width and the potential drop in
the sheaths. If s is smaller than half of the discharge gap
(d/2), two peaks in the density profile appear near the
sheaths, whereas if s is larger than or equal to half of the dis-
charge gap (d/2) only a single peak in the center of the bulk
region is found, because the two density peaks induced by
SEE electrons originating from both electrodes overlap.

In other words, at the 50 and 200 um gaps, the electrons
are not in local equilibrium with the electric fields in the
sheaths, because the SEE electrons are accelerated in the
sheaths. On the other hand, at the 300 and 400 um gaps, the
electrons are in local equilibrium with the sheath electric
fields, even if the SEE electrons are accelerated in the
sheaths, since these gap sizes are larger than twice the SEE
electron mean free path for ionization. This explains why the
discharges at the 300 and 400 um gaps exhibit a local density
distribution.

The space-time averaged EEDFs, recorded for the four
different discharge gaps, are shown in Fig. 5(a), for the same
rf-voltage of 100V and atmospheric pressure. The corre-
sponding electron temperature profiles are plotted in Figs.
5(b)-5(e). When the gap size increases, the low-energy elec-
tron population increases and the high-energy electron popu-
lation decreases. The EEDFs are characterized by a three-
temperature distribution (i.e., hybrid mode) in the case of the
200 um, 300 um, and 400 um gaps. The three electron groups
correspond to low-energy (<0.4eV), mid-energy (between
0.4 and 14eV), and high-energy (>14¢eV). The low-energy
electron group is induced by the bulk heating, the high-
energy electron group is generated by the SEE electrons,
which can obtain high energy in the sheaths, and the mid-
energy group is created by ionization from the high-energy
SEE electrons in the sheaths. In the case of the 50 um gap,
on the other hand, only a two-temperature distribution (y
mode) is found, corresponding to mid-energy electrons
(<0.2eV) created from ionization of the SEE electrons and
relatively high-energy electrons (>0.2¢eV) corresponding to
the SEE electrons accelerated in the sheaths.

Figs. 5(b)-5(e) show that the electron temperature in the
sheaths is much higher than the bulk electron temperature
and can show several peaks, which indicates the prevalence
of the y mode, in agreement with experiments.”> In the
plasma bulk, the electron temperature is lower than 0.1 eV,
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for all discharge gaps investigated, but it increases with
increasing gap size, due to the transition from a pure y mode
to a hybrid mode.

The peak temperature values are 0.2, 0.9, 0.3, and
0.6eV, respectively, for the 50 um, 200 um, 300 um, and
400 um gaps. The large difference between the 50 um and
200 pm gaps is due to the strong electric field induced by the
large difference in electron and ion densities in the sheaths
in the 200 um gap [see Fig. 4(b)]. The same explanation also
holds for the difference between the 300 um and 400 um
gaps [see Fig. 4(d)].

C. Effect of pressure

Up to now, we have only considered the MD behavior at
atmospheric pressure. However, MDs can also operate at
reduced pressure, and the effect of gas pressure on the elec-
tron densities in the 100 um gap at an rf-voltage of 100V is
shown in Fig. 6. The electron density profiles are similar at
all pressures, with a single peak in the bulk center. In gen-
eral, the electron density increases with pressure from
100 Torr to 760 Torr, which is logical. However, at 50 Torr
the electron density is higher than at 100 and 300 Torr. This
can be explained because at this low pressure some of the
SEE electrons that are accelerated in the sheath can not only
enter the bulk plasma but also reach the opposite sheath and
thus they can be further heated there, and induce more ioni-
zation, explaining the higher density. The additional heating
can also be seen from Fig. 7(b), as the electron temperature
at 50 Torr is significantly larger than at the other pressures
investigated.

The space-time-averaged EEDFs and the electron tem-
perature profiles at the same conditions are presented in Figs.
7(a) and 7(b). As is clear from Fig. 7(a), the five EEDFs
show the same profile with a two temperature distribution,
mainly dominated by the high-energy electrons, which is a
typical feature of the y mode. This can also be deduced from
the electron temperature profiles (see Fig. 7(b)), which are
characterized by several peaks in the sheaths, which are
much higher than the values in the bulk plasma.
Furthermore, the high energy tail of the EEDFs and the elec-
tron temperature almost monotonically decrease upon
increasing pressure, which is logical, because of the higher
energy loss due to collisions.

