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ABSTRACT

We demonstrate the formation and transition behaviors of a microplasma around microstructure arrays at different gas pressures via two-
dimensional particle-in-cell/Monte Carlo collision simulations. It is found that the microdischarge occurs outside the cathode microcavities
at the lowest pressure and starts penetrating the microcavities with a curved sheath edge as the pressure increases. At higher pressure, cou-
pled periodic microhollow cathode discharges (MHCDs) are formed inside the microcavities. Further increasing the gas pressure results in
the disappearance of the MHCDs, and the dominant discharge shifts outside of the microcavity, locating above the protrusion tips. The effect
of the space charge shielding on the discharge and the conditions for MHCD formation are discussed. The macroscopic discharge parameter
scalings with the gas pressure and the electron kinetics are also examined. The results are helpful for deeply understanding the microplasma
formation with nonplanar electrodes, which inform the scaling, design, and optimization of microplasma array devices across a wide range

of pressure regimes in practical applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0046312

Microplasmas have received growing attention during the past
decades due to their potential for a wide range of applications, such as
photonic crystals," excimer sources,” analytical chemistry,” thin film
synthesis,” and plasma medicine.” Various discharge configurations
have been utilized for the generation of microplasmas, including
dielectric barrier discharges,” microplasma jets,” microhollow cathode
discharges (MHCDs),’ and others.” * Microplasma devices with inde-
pendently addressable microcavities for light sources and control elec-
tronics have been comprehensively studied by Eden’s group.'* '
Hopwood et al. studied the ignition of microwave microplasma with
microstrip resonators and presented the scale-up microplasma using
an array concept.'”'* Kushner’s group investigated the microplasma
array for controlling the propagation of electromagnetic waves and
found that the transmitted power can be tuned by the spatial distribu-
tion of microplasma cells."” More recently, a microdischarge array
device with dielectric holes was fabricated as an ozone generator with

20

flexible performance and high efficiency achieved.” With recent
advances in microfabrication technologies, the configurations of
microplasma devices are becoming increasingly diverse.

Although many applications of microplasma devices have been
developed, diagnosing the microdischarges is still rather challenging
due to the significantly reduced gap dimensions. The conventional
probe measurement (e.g., Langmuir probe’’) and the spectroscopy
technique are hardly possible for precise spatially resolved diagnosis.
Numerical simulations based on hydrodynamic and fully kinetic mod-
els are powerful tools and widely utilized to understand the fundamen-
tal mechanisms of the microplasmas.zz’27 However, many of the
simulation studies were carried out for planar electrodes or focusing
on a single unit between nonplanar electrodes for simplicity. The sim-
ulation with ideal planar electrodes cannot characterize the effect of
the surface morphology on the discharge. For the simulation with a
single unit between nonplanar electrodes, if the periodic boundary
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condition is used, the plasma is assumed to be duplicate periodically in
the radial direction, and the sidewall effect is just ignored; on the other
hand, if the boundary in a single unit is treated as a sidewall, the
microplasma will be largely affected by the sidewall since the sheath
region can occupy a considerable part of the microgap. Therefore, sim-
plified simulation setups may not fully reflect the practical conditions,
which typically have many structural units and a sealed sidewall. Our
previous studies have characterized the effect of the nonplanar elec-
trode surface morphology (e.g., hemispherical cathode protrusion) on
microgap breakdown.”* *” Nevertheless, the investigation of microdi-
scharge around nonplanar perturbations is far from complete, and the
physics of how a microplasma responds to a multidimensional surface
morphology is still not fully understood.

In this work, we demonstrate the generation and characteristics
of a microplasma around the microstructure arrays on the cathode
surface in a microgap. The transition behaviors of the microdischarge
at different pressures are characterized using two-dimensional parti-
cle-in-cell/Monte Carlo collision (PIC/MCC, 2d3v) simulations. It is
found that the discharges are above the microcavity at lower pressure
and localized to the microstructures at higher pressure. The macro-
scopic discharge parameter scalings with the gas pressure and the elec-
tron kinetics is presented. The results from this work provide more
comprehensive understanding and better optimization of the opera-
tion of microplasma array devices with structured electrodes in practi-
cal applications.

