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A one-dimensional, implicit particle-in-cell Monte Carlo collision model is used to simulate the
plasma kinetic properties at steady state in a parallel-plate direct current argon glow microdischarge
under various operating conditions, such as driving voltage (30 − 1000 V) and gap size (10 − 1000
µm) at atmospheric pressure. First, a comparison between rf and dc modes is shown for the same
pressure, driving voltage and gap spacing. Furthermore, the effect of gap size scaling (in the range of
10−1000 µm) on the breakdown voltage, peak electron density and peak electron current density at
breakdown voltage is examined. The breakdown voltage is lower than 150 V in all gaps considered.
The microdischarge is found to have a neutral bulk plasma region and a cathode sheath region with
size varying with the applied voltage and the discharge gap. In our calculations, the electron and ion
densities are of the order of 1018 − 1023 m−3, which is in the glow discharge limit, as the ionization
degree is lower than1%. The electron energy distribution function (EEDF) shows a two-energy
group distribution at a gap of 10 µm, and a three-energy group distribution at larger gaps such as
200 and 1000 µm, emphasizing the importance of the gap spacing in dc microdischarges.

PACS numbers:

I. INTRODUCTION

Microdischarges (MDs) are gas discharge plasmas gen-
erated in small dimensions, typically 100’s of µm, and
operating at gas pressures up to atmospheric pressure1,2.
In recent years there has been a great research inter-
est in atmospheric pressure non-equilibrium plasmas in
MDs3,4. The reason is that atmospheric pressure MDs
can produce stable, self-sustaining non-equilibrium glow-
like plasmas in microgaps and offer a wide variety of po-
tential applications that exploit their small length and
high pressure properties, such as light sources, material
processing and synthesis, chemical analysis, environmen-
tal applications, combustion and medical treatments5,6.

There have been considerable efforts to develop MD
devices that can effectively generate and maintain sta-
ble discharges at atmospheric pressure2. Different type-
s of atmospheric pressure MDs, based on the power
source, have been studied, such as direct current (dc)
glow discharges1,7, alternating current (ac) discharges8,
radio-frequency (rf) discharges9, nanosecond-pulsed
discharges10 and microwave discharges11. dc glow dis-
charges are of special interest due to their simplicity and
stable operation conditions over a wide range of control-
lable parameters12.

Atmospheric pressure dc glow discharges can be gen-
erated in a stable way between two electrodes, i.e., the
transition to an unstable arc discharge can be avoided,
when the electrode separation is kept below 1 mm13.
However, experimental diagnostics of these MDs are very
challenging, due to the small dimensions. Recent inter-
est in dc MDs is motivated not only by the basic plas-
ma physics2 but also by the industrial applications14,15,
e.g., in microreactors for gas reforming, material depo-

sition and the destruction of environmentally harmful
substances. There have been many experimental in-
vestigations on dc MDs by using optical emission spec-
troscopy (OES)7,13,16–18, laser Thomson scattering (LTS)
and diode laser absorption spectroscopy19. Yokoyama et
al. demonstrated by using OES that an atmospheric d-
c microplasma could be generated in air with a low gas
flow of helium or argon through a nozzle, i.e., a glow
discharge is observed with a positive column and a lay-
ered structure near the cathode7. Based on OES, atmo-
spheric pressure dc glow discharges were investigated13

between a thin cylindrical anode and a flat cathode with
an inter-electrode gap spacing in the range of 20 µm-1.5
cm. Again, OES detection of a dc glow discharge was
performed in a planar glass microstructure at close to
atmospheric pressure using argon as a carrier gas16. Fur-
thermore, OES was used to study an atmospheric pres-
sure dc helium MD across a 200 µm slot17, with a bulk
electron density of about 1019 m−3, as well as a 600 µm
slot-type argon dc MD18 with pressures of 100 s of Tor-
r and electron density of about 1020 m−3. In addition,
LTS and diode laser absorption spectroscopy were em-
ployed to measure the electron temperature and electron
density in an argon dc MD19 with a driving current of
50 mA and pressure of 300− 700 Torr, in which the elec-
tron density was about 1019 m−3. However, these optical
and laser-aided diagnostics demand complex experimen-
tal setups and they also face challenges because of the
high collisionality at atmospheric pressure.

Since computer simulations can overcome the exper-
imental challenges, they have become an indispensable
alternative for MD diagnostics. Numerical studies of dc
MDs can be either based on a fluid model1,12,20 or on a
kinetic model, i.e. the particle-in-cell Monte Carlo col-
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lision (PIC- MCC)21–23 method. Kushner used a two-
dimensional (2D) fluid model to study the dynamics of
cylindrical, metal-dielectric-metal sandwich argon MDs
with sizes of a few hundred µm and pressure of 50− 500
Torr, in which an electron density of about 1020 m−3

and temperature of several eV were obtained1. A one-
dimensional (1D) fluid model was also used to study a
250 µm gap dc helium MD at a pressure of 250 Torr12

as well as a 200 µm gap dc helium MD at atmospher-
ic pressure20, yielding an electron density of 1020 m−3

and a temperature of tens of eV at a driving curren-
t density of about 104 A/m2. Although fluid model-
s can give important and fruitful information, they as-
sume a Maxwellian velocity distribution, whereas MDs
are generally at non-equilibrium and the electron veloc-
ity distribution is typically non-Maxwellian. Moreover,
for a dc MD it has been reported that fluid simulations
could not describe features like kinetic effects, observed
in PIC-MCC simulations22. Thus, it would be more ac-
curate to use a PIC-MCC model in order to examine
the kinetic effects in a dc MD. Choi et al.21 presented
a 1D PIC-MCC simulation of a 200 µm gap dc helium
MD at atmospheric pressure, and compared the electron
density and temperature between fluid and PIC-MCC
models. The breakdown voltage in a dc argon MD with
a gap size of 1 − 100 µm was also studied very recent-
ly, by taking into account field emission by the Fowler-
Nordheim equation in a PIC-MCC simulation method23,
and the results of this method will be compared with
the breakdown voltage in our simulation by using a sec-
ondary electron emission PIC-MCC model. These PIC-
MCC simulations21–23 made use of an explicit PIC mod-
el, which is known to be time consuming and to suffer
from ”self-heating”, especially at atmospheric pressure,
compared to an implicit PIC method24–26.