IV. BREAKDOWN VOLTAGE VS GAP SIZE AND
PRESSURE

In the above sections, we have investigated the plasma
characteristics in a wide range of voltages, gap sizes, and
pressures. Now, we will focus on the breakdown voltage as a
function of pressure and gap spacing, because this is of great
interest for practical applications.

The effect of gap size scaling on the breakdown voltage
and on the peak electron density (at this breakdown voltage)
is plotted in Figs. 8(a) and 8(c), for atmospheric pressure. In
addition, the effect of pressure on the breakdown voltage and
on the peak electron density at a fixed gap of 100 um is illus-
trated in Figs. 8(b) and 8(d). The breakdown voltage shows a
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strongly non-monotonic trend upon increasing gap size, as
shown in Fig. 8(a). Indeed, it first increases rapidly from 50 V
at 50 um to 90V at 100 pum, then it decreases rapidly to again
50V at 280 um, and finally it increases slowly to 85V at
1000 um. Hence, both the gaps of 50 um and 280 um give
rise to a minimum breakdown voltage of 50V at atmospheric
pressure. This can again be explained by comparing the mean
free paths for ionization of the SEE electrons and the gap
spacing, as discussed in Sec. III B. Indeed, the mean free path
of the SEE electrons is around 100 um, so when the gap spac-
ing is larger than twice the mean free path (i.e., 200 um in
this case), the minimum breakdown voltage is similar to the
normal Paschen law, which has a minimum at about 250 um
for argon.”' This means that the electrons accelerated in one

Position (um)

sheath will not affect the other sheath. However, when the
gap spacing is reduced, and becomes comparable or smaller
than the mean free path, the electrons can pass through the
bulk plasma, and are further heated in the opposite sheath,
which significantly reduces the breakdown voltage and
increases the corresponding plasma density.

As illustrated in Fig. 8(b), when varying the gas pressure
from 50 to 760 Torr at a gap of 100 um, the breakdown volt-
age shows a broad valley with a minimum value of 70V at a
pressure of 200 Torr. This behavior is in satisfactory agree-
ment with the Paschen curve, although the minimum voltage
is much lower than those in the Paschen curve of argon (i.e.,
150 V).>! This may be attributed to the important role of
SEE in the MD plasmas under study. In fact, our results for
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FIG. 6. Electron density profiles at an rf-voltage of 100V and a gap size of
100 um, at 5 different pressures.

an rf MD should not be compared quantitatively with the
Paschen curve in a DC discharge. Indeed, if there are no
SEE electrons, our calculations predict that there will be no
stable discharge at such a small gap spacing (<500 um).
Hence, the fact that the V-pd curves for MDs are different
from the conventional Paschen law is the natural result of the
finite size effect: as the ionization mean free path is compa-
rable to the gap spacing, only a few ionization collisions and
no avalanche process can occur in MDs.

Note that the obtained breakdown voltages in the entire
range of discharge gaps (50-1000 um) and pressures
(50-760 Torr) are quite small (i.e., not larger than 90 V),
which is beneficial in terms of energy considerations. The
reason is that these MDs are sustained by SEE. This informa-
tion can be useful to determine the minimum voltages in
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micro-channel plasma generation and micro-plasma sources,
as well as to predict the critical dimensions in micro-plasma
devices, for engineering developments of MDs. Fig. 8(c)
illustrates that the peak electron density, obtained at the
breakdown voltage, decreases very steeply with increasing
gap size, i.e., from 45x10°°m™—> at a 50um gap to
1.1 x10"®m™~ at a 280 um gap, in the case of 760 Torr,
and then it slightly increases again to 1.2 x 10""m™ at a
1000 um gap. The reason is that the electron density is not
only determined by the gap size but also depends on the
applied driving voltage, hence the breakdown voltage in
this case. Indeed, the electron density increases with the
electric field (due to more ionization collisions), and the lat-
ter is determined from the ratio of the breakdown voltage
over the gap size. From 50 to 100 um, the gap size is domi-
nant in determining the electric field, explaining why the
peak electron density decreases quickly with increasing gap
size. At large gaps, the breakdown voltage dominantly
determines the electric field, explaining why the peak elec-
tron density increases slowly with increasing gap size.
Furthermore, when varying the pressure at a constant gap
size of 100 um (see Fig. 8(d)), the peak electron density
exhibits a minimum value of 2.7 x 10"”m™ at 200 Torr.
This corresponds to the pressure of the minimum break-
down voltage (cf. Fig. 8(b)). Indeed, this lower voltage
results in a lower electric field, at constant gap size, and
hence in a lower electron density.