The schematic slice of the microgap in Cartesian geometry (xy)
is shown in Fig. 1. The microgap consists of one planar anode and a
structured cathode with an array of microcavities. A direct-current
voltage V4 is applied to the anode through a ballast resistor Ry, while
the cathode is grounded. d; and d, are the shortest and longest gap
distance, respectively; w; and w, are the protrusion width and cavity
width, respectively; wj is the distance between the outer cavity and the
cathode edge. In this work, the discharge conditions are V=800V,
R, =100kQ, d; =150 um, dr =200 um, w; =50 um, w, =50 um,
and w; = 100 um. The microgap in the z-direction is ideally uniform,
and since the external circuit is considered, the depth is set to 100 ym,
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FIG. 1. Schematic of the microgap with the structured cathode and dielectric
sidewall in Cartesian geometry (xy). Vq is the applied voltage and R; is the bal-
last resistor; di and d, are the shortest and longest gap distance, respectively;
wy and w; are the protrusion width and cavity width, respectively; ws is the dis-
tance between the outer cavity and the cathode edge. In this work, Vg, =800V,
R, =100kQ, dy=150pum, dp=200um, w;=50um, w,=>50um, and
w3 =100 um.
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in order to determine the discharge conditions in the modeling. The
ion-impact secondary electron emission from the cathode is consid-
ered, and the effective secondary electron emission coefficient is 0.1.*
A Neumann boundary condition is used at the inner dielectric sidewall
with surface charge accumulation, and d¢/0x = 0 for the electric
potential is used at x = 0 and 550 um. The simulations are performed
with argon at 300K, accounting for three electron-neutral collisions
(elastic, excitation, and ionization scattering) and two ion-neutral colli-
sions (isotropic and backward scattering).31

The simulations are conducted using a custom-developed two-
dimensional PIC/MCC model (Astra code™) with an implicit algo-
rithm. The gas pressure p varies from 10 Torr to 200 Torr. For the
cases with p > 50 Torr, the cell sizes are Ax = Ay = 1 um, and the
time step is At =0.1 ps. Since implicit algorithm and energy conserva-
tion scheme used here alleviate the constraints of the space and time
steps, Ax = Ay = 2 um and At =0.2 ps are used to accelerate the
simulation at lower pressure, which generally takes a longer physical
time to reach a steady state. The results presented in the following are
from the simulations at the steady state. The number of superparticles
in our simulations is on the order of one million and case dependent.
The maximum number of superparticles per cell (not the averaged
number) is around 100 at lower pressures and about 150~300 at
higher pressures (with smaller discharge regions). Although the colli-
sion frequency approaches the plasma frequency for higher pressure
cases (e.g., with a larger pd value), under which conditions strictly con-
verged simulations may not be easily obtained with reasonable compu-
tational cost, the phenomena occurring predominantly in the sheath
region, such as the discharge impedance and the power deposition,
can still be adequately captured.””* The same discharge characteris-
tics were also observed in the simulations even using fewer superpar-
ticles. Our simulations combined with the implicit algorithm and
energy conservation scheme can substantially alleviate the self-heat-
ing,”*"” which ensures the fidelity of the simulation results.

The spatial distributions of the electron density are shown in Fig.
2, demonstrating the transition behaviors of the microdischarge at dif-
ferent pressures. The gas pressure in Figs. 2(a)-2(f) is 10, 20, 50, 100,
150, and 200 Torr, respectively. In Fig. 2(a), the electron density is con-
centrated above the structured cathode and relatively uniform in the
center. The discharge is less perturbed by the irregularity of the cath-
ode. Since the sheath width d; is larger than the microcavity dimension
(ds > wy, =50 um at 10Torr), the perturbation of the nonplanar
structures is screened because of the space charge shielding effect. The
density profile is smoothed away from the cathode, and the sheath
edge is relatively flat. In Fig. 2(b), the plasma sheath becomes narrower
at a higher pressure, and the perturbation of the electrode irregularity
is observed. There are multiple electron density peaks right above the
cathode microcavities with the maximum electron density increased.
The cathode sheath edge is curved, which demonstrates the impact of
the nonplanar electrode. In Fig. 2(c), the sheath edge becomes more
curved, and the maximum electron density is further increased; the
electron density peaks start penetrating the microcavities. At 100 Torr,
the MHCDs are formed [see Fig. 2(d)], and the electron density is sig-
nificantly enhanced, reaching on the order of 102! m—3. Meanwhile,
the negative glow region outside the cavity becomes less pronounced.
In Fig. 2(e), at 150 Torr, the maximum electron density slightly
decreases, while the discharge is still in the MHCD mode. However,
further increasing the gas pressure results in the disappearance of the
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FIG. 2. Spatial distributions of the electron density n (unit in m=3) at (a) 10 Torr,
(b) 20 Torr, (c) 50 Torr, (d) 100 Torr, (e) 150 Torr, and (f) 200 Torr. The microplasma
at 100 Torr shows the highest electron density inside the microcavity.