In our previous work, an implicit PIC-MCC method
was used to study a rf argon glow MD sustained over
a wide range of operating conditions27. Three differen-
t electron energy distribution functions (EEDFs), i.e., a
three temperature hybrid mode, as well as a two tempera-
ture mode, were identified at different gaps and voltages.
Also the breakdown voltage as a function of gap spac-
ing was examined , which is far away from the Paschen
law at atmospheric pressure. However, as the Paschen
curve is characteristic for dc discharges, the comparison
between the exact values was not meaningful. We might
expect important differences between dc and rf MDs at
atmospheric pressure. Therefore, in this paper, we use
the same PIC-MCC simulation model to compare the rf
and dc MDs under the same operating conditions. Sub-
sequently, we study the dc breakdown voltage for a gap
spacing of 10 − 1000 µm, as well as the plasma kinetic
properties such as density, current, EEDF, temperature
and electric field, for atmospheric pressure dc argon mi-
croplasmas, under various operating conditions of driving
voltage (30 − 1000 V) and gap size (10 − 1000 µm), to
find out the optimum conditions for potentially industrial
applications. The breakdown properties in a very small

(0.2 µm gap) dc MD sustained by Fowler-Nordheim field
emission, was reported in our recent work28. To the best
of our knowledge, the atmospheric pressure plasma kinet-
ic properties and the gap size scaling on the breakdown
voltage in a dc argon MD sustained by a self-consistent
secondary electron emission (SEE) model in a wide range
of gap sizes (10− 1000 µm), has not been studied before
with an implicit PIC-MCC model.

II. DESCRIPTION OF THE MODEL

In this paper, we have used a direct implicit PIC-MCC
code24–26. In this PIC-MCC code scheme, the field equa-
tions are obtained from direct summation and extrap-
olation of the equations of particle motion, a standard
MCC procedure is used29 to account for elastic, exci-
tation and ionization electron-neutral collisions, and for
elastic scattering and charge exchange ion-neutral colli-
sions. More specifically, electron impact ionization and
excitation from the Ar ground state, and electron-Ar and
Ar+-Ar elastic collisions are accounted for. Since the ion-
ization degree is never larger than 1%, Coulomb collisions
are negligible25. The cross sections used in this paper are
adopted from30–32. Our method has been described in de-
tail and tested widely before25,26. A dc-voltage source of
10− 1000 V is used to drive the MD. Atmospheric pres-
sure argon gas is used at a temperature of 300 K. The MD
is sustained between two parallel plate electrodes sepa-
rated by a gap of 10 − 1000 µm. The PIC-MCC model
is self-consistently coupled with the SEE model, assum-
ing a constant ion impact SEE coefficient of 0.1, which
is the same as used in a fluid model1 and PIC-MCC21

simulations, in order to easily compare our results with
the results from literature. As the number of electrons
and ions increases rapidly due to the SEE at large driving
voltages, a particle merging algorithm is used when the
macro particle number exceeds a certain value (typically
400 per cell). The initial electron and ion temperatures
are 3 eV and 300 K, respectively.

The SEE process31 is generally believed to play a key
role in sustaining the dc discharge. The SEE coefficients
depend on many factors, like the electrode material, the
status of the electrode surface (i.e., clean or dirty) and
the kind of species and their energy impacting on the
electrode33. We have studied the effects of different SEE
coefficients in both dc and rf microdischarges32, and we
found that if the coefficients are not zero, all results, like
the breakdown voltage, the electron and ion densities,
the plasma potential, the electron temperature, and the
EEDFs, are similar, with only small differences in abso-
lute values. However, if the SEE coefficient is assumed to
be zero, no discharge can be sustained. So in all simula-
tions below, we consider only SEE due to ion impact, and
we assume the SEE coefficient to be equal to 0.1, which
corresponds to a clean stainless steel surface at low ion
impacting energy (i.e., up to 100 eV )32. Indeed, in that
case, the SEE coefficient can be assumed to be constant
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for clean cathode surfaces33.
Although a dc discharge is the simplest case, there are

some issues that need special attention34,35. The first
is the driving method: in simulations of a dc discharge,
either a voltage driven34,36 or a current driven9 method
can be used. In order to make predictions of the break-
down voltage, we need to use the voltage driven method
without an external resistance. However, this will lead
to an overestimation or underestimation of the curren-
t density35 to some extent. Indeed, the plasma den-
sity might gradually increase very slowly even after it
reaches (quasi) steady state, due to a positive feedback
process in the simulations: a higher plasma density will
lead to more secondary electrons due to a higher ion cur-
rent, and more secondary electrons will lead to a high-
er density. Hence, it is not straightforward to achieve
a satisfying steady state in dc discharge simulations by
the PIC-MCC method. Therefore, a common method
is to cut off the simulations after some specific time,
when the plasma density tends to become stable; this
method is also used in many other similar simulation-
s (see e.g.: Refs.29,34,36–38). However, we have checked
that this method will not affect the properties studied
here, by cutting off the simulations after various differ-
ent times. The second issue is that different superparticle
weights might lead to different results, so we have used
the particle rezoning method by Lapenta39 to eliminate
this problem.
All simulation results, such as the electron and ion den-

sities and currents, the electron temperature, the plasma
potential, the electric field and the EEDFs, will be pre-
sented at steady state and averaged by several thousand
time steps. Here when the simulations reach steady s-
tate, the physical properties, such as the density and the
temperature, is nearly constant over time and will on-
ly oscillate at small amplitude. Note that because the
electron energy distribution function is different from a
Maxwellian distribution, the electron temperature means
averaged electron energy by convention. The simulation
time-step is fixed at 4 × 10−12 s and the gap space is
divided into 128 cells. Normally the simulations will run
for more than 3× 105 time-steps.