Finally, the spatial distributions of the electron and ion
densities at atmospheric pressure and four different gaps
(i.e., 50 um, 100 um, 300 um, and 500 um) and at their corre-
sponding breakdown voltages (i.e., 50V, 90V, 60V, and
75 V) are shown in Figs. 9(a)-9(d). In contrast to the results
shown in Fig. 4 above, a single peak in the density distribu-
tion is now observed in all cases. Indeed, the double peak
distribution results from the SEE dominated discharge, but
the breakdown voltage is insufficient to induce a strong SEE
and this explains why only a single peak is observed, even at
the larger gaps of 300 um and 500 um.

200 300 400 500

Position (um)

V. CONCLUSION

A direct implicit PIC-MC method is applied to study an
rf argon MD operating in the glow discharge regime. In this
method, the field equations are derived from the direct sum-
mation and extrapolation of the Newton equations describing
the particle movement. This method allows to use much
larger space and time steps while keeping the accuracy, and
therefore it reduces the computational cost and self-heating,
which is very important for the simulation of atmospheric
pressure rf discharges at steady state. It has been demon-
strated that this method is stable over a broad range of oper-
ating parameters.

First the electron and ion densities, the EEDFs, and the
electron temperature profiles are presented in a wide range
of operating conditions, i.e., voltages of 50-500 V, a gap size
of 50-1000 um, and a gas pressure in the range of
50-760 Torr, to obtain a better insight in the general plasma
behavior. Our calculations predict that at atmospheric pres-
sure the maximum discharge voltage to avoid a transition
from glow to arc regime is equal to 500 V for a 500 um dis-
charge gap, whereas it is around 200 V for a discharge gap of
100 um.

When the SEE electron mean free path for ionization (s)
is smaller than half of the discharge gap (d), as in the case
for a discharge gap of 300 um and above, two electron (and
ion) density peaks near the sheath boundaries are observed.
On the other hand, when s is equal to or larger than d/2, as in
the case for a discharge gap of 200 um and lower, only a sin-
gle steep density peak in the center of the bulk region is
found.

Furthermore, at atmospheric pressure and a discharge
gap of 500 um, the EEDFs exhibit a three-temperature distri-
bution at 100 V and 500 V, which points towards a so-called
“hybrid mode,” i.e., a combination of & mode and (dominant)
y mode. On the other hand, at 300 V, the EEDFs show a two-
temperature distribution, corresponding to the o-mode,
which is attributed to its quasi-neutral plasma density in the
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sheaths, giving rise to only a weak electric field and therefore
limited electron heating in the sheaths. At a gap size of
100 um, the EEDF is characterized by a two-temperature dis-
tribution, corresponding to the y-mode, in the entire range of
voltages and pressures investigated. The fact that the EEDFs
are so much dependent on gap size, besides their dependence
on pressure and voltage, can be exploited as a manner for en-
gineering energetic electrons in MDs.

Second, a detailed study is performed of the effect of
gap size and pressure on the plasma breakdown voltage, in
order to elucidate the different pd scaling on the breakdown
voltage in a steady state atmospheric pressure rf MD (with a
gap ranging from 50 to 1000 um), compared to the classical
Paschen law, valid for DC discharges at larger gaps or lower
pressure. Our calculations predict that at atmospheric pres-
sure, there exist two gap sizes, i.e., 50 um and 280 um, which
correspond to the minimum breakdown voltage of 50V,
whereas the breakdown voltage is maximum (i.e., 90 V) at a
gap of 100 um. Note that the obtained breakdown voltages in
a wide range of discharge gaps (i.e., 50—1000 um) and pres-
sures (50-760Torr) are below 90V. This illustrates that
(atmospheric pressure or lower pressure) rf MDs in the glow
regime can be operated in an energy efficient manner, which
is of crucial importance as energy considerations become
more and more critical for many applications, including
chemical processing and the synthesis of nanostructures.
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