MHCDs [see Fig. 2(f)]. At 200 Torr, the dominant discharge region
shifts outside the cathode microcavities, and the maximum electron
density is reduced. The sheath width and the negative glow regions are
obviously constricted due to the sufficiently high pressure. The oppo-
site negative glow regions, which remain inside the microcavity, are
separated without forming the typical MHCD. Note that here the side-
wall is relatively far from the center, and thus, its effect on the plasma
is less pronounced than the simulation using a single structure unit, in
which the sheath width could be more comparable to the size of
microplasma.

Figure 3 shows the spatial distributions of the electric potential,
corresponding to the cases in Fig. 2. The contour (equipotential) line
corresponds to 0.9¢,,.. (¢, is the maximum electric potential) in
each case. In Figs. 3(a)-3(c), the dominant potential drop occurs out-
side of the microcavities; as the gas pressure increases, the

scitation.org/journal/apl
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FIG. 3. Spatial distributions of the electric potential ¢ (unit in V) at (a) 10 Torr, (b)
20 Torr, (c) 50 Torr, (d) 100 Torr, (€) 150 Torr, and (f) 200 Torr. The contour line cor-
responds 10 0.9¢,,,.. (¢,,..x is the maximum electric potential) in each case.

equipotential line transits from flat to curved contour, which is also
consistent with the gradually curved sheath edge [see Figs. 2(a)-2(c)].
In Figs. 3(d)-3(f), at higher pressures, the cathode fall layers are gener-
ally smaller, and most of the microgap domain, including the micro-
cavity, is equipotential. The 0.9¢,,,, potential drop width is very
narrow for discharges in the MHCD mode [see Figs. 3(d) and 3(e)].
However, at 200 Torr, the voltage drop from the bottom becomes
wider [see Fig. 3(f)] since the discharge does not penetrate sufficiently
into the microcavities and the dominant discharge locates above the
protrusion tips.

The transition behaviors of the microdischarges are observed in
Figs. 2 and 3, which demonstrate the negative glow discharge with
gradually curved sheath edge, hollow cathode discharge mode, and
glow discharge with constricted cathode fall layer. The electron density
is significantly increased when the MHCDs are formed. The
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microdischarges at higher pressure are periodically coupled, forming
array microplasmas localized inside the cathode microstructures.
Although the simulation results may change under different discharge
conditions, the transition characteristics, according to the similarity
law,” are expected to be generally similar with the same characteristic
length, e.g., Knudsen number 4/L, where Z is the mean free path and
L is the physical dimension.”” The discharge characteristics are largely
determined by the electron mean free path, which is expressed as

kT
poc(e) '

where kj is the Boltzmann constant, T}, is the gas temperature, p is the
gas pressure, and a,(&) is the collision cross section.” As indicated in
Ref. 39, secondary electrons accelerated by the opposite sheaths should
collide with neutral particles (at least one collision or ionization) in neg-
ative glow to sustain the hollow cathode discharge. Considering the neg-
ative glow size should be larger than /., we have the upper limit of the
electron mean free path A, . = W, — 2d;, where d; is the sheath width
that could also depend on the gas pressure and the discharge current
density J, i.e., d; = ds(p,]). The hollow cathode discharge cannot form
if Z is too large (e.g., Ae > Ze.max)> OF Aemax < 0 [e.g., wp < 2d; in Figs.
2(a)-2(c)], where the negative glow cannot be housed inside the cavity.
On the other hand, the MHCD cannot form if Z, is too small [e.g., at
200 Torr in Fig. 2(f)]. Considering the opposite negative glow regions
inside the cavity should not be completely separated, we have the lower
limit of the electron mean free path . i = w2/2 — ds. As shown in
Fig. 4(a), the mean free path for electron impact ionization 4;, of sec-
ondary electrons is compared to the estimated range (Ae min, Ae,max)-
The MHCD is observed when A, is within or close to the estimated
range; otherwise, the MHCD cannot form. Therefore, the discharge can
only penetrate the microcavity, forming MHCD, at a certain pressure or
pw, range. Although simplified, it is a straightforward prediction on the
relation between the gas pressure and the discharge transition behavior,
the validity of which is also confirmed.