III. RESULTS AND DISCUSSION

A. Comparison between rf and dc MDs

In order to compare the plasma characteristics between
rf and dc MDs, Fig. 1 shows the electron and ion densities
in the rf MD at four different times in the rf-cycle (a-d),
and in the dc MD (e), as well as the rf time-averaged
and dc plasma potential (f), for the same gap spacing
of 200 µm and a driving voltage of 100 V (note that
this is the amplitude for the rf case with a frequency of
13.56 MHz), at atmospheric pressure. The left side of the
figures corresponds to the cathode whereas the right side
corresponds to the anode. However, for the rf discharge

the cathode and anode are equivalent.
It is easy to see from Fig. 1(a-d) that the rf electron

density varies with time, while the rf ion density is near-
ly constant throughout the whole rf cycle, since the ions
cannot follow the rapidly oscillating rf electric field due
to their high mass and low mobility. The rf electron den-
sity shows asymmetric distributions with a longer sheath
on the left side and the right side, respectively, at π/2
and π3/2, whereas, the electron density distribution is
symmetric and the same at π and 2π. The dc electron
and ion density profiles (Fig. 1(e) are also asymmetric,
with their maximum closer to the cathode than to the
anode.

The rf peak electron and ion densities (which are the
same in the bulk plasma)are 1.1× 1019 m−3 and remains
constant as a function of time. Note that the ”peak den-
sity” means the maximum bulk density for both electrons
and ions throughout the paper. The dc peak density is
slightly higher, i.e., 1.3 × 1019 m−3. The reason for this
is the more efficient electron impact ionization in the dc
mode, due to its larger potential drop in the sheath [see
Fig. 1(f)], compared to the rf mode, for the same driving
voltage and gap spacing. Indeed, the plasma potential
drop in the sheaths is 40 V in the rf case, while it is 100
V in the dc case, as shown in Fig. 1(f). Even the ac-
cumulated potential drop (∼ 80 V) of the two sheaths
in the rf mode is still lower than the dc potential drop
(∼ 100 V) in the single sheath. This means that elec-
trons will acquire more energy in the dc sheath than in
the rf sheaths in average.

Note that this result is different from the low pressure
case (< 300 mTorr), where the rf maximum density is
typically larger than in the dc case, if all parameters are
the same40,41. This is because at atmosphere pressure the
Ohmic or collisional heating is the sole heating mechanis-
m. An electron can only gain energy in the sheath with
the upper limit of the potential drop in the sheath. On
the other hand, at low pressure, collisionless or stochastic
heating is dominant41–43, leading to a much larger den-
sity for the rf driven case. In our previous work, the rf
MD was studied in detail. In the present paper, a similar
detailed study of the dc MD will be presented.

B. Breakdown voltage as a function of gap size

In this section, we will study the breakdown charac-
teristics for dc micro discharges. In our simulations, the
breakdown voltage is calculated by the following method:
first we fix all the parameters and we vary the voltage
over a broad range, in steps of 5 V. Below a specific volt-
age, the simulations will no longer be sustainable: the
plasma density will gradually decrease to zero during the
simulations, which means that the plasma cannot be gen-
erated or sustained. Above a certain voltage, the plasma
density will become stable. The breakdown voltage is
given by this specific voltage, which means that the error
is at maximum 5 V.
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Figure 2(a) presents the calculated breakdown volt-
age as a function of gap size in the range of 10 − 1000
µm. Note that the breakdown voltage is in the order of
∼ 30− 75 V between 10− 100 µm, which is much small-
er than the values reported in Ref.23, i.e., ∼ 550 − 1000
V, although the same rising trend with increasing gap
size was reported. This is because of different model as-
sumptions. Indeed, in Ref.23 the MD was assumed to
be sustained by field emission, whereas in our simulation
the MD is sustained by SEE at all gaps in the range of
10 − 1000 µm. Indeed, it has been demonstrated exper-
imentally that the Paschen law is valid for gaps greater
than ∼ 10 µm, confirming the assumption that field e-
mission has negligible effects on the breakdown voltage
considered here44,45.

The breakdown voltage generally increases with in-
creasing gap size, although it slightly decreases from 75 V
at 100 µm to 70 V at 200 µm, This local minimum at 200
µm can be explained by comparing the mean free path
for ionization of the SEE electrons with the gap spac-
ing. Indeed, the mean free path of the SEE electrons is
around 100 µm in argon at atmospheric pressure. Thus,
when the gap spacing is 200 µm, it is larger than the
mean free path, and the electron and ion densities show
a maximum in the bulk near the sheath in front of the
cathode, from which the SEE electrons are generated [see
Fig. 4(a) below)], and the latter causes a further increase
of this maximum, so the discharge is further enhanced.
On the other hand, when the gap spacing is 100 µm,
the maximum electron and ion densities appear closer to
the anode, where the electrons are completely absorbed,
hence a larger breakdown voltage is needed to sustain
the plasma in this case, compared to the MD at 200 µm.
This minimum breakdown voltage at 200 µm is similar to
the normal Paschen law, which has a minimum at about
250 µm for argon46.

To sustain a stable discharge, the electrons heated in
the cathode sheath must produce enough electron-ion
pairs by ionization to compensate for the loss of the elec-
trons and ions at the anode. This means that some of
the electrons must be heated in the cathode sheath to
above the ionization threshold (which is 15.8 eV for ar-
gon). When the gap spacing is larger, the electric field
is typically lower and the heating process in the cathode
sheath can be quite slow, so the electrons must travel a
rather long distance to gain energy above the ionization
threshold. This means that the electrons on their way
can lose a significant amount of energy by excitation, as
the mean free path is small compared to the distance
travelled by the electrons. However, when the gap spac-
ing becomes comparable or smaller than half of the mean
free path of the SEE electrons (hence below 50µm), the
electrons will be heated to above the ionization thresh-
old much more quickly, without losing much energy by
inelastic collisions, and this significantly increases the ef-
ficiency of ionization and thus reduces the breakdown
voltage. This explains the local maximum in breakdown
voltage for the 100µm gap size. Note that the obtained

breakdown voltages in the entire range of discharge gaps
(10− 1000 µm) are quite small (i.e., not larger than 150
V) because the discharge is sustained by SEE. This is
beneficial in terms of energy saving considerations.

The peak electron density obtained at the breakdown
voltage is plotted as a function of gap size in Fig. 2(b),
and the corresponding peak electron current density is
presented in Fig. 2(c). The peak electron density de-
creases very steeply with increasing gap size, i.e., from
1.2× 1021 m−3 at a 10 µm gap to 5.2× 1019 m−3 at a 50
µm gap. Subsequently, it drops more slowly to 4.8×1018

m−3 at a 500 µm gap due to the lower electric field as
well as the lower amount of ionization with increasing
gap size, and finally it increases again to 1.3× 1019 m−3

at a 1000 µm gap, because the breakdown voltage now
mainly determines the local ionization. The high electron
density at the 10 µm gap can again be explained because
this gap is much smaller than half of the mean free path
of the SEE electrons, so the electrons will be continuous-
ly heated in the cathode sheath without losing energy by
inelastic collisions, leading to more ionization collisions
and this significantly increases the plasma density, com-
pared to the other gaps (≥ 50 m). The peak electron
current density has a maximum value of 12651 A/m2 at
the 10 µm gap, and it shows a very similar trend as the
electron density, which is logical.

When comparing the breakdown voltage and peak elec-
tron density at breakdown voltage with the results ob-
tained in the rf MD27, it is clear that a similar behavior
is observed in both cases. Indeed, in the rf MD a local
minimum was observed for the 280 µm gap, and a local
maximum at 100 µm. However, the difference between
the values of this local minimum and maximum in the rf
case was much more pronounced (i.e., 90 vs 50 V, com-
pared to 75 vs 70 V in the dc case; see Fig. 2(a)). This is
because in the dc case most electrons and ions are gener-
ated and accumulate at a distance smaller than 100 µm
from the cathode (see Figs. 4-5), although a small part
of the electrons is absorbed by the anode for a discharge
gap of 100 µm compared to 200 µm. Thus the breakdown
voltage for 100 µm is only a little higher than for 200 µm.
In the rf discharge, on the other hand, the electrons which
are generated from one electrode can be repeatedly heat-
ed by the oscillating rf electric field in the bulk plasma
at a gap of 280 µm, because this is larger than twice the
SEE electron mean free path, whereas at 100 µm, a much
larger number of electrons may be absorbed by the two
electrodes, leading to a much higher breakdown voltage
for maintaining the discharge at steady state than at 280
µm. In general, however, the values of the breakdown
voltage are in the same order in both cases, although in
the rf MD the breakdown voltage was never higher than
90 V (which was thus reached at the local maximum of
100 µm). The reason why in the dc MD the breakdown
voltage becomes higher than 100 V for gaps larger than
500 µm, can be explained by the rather weak electric field
in the longer bulk region compared to the rf case where
the electrons are heated by the oscillating rf field. The
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behavior and the values of the peak electron density are,
very similar in both dc and rf MDs, although the values
in the dc case are slightly higher, because of the more
efficient electron impact ionization in the dc mode, due
to its larger potential drop in the sheath, as shown in
Fig. 1(f).
In the next sections, we will illustrate the plasma be-

havior for three different gap sizes, i.e., 10 µm (corre-
sponding to the conditions of more effective heating of
the SEE electrons to above the ionization threshold in
the cathode sheath, and hence a very low breakdown
voltage), 200 µm (corresponding to the local minimum
in breakdown voltage when the gap size is larger than
the mean free path for ionization) and 1000 µm (corre-
sponding to the highest value for the breakdown voltage).

C. Effect of driving voltage at a gap of 10 µm

Not only the breakdown voltage but also the plasma
kinetic properties are important for practical applications
of a MD. In order to illustrate the effect of different volt-
ages (i.e., 50, 100 and 250 V) compared to the breakdown
voltage (30 V) on these plasma characteristics, we show
in Fig. 3 the electron and ion densities (a), the electric
field (b), and the electron temperature (c) as a function
of distance from the cathode, as well as the (spatially
averaged) EEDF (d), in the 10 µm gap, for these four
different voltage cases. The left side of the figures corre-
sponds to the cathode whereas the right side corresponds
to the anode. The sheath thickness is evaluated as the
region from the cathode to the position at which the elec-
tron density is equal to 95% of the ion density.
In Fig. 3(a), the density shows a single ion and electron