According to Refs. 40 and 41, the estimated range of pw, for
MHCD formation in argon should be 0.026-10 Torr - cm;"” the predic-
tion of which, however, does not take the negative glow region into
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FIG. 4. (a) Comparison between the ionization mean free path and the estimated
MHCD conditions. (b) Macroscopic discharge parameter scalings with gas pressure.
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consideration and may not be sufficiently accurate. The experimental
results by Schoenbach et al suggest pw, ranging from 0.53 to5
Torr - cm.” Our simulation results suggest the range is about 0.25 to 1
Torr - cm, which is closer to the experimental results than the rough
theoretical estimation. A more appropriate estimation, considering the
negative glow width and d; = d,(p, J), indicates that the upper limit for
argon MHCD is 1.1 Torr - cm,* which is almost the same as ours. Note
that though rather close, the PIC results and the experiments still have
difference, which may be relevant to the different discharge configura-
tions utilized. The coplanar cylindrical holes are used in Ref. 8, while the
discharge at higher pressure can still form inside the microcavity, show-
ing a ring structure but without the overlapping of the opposite negative
glow regions,”” which may overestimate the upper limit. Other geomet-
rical parameters (e.g., w1, dy, and d,) may also alter the pw, range for
the MHCD formation. Our results based on the fully kinetic simulations
clearly present the MHCD formation and conditions with the discharge
transition behaviors captured, which are beneficial for optimizing
microdischarge array devices across different pressure regimes.

The macroscopic discharge parameter scalings with gas pressure
are shown in Fig. 4(b). As the pressure increases, the gap voltage V,
decreases from 642V to the lowest value 274V, and then increases.
The U-shaped scaling tendency is consistent with previous experimen-
tal results of MHCDs (e.g., Yamasaki et al*"); similar tendencies were
also reported by Metel et al.”” and Kolobov and Metel*” for classical
hollow cathode discharges, which also indicate the validity of the sim-
ulation results. Note that Vg, is close to but could be smaller than
@ max> as shown in Fig. 3, because of the plasma potential which is
slightly positive to the anode.””"* The discharge current I is within
the range of 1.58~5.63mA, while the input power P,
(Pin = Vgp - Lis) varies nonmonotonically within the range of
1.01~1.58 W. The discharges in the MHCD mode have higher elec-
tron densities, whereas the power consumption is not the highest,
showing an optimized energy efficiency. The discharge power con-
sumption is relatively small (on the level of several Watts), whereas the
power density is high (up to hundreds kW cm™3),” indicating the
flexibility in scaling up the array configuration for developing portable
plasma equipment.

Figure 5 shows the electron energy probability functions (EEPFs)
in full space at different pressures, which are highly non-Maxwellian
with boosted high energy tails. As the pressure increases, the boosted
high energy tail generally becomes less pronounced, and the maxi-
mum electron energy decreases, which corresponds to the maximum
sheath voltage drop. When electrons (e.g., secondary electrons) travel
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FIG. 5. EEPFs in full space at different pressures, which are highly non-Maxwellian
with boosted high-energy tails.
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across the sheath ballistically, they are accelerated and obtain the full
potential energy, converting to kinetic energy.”’ At lower pressures,
the electrons are more likely traveling ballistically, and maximum elec-
tron energy is close to the gap voltage. However, this is not necessarily
true at higher pressures when the plasma becomes more collisional.
For example, the gap voltage at 200 Torr is higher than that at
150 Torr, the maximum electron energy still decreases since the elec-
trons may not travel across the sheath ballistically, thus not obtaining
the full potential energy. Note that the high energy tail in the EEPFs is
supposed to be little influenced by the numerical relaxation, due to the
small physical relaxation time.*

In summary, we have demonstrated the formation and transition
behaviors of microdischarges around microstructure arrays via two-
dimensional PIC/MCC simulations. At the lowest pressure, the micro-
plasma is outside the microcavities, and the sheath edge is relatively
flat due to the space charge shielding effect. As the gas pressure
increases, the sheath edge becomes curved and starts penetrating the
microcavities on the cathode. At higher pressures, the MHCD is
formed inside the microcavity and the electron density is significantly
enhanced (order of 102 m~3). Further increasing the gas pressure
results in the disappearance of the MHCD, and the dominant dis-
charge region shifts to the outside of the microcavities. The condition
of the MHCD formation is confirmed with the gradual discharge tran-
sition behaviors captured. In all the studied cases, the EEPFs in full
space are highly non-Maxwellian and have boosted high energy tails,
in which the highest energy corresponds to the maximum sheath
potential drop. The microdischarges at higher pressures are localized
to the cathode microstructures and coupled periodically, which indi-
cates the flexibility in scaling up the microplasma array device toward
larger dimension scales. The results from this study are helpful for
more comprehensive understanding and better optimization of the
operation of microplasma array devices in practical applications. The
stability and tunability of the microdischarge interacting with a non-
planar electrode surface morphology across a wider range of the dis-
charge condition parameter regimes, and the effect of other electron
emission mechanisms will be explored in future work.
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