peak, leading to charge neutrality in the bulk, for the four
different driving voltages. In the sheath, the ion density
is slightly higher than the electron density, leading to
a net positive space charge, as is common in dc glow
discharges. The density increases with increasing voltage
due to the enhanced ionization, and the peak densities are
calculated to be 1.2 × 1021 , 2.1 × 1021 , 1.1 × 1022 and
3×1023 m−3, respectively, for 30 V, 50 V, 100 and 250 V.
At 30 and 50 V, a relatively large cathode sheath with a
width of ∼ 6.5 µm, and a much smaller bulk plasma with
a width of ∼ 3.5 µm are observed, and there is no anode
sheath. At 100 V, the cathode sheath is 5.5 µm, the
anode sheath is ∼ 0.5 µm, and the bulk plasma region is
∼ 4 µm, whereas at 250 V, the cathode sheath is 3.9 µm,
the plasma bulk region is 5.6 µm and the anode sheath
is again ∼ 0.5 µm. In other words, the cathode sheath is
larger than half of the discharge gap for 30, 50 and 100
V, which is similar to fluid simulations from literature12

although the electron and ion densities did not give rise
to a quasi-neutral plasma in that case. Note that even
the high density of ∼ 1023 m−3 in the neutral bulk region
is still in the glow discharge limit, as the ionization degree
is lower than 1%.
As observed from Fig.3(b), the electric field in the cath-

ode sheath increases rapidly with increasing voltage, and
takes a maximum negative value of −7.2×106, −1.1×107,
−3.1×107, and −108 V/m at the cathode, at 30, 50, 100
and 250 V, respectively. It is interesting to see that the
electric field at 250 V has a maximum positive value of
107 V/m at the anode, as well as a second maximum of
5× 105 V/m at the cathode sheath edge.

The electron temperatures exhibit several peaks in the
sheath and low values in the bulk plasma, as is clear from
Fig. 3(c). This can be understood as follows: the elec-
trons will be continuously accelerated in the dc electric
field, so they will accumulate energy, explaining the rise
in the temperature profiles, until their energy is above
the excitation or ionization threshold, when they can give
rise to excitation or ionization collisions, thereby losing
their energy, leading to a sharp drop in the temperature
profiles. This process can occur several times within the
sheath, as long as the dc voltage is high enough, resulting
in many peaks of the electron temperature in the sheath.
These peaks in the electron temperature are especially
obvious at 100 and 250 V, which is logical. At 30 and 50
V, on the other hand, the electron temperature shows an
almost linear increase in the cathode sheath with a max-
imum value at the sheath edge, because earlier in the
sheath the electron energy was too low to cause a sub-
stantial amount of excitation or ionization, which would
lead to sudden drops in the electron temperature. The
peak electron temperature values are 0.13, 0.37, 2.41 and
1.81 eV, respectively, for 30, 50, 100 and 250 V. The
maximum electron temperature at 250 V is lower than
at 100 V, which could be due to the fact that the elec-
trons lose more energy in the sheath, because they give
rise to more ionization, as is clear from the much higher
electron density (i.e., factor 30 higher at 250 V compared
to 100 V; cf. Fig. 3(a)).

In order to examine the electron kinetics in more detail,
we plot in Fig. 3(d) the spatially averaged EEDFs, which
show a two-energy group distribution for all four voltages,
corresponding to a major low-energy (≤ 7 eV) electron
group and a minor high energy (> 7 eV) electron group.
This is due to the much higher electron density in the
bulk region compared to the sheath (see Fig. 3(a)). Fur-
thermore, the Ramsauer-Townsend effect47 can be clearly
seen in the EEDFs, as the electron scattering cross sec-
tion of argon shows a shallow minimum in the vicinity of
2 eV, so most electrons have an energy around 1.5 eV. In
the high energy region (> 7 eV) the electron population
almost linearly decreases with increasing energy, because
the electrons in the high energy group are continuously
heated in the dc electric field in the sheath, but at the
same time they will lose energy through excitation or
ionization collisions, so the higher energy electron pop-
ulation decreases and only a minority of electrons can
accumulate the maximum energy corresponding to the
driving voltage (i.e., 30, 50, 100 and 250 eV, respective-
ly) .

To summarize, the calculated maximum electron and
ion densities, sheath width, maximum electric field and
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maximum electron temperature are presented in Table 1,
for 30, 50, 100 and 250 V in the 10 µm gap, as shown.

D. Effect of driving voltage at a gap of 200 µm

To compare the plasma behavior at larger gap spacing,
Fig. 4 shows the effect of the driving voltage at a larger
discharge gap of 200 µm, on the electron and ion densities
(a), electric field (b) and electron temperature (c), as a
function of distance from the cathode, as well as on the
spatially-averaged EEDFs (d). The lowest voltage of 70
V corresponds to the breakdown voltage.
It is clear from Fig.4(a) that the ion and electron den-

sities are again equal to each other in the bulk, but they
now show a peak at the edge between the cathode sheath
and the bulk, which is attributed to the important role
of ionization by the SEE electrons, which have a mean
free path for ionization of about 100 µm (see above). The
density increases with increasing voltage due to the en-
hanced ionization and the peak densities are calculated
to be 3.6×1018, 1.3×1019 , 1.3×1021 and 1.2×1022 m−3 ,
respectively, for 70 V, 100 V, 250 and 500V. The cathode
sheath width decreases with increasing voltage; it is 75,
58, 41 and 21 µm, respectively, for 70, 100, 250 and 500
V. The anode sheath width is negligible in all cases. In
the sheath, there is a significant difference between the
electron and ion densities at 70 and 100 V. Indeed, at 70
V, the electron and ion densities are about 1015 and 1018

m−3, respectively, hence the ion density is three orders
of magnitude higher than the electron density. At 100
V, the difference is a bit lower, but still the ion density
(∼ 3×1018 m−3) is a factor of 30 higher than the electron
density (∼ 1017 m−3).
These results agree qualitatively with

experimental17,18 and other simulation20,21 results.
Compared to Ref.21 for a current driven helium MD
(200 µm gap and ∼ 250 V), the sheath width in our
case is quite similar (i.e., 41 µm compared to ∼ 40 µm
obtained with the explicit PIC-MCC model and ∼ 45
µm obtained with the fluid model in Ref.21 ). However,
the density profile is more asymmetric, with a peak near
the cathode sheath, and the peak density is almost two
orders of magnitude higher. This is because argon can be
more easily ionized (lower ionization threshold), leading
to a higher plasma density. Moreover, the asymmetric
profile is attributed to the lower diffusion in argon than
in helium. As we dont know the exact value of the
voltage from the current-driven MD in Ref.21, a direct
comparison is impossible. However, our simulations will
be useful to compare with future experiments, as the
voltage is more easily measured.
As shown in Fig.4 (b), the electric field reaches it-

s maximum negative value again at the cathode. It is
−1.7 × 106, −3 × 106 ,−9.8 × 106, and −2.4 × 107 V/m
at 70, 100, 250 and 500 V, which is significantly smaller
compared to the case of 10 µm, but on the other hand,
the region where the field is non-zero is much longer than

10 µm.

As is clear from Fig.4(c), the electron temperatures ex-
hibit again several peaks in the sheath, with a maximum
value at the end of the sheath and low values in the bulk
plasma, because the electron impact ionization is main-
ly induced by the SEE electrons from the cathode. The
peaks in the sheath are now obvious for all voltages, and
they correspond again to energy gain from the electric
field, followed by energy loss due to collisions, like in the
10 µm gap (see above). The peak electron temperature
values are 4, 4.3, 4.6 and 3.6 eV, respectively, for 70 , 100,
250 and 500 V. Again, the lower value at 500 V may be
due to the more abundant ionization collisions, as in the
10 µm gap. In our simulations, the electron temperature
is only a few eV, however, an electron temperature of
about 20eV is reported in the sheath[21], even above the
excitation threshold, which is not likely to occur in atmo-
spheric pressure discharges, because the collisions are so
strong that most electrons cannot gain that high energy.
We think this phenomenon may be partially attributed
to numerical heating in the explicit PIC method, which
will numerically heat the electrons and lead to an over-
estimation of the electron temperature if the space step
is not small enough.

In Fig. 4(d), the spatially averaged EEDFs show a
three-energy group distribution for all four voltages. We
can distinguish a low-energy ( < 2 eV), mid-energy (
between 2 and 20 eV), and high-energy ( > 20 eV) group
at 100, 250 and 500 V, while at 70 V, the mid-energy and
high-energy groups are between 2 and 12 eV, and > 12
eV, respectively. The majority of electrons is in the low-
energy group, due to the much higher electron density
in the bulk region (see Fig. 4(a)). The EEDF at 70
V exhibits a Ramsauer-Townsend-like distribution in the
low-energy region, with a minimum around 1.2 eV. In the
mid-energy region the electron population decreases with
higher voltage. Furthermore, at 100, 250 and 500 V, the
electron population drops more smoothly with increasing
energy in the high-energy region, as the electrons are
significantly heated from the cathode to the bulk edge.

Again, the calculated maximum electron and ion densi-
ties, sheath width, maximum electric field and maximum
electron temperature are summarized in Table 2, for 70,
100, 250 and 500 V in the 200 µm gap.

When we compare the results obtained for the dis-
charge gaps of 10 and 200 µm for the same driving voltage
of 100 V, it is clear that the sheath occupies a larger por-
tion in the 10 µm gap, and the electron and ion densities
show a relatively broad maximum (∼ 1022 m−3) in the
bulk, while in the 200 µm gap the sheath is much smaller
than the gap size and the electron and ion densities show
a peak (which is much lower, i.e., ∼ 1019 m−3) near the
sheath-bulk interface. The reason for the different den-
sity profiles (and density values) is that in the small gap
of 10 µm the electrons are more efficiently heated, giv-
ing rise to more effective ionization in the entire bulk
region, explaining the broader density profile and higher
density values, whereas in the 200 µm gap, the electrons
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are only generated in the bulk near the cathode sheath
edge, because the mean free path of the SEE electrons
(∼ 100 µm) is smaller than the gap size. In addition,
the electron temperature is smaller in the 10m gap than
in the 200 µm gap (i.e., ∼ 2 eV vs. ∼ 4 eV), because
the electrons are less effectively accelerated in the signif-
icantly smaller sheath (< 6 µm ) in the 10 µm gap than
in the larger sheath (∼ 60 µm) in the 200 µm gap. This
does not contradict the above discussions, as the electron
temperature is determined by the average heating for all
electrons, which is more effective for larger gap spacing.
On the other hand, the minimum breakdown voltage and
ionization efficiency are governed by only a small amount
of high energy electrons, which is more effective for the
smaller gap spacing,
This fact also explains why in the 200 µm gap the EED-

F exhibits a three-energy group distribution, whereas a
two-energy group distribution is observed in the 10 µm
gap. Indeed, this is again due to the small sheath width,
i.e., the SEE electrons will be immediately heated to the
higher energy electron group before they lose energy by
collisions, as the electric field is much larger . It can be
clearly seen that there is a significantly larger amount of
high energy electrons above the ionization threshold for
the smaller gap spacing.

E. Effect of driving voltage at a gap of 1000 µm

Finally, Fig. 5 shows the electron and ion densities (a),
electric field (b) and electron temperature (c) as a func-
tion of distance from the cathode, as well as the EEDF
(d) at four different voltages for the largest gap consid-
ered in this work, i.e., 1000 µm. The lowest voltage of
150 V corresponds again to the breakdown voltage.
It is obvious from Fig. 5(a) that the densities now

show a narrow peak at the sheath edge with much low-
er values in the bulk plasma, and the sheaths occupy a
very smaller portion of the discharge gap, at rising gap
size. Indeed, the absolute sheath width increases from
several µm in the 10 µm case ( Fig. 3) to tens of µm
in the case of the 200 and 1000 µm gaps (Figs. 4 and
5). This is quite logical, because of the high voltages and
the large gap spacing, and the small values of the mean
free path of the SEE electrons (∼ 100 µm; cf. above).
The density increases again with voltage due to the en-
hanced ionization and the peak densities (again the same
for the electrons and ions in the bulk) are calculated to
be 1.2× 1019 , 1.3× 1021, 1.3× 1022 and 2.5× 1022 m−3,
respectively, at 150 V, 250 V, 500 V and 1000 V. In the
sheaths, the electron and ion densities are quite different,
especially at 150 V, giving rise to a significant positive
space charge.
The narrow sheaths (< 45 µm) are also apparent from

Fig. 5(b), and the electric field reaches maximum neg-
ative values of −5.7 × 106, −2.1 × 107 ,−4.6 × 107, and
−6.6× 107 V/m at 150, 250, 500 and 1000 V. Note that
the maximum negative electric field at 250 V is smaller

than in the case of 10 µm (cf. Fig. 3(b)), which is log-
ical, as the sheath is thinner in the latter case, so the
potential needs to drop over a shorter distance, resulting
in a larger electric field. On the other hand, it is larger
than the value at 200 µm (cf. Fig. 4(b)), due to the nar-
rower sheath (i.e., 25 µm vs 41 µm in the 200 µm gap; cf
above).

We can see from Fig. 5(c) that at 150 V, the electron
temperature increases almost linearly in the sheath, and
reaches a maximum value of 8.3 eV at the sheath edge,
with a low and nearly constant value of ∼ 0.7 eV in the
bulk plasma. The electron temperature profile at 250
V is similar with that at 150 V, although the electron
temperature peak is closer to the cathode and the peak
value is 7.7 eV, due do the narrower sheath (∼ 25 µm
for 250 V vs ∼ 45 µm for 150 V). At 500 and 1000 V,
the electron temperature reaches a maximum of 1.5 eV
at 14.6 µm in the sheath, and nearly constant values of
1.2 and 0.8 eV in the bulk, respectively. The electron
temperatures in the sheath at 500 and 1000 V are lower
than at 150 and 250 V. The reason is probably that the
electric field in the sheath is much larger for high voltage,
so that the electrons can be heated above the ionization
threshold within the sheath, leading to significantly elec-
tron energy loss by inelastic collisions. This also explains
the higher ionization rate and density.

The spatially-averaged EEDFs show again a typical
three-energy group distribution, corresponding to low-
energy ( < 3 eV), mid-energy (between 3 and 10 eV),
and high-energy ( > 10 eV) electrons at 150 and 250 V,
and low-energy ( < 4 eV), mid-energy (between 4 and 11
eV), and high-energy ( > 11 eV) electrons at 500 V, while
a two-energy group distribution, corresponding to low-
energy ( < 10 eV) and high-energy ( > 10 eV) electrons
is observed at 1000 V; see Fig. 5(d). It is easy to see
that the lower boundary (∼ 10 eV) of the high energy
group falls into the energy region between the excitation
and ionization thresholds, because the electrons will lose
their energy near these energy values. Nevertheless, at all
voltages, the majority of the electrons is again in the low-
energy region, due to the much higher electron density
in the bulk region (see Fig. 5(a)).

When comparing the results between 200 and 1000 µm
for the same driving voltage of 250 V, it is clear that the
sheath is somewhat smaller at 1000 µm than at 200 µm
(i.e., ∼ 25 µm vs. ∼ 41 µm). Indeed, in the gap of 1000
µm, the electrons and ions are strongly locally distributed
and there are almost no species in the bulk region (at a
distance from the cathode larger than 150 µm). This
local distribution leads to lower losses, and therefore a
smaller sheath is sufficient to sustain the discharge. The
maximum densities in both gaps are comparable (∼ 1.6×
1021 m−3). Again, the maximum electron temperature
in the sheath is higher in the 1000 µm gap than in the
200m gap (i.e., ∼ 8 eV vs. ∼ 4.5 eV), due to the stronger
electric field in the narrower sheath in the 1000m gap
than in the 200 µm gap (see Figs. 4(b) and 5(b)).

When comparing the results among the three different



8

gaps, i.e., 10, 200 and 1000 µm, for the same driving
voltage of 250 V, we can conclude that the peak density
is largest for the 10 µm gap, due to the largest electric
field (see Fig. 3(b)) yielding more ionization, while the
maximum electron temperature increases with rising gap
size, because the electrons can be heated over a longer
distance in the sheath as the gap size increases, despite
the fact that the largest electric field is obtained in the
10 µm gap. Hence, the plasma characteristics for the
three gaps studied here are clearly different, and show
that an atmospheric pressure argon dc MD exhibits a
quite different behavior, depending on the gap size.

IV. CONCLUSION

We have presented a one-dimensional implicit particle-
in-cell Monte Carlo collision simulation study of the ki-
netic plasma properties in an atmospheric pressure d-
c argon MD operating in the glow regime in a wide
range of driving voltages (30 − 1000 V) and gap sizes
(10 − 1000µm). The effect of gap size scaling (in the
range of 10− 1000 µm) on the breakdown voltage, peak
electron density and peak electron current density at the
breakdown voltage is examined. The breakdown voltage
is found to be lower than 150 V in all gaps considered.
This illustrates that dc MDs at atmospheric pressure that
are sustained by SEE in the glow regime can be operated
in an energy efficient way, which is of crucial importance
in terms of energy considerations. The microdischarge
is characterized by a neutral bulk plasma region and a
cathode sheath region, which fills (more than) half of the
discharge gap for a gap size of 10 µm and relatively low
discharge voltages, but the ratio of sheath size vs. dis-
charge gap significantly shrinks with increasing gap size

and driving voltage, and the sheath becomes even neg-
ligible at a gap size of 1000 µm and driving voltages of
500− 1000 V.

The calculated bulk electron and ion densities are in
the order of 1018 − 1023 m−3 at typical conditions, and
the electron temperature is typically a few eV in the 10
and 200 µm gap, but it can reach up to 8 eV in the 1000
µm gap at 250 V. Note that even at the high density of
∼ 1023 m−3 the MD is still in the glow discharge limit,
as the ionization degree is lower than 1%. The electron
energy distribution function (EEDF) shows a two-energy
group Ramsauer-Townsend like distribution at a gap of
10 µm, and a three-energy group distribution at the larg-
er gaps of 200 and 1000 µm, emphasizing the importance
of the gap spacing effect in dc MDs. From our simula-
tions, it is clear that three different discharge ”modes”
can be distinguished, depending on the gap spacing, with
different characteristics. They might serve as reference
values for the basic physics and the experimental design
of atmospheric pressure dc MDs.
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VII. TABLES AND TABLE CAPTIONS

Voltage 

 (V) 

Maximum 

electron and 

ion density  

(m-3) 

Sheath 

width  

(µm) 

Maximum 

electric  

field  

(V/m) 

Maximum 

electron 

temperature 

(eV) 

30 1.2×10
21

 6.3 -7.2×10
6
 0.13 

50 2.1×10
21

 6.8 -1.1×10
7
 0.37 

100 1.1×10
22

 5.4 -3.1×10
7
 2.41 

250 3×10
23

 3.8 -10
8
 1.81 

 

TABLE I: Calculated maximum electron and ion densities,
sheath width, maximum electric field and maximum electron
temperature, for a driving voltage of 30, 50, 100 and 250 V
and a discharge gap of 10 µm.

Voltage 

 (V) 

Maximum 

electron and 

ion density  

(m-3) 

Sheath 

width  

(µm) 

Maximum 

electric  

field  

(V/m) 

Maximum 

electron 

temperature 

(eV) 

70 3.6×10
18

 75 -1.7×10
6
 4 

100 1.3×10
19

 58 -3×10
6
 4.3 

250 1.3×10
21

 41 -9.8×10
6
 4.6 

500 1.2×10
22

 21 -2.4×10
7
 3.6 

 

TABLE II: Calculated maximum electron and ion densities,
sheath width, maximum electric field and maximum electron
temperature, for a driving voltage of 70, 100, 250 and 500 V
and a discharge gap of 200 µm.

VIII. FIGURES AND FIGURE CAPTIONS
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FIG. 1: (Color online) Electron and ion densities in the rf
case, at four different times in the rf cycle (a-d) and in the dc
case (e), and the time-averaged plasma potential (f) in the rf
(solid line) and dc (dashed line) discharges, as a function of
distance from the cathode, in a discharge gap of 200 µm for
a driving voltage of 100 V.
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FIG. 2: (Color online) Breakdown voltage (a), peak electron
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down voltage, as a function of gap size.
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FIG. 3: (Color online) Electron and ion densities (a), elec-
tric field (b), and electron temperature (c), as a function of
distance from the cathode , and spatially-averaged electron
energy distribution functions (EEDFs) (d) , for different ap-
plied voltages, in a discharge gap of 10 µm.



14

0 20 40 60 80 100

1E-8

1E-6

1E-4

0.01

1(d)

Electron energy (eV)

E
E

D
F

 (
a

.u
.)

 

 

 

 70 V

 100 V

 250 V

 500 V

0

1x10
18

2x10
18

3x10
18

4x10
18

0.0

4.0x10
18

8.0x10
18

1.2x10
19

1.6x10
19

0 50 100 150 200

0.0

4.0x10
20

8.0x10
20

1.2x10
21

0 50 100 150 200

0.0

4.0x10
21

8.0x10
21

1.2x10
22

70 V
(a)

D
e
n

s
it

y
 (

m
-
3
)  

 

 

 Electron

 Ion

100 V

  

 

 

250 V

Distance from cathode (µm)

  

 

 

500 V

 

 

 

 

0 50 100 150 200

0

1

2

3

4

5
 70 V

 100 V

 250 V

 500 V

Distance from cathode (µm)

(c)

E
le

c
tr

o
n

 t
e

m
p

e
r
a

tu
r
e

 (
e

V
)

 

 

0 50 100 150 200

-2.5x10
7

-2.0x10
7

-1.5x10
7

-1.0x10
7

-5.0x10
6

0.0

  

 

 

 70 V

 100 V

 250 V

 500 V

Distance from cathode (µm)

E
le

c
tr

ic
 f

ie
ld

 (
V

/m
)

(b)

FIG. 4: (Color online) Electron and ion densities (a), electric
field (b) and electron temperature (c), as a function of dis-
tance from the cathode, and spatially-averaged EEDFs (d),
for different applied voltages, in a discharge gap of 200 µm.
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FIG. 5: (Color online) Electron and ion densities (a), electric
field (b) and electron temperature (c), as a function of dis-
tance from the cathode, and spatially-averaged EEDFs (d),
for different applied voltages, in a discharge gap of 1000 µm.


