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Abstract—1In this study, voltage distribution and surface
dielectric barrier discharge (DBD) of a microplasma discharge
device (MDD) were modeled in 2-D domain using finite-element
analysis (FEA). Initially, the voltage distribution across comb-,
H-tree-, and honeycomb-structured MDD was analyzed. Then,
the cross section of an MDD consisting of a polyimide-based
dielectric sandwiched between two copper electrodes was used
for modeling the microplasma discharge characteristics in an
argon environment. A sinusoidal voltage was applied to one of
the copper electrodes while the other electrode was grounded.
The spatial distributions of electron temperature (ET) across
the electrodes for varying input voltages were simulated to
demonstrate the importance of breakdown voltage. A detailed
analysis on the effect of varying electrode and dielectric barrier
thicknesses on electron density and ET was also performed to
understand the importance of optimizing device configurations
for microplasma discharge. Moreover, MDD was also simulated
in varying ambient temperature and pressure conditions to
evaluate their effect on ET and density across the electrodes. The
results from these simulations provide a better understanding
of parameters such as varying input voltage, electrode, and
dielectric thickness on ET and electron density. This enables
us to optimize design parameters for fabricating MDDs and the
operating conditions for effective sterilization applications.

Index Terms—2-D simulation, electron density, electron tem-
perature (ET), finite-element analysis, microplasma, surface
dielectric barrier discharge (DBD).

I. INTRODUCTION

LASMA is one of the fundamental states of matter in
which gaseous matter undergoes ionization resulting in
charge separation, forming positively charged atoms and free
electrons [1]. In other words, plasma is a collection of charged
particles (electrons and ions) and excited elements formed
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under high temperature or electric field to generate high
electron energy. When such conditions of high temperature and
high electric field are no longer applied to plasma, electrons
recombine with ions, returning the plasma to its neutral
gaseous state. Plasma is used in biomedical applications such
as sterilization and disinfection, automobile manufacturing
processes, environmental remediation, ultraviolet lamps, and
space propulsion. Plasma discharge characteristics are gener-
ally dependent on the pressure—distance product (pd), where
p is the ambient pressure and d is the distance between the
two electrodes [2]. The voltage required to ignite/generate
the plasma is called the breakdown voltage. The ambient
pressure of the plasma discharge and electrode distance
is directly related to the breakdown voltage. For example,
if d is constant and p is increased to represent a high-pressure
environment, it can lead to unstable plasma discharge due to
uncontrollable plasma arc formation from filamentation, which
is not desirable. On the other hand, if p is kept constant and
d is increased to several centimeters, it would increase the
breakdown voltage to ignite the plasma [2]. Depending on the
ambient pressure conditions, high breakdown voltage can lead
to high current density in the cathode region which eventually
leads to the formation of uncontrollable plasma arcs [3].
To alleviate such high breakdown voltages, stable nonthermal
plasma (NTP) such as microplasma can be ignited under
ambient or lower pressure condition (<1 atm) by reducing
the electrode gap distance.

Plasma can generally be categorized as thermal and
NTP [4], [5]. The thermal plasma is also called as equilib-
rium plasma (tend to exist in equilibrium state) since the
temperature of electrons, ions, and neutrals are almost equal
ranging from few thousand Kelvin for a plasma torch to more
than a million Kelvin in fusion plasma devices and in the
interior of stars. Traditional thermal plasma discharges tend
to exist in thermal equilibrium in the bulk plasma where
energy distributions for electrons, ions, and neutral particles
are assumed to be Maxwellian everywhere, and electrons and
ions have the same temperature [1], [S]. In an NTP, the tem-
perature of the electrons is much higher (10000-100000 K)
than the temperature of the ions and neutrals, which are
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roughly the same as the room temperature (~300 K) and can
range up to about 2500 K [5].

Microplasmas are nonthermal-based plasmas where the
plasma discharge is confined spatially to microcavities with
dimensions less than 1000 xm exhibiting controllable and
stable plasma arcing [6]-[8]. Recently, microplasmas are gain-
ing interest for surface sterilization, ozone synthesis, cancer
treatment, water disinfection, toxic analyte detection, surface
etching and modification applications, and they have been
a major focus of research for developing novel applications
in health care, biomedical, food, and environmental indus-
tries [5]-[18]. A decadal survey by the National Research
Council, Physics 2020/Plasma Science Committee states that
the expanding scope of plasma research is creating significant
interest and scientific opportunities in NTPs within the fields
of chemistry, biology, physics, materials science, and engi-
neering [10]. Traditional thermal and NTP require very high
voltage of operation and often operated in special chambers
where ambient conditions such as temperature and pressure are
continuously monitored and controlled [19], [20]. The major
advantage of microplasma discharge device (MDD) lies in the
ease of fabrication with various miniaturized configurations,
which reduces the breakdown voltage for igniting plasma,
requiring relatively smaller transformer and power supply.
This increases the possibility to design and fabricate portable
MDDs, thus leading to cost efficiency.

The performance of MDDs is dependent on a stable and
uniform microplasma discharge. MDD parameters such as
electrode gap distance (dielectric thickness), electrode thick-
ness, and applied voltage will affect microplasma discharge
characteristics such as electron density (n.) and electron
temperature (ET) (T.) [21]. Moreover, the change in ambient
conditions such as temperature and pressure will affect the
net n. of the microplasma discharge due to the change in
electron mobility () [22]. Understanding the effect of such
variable parameters including electrode and dielectric thick-
ness, applied voltage, and changing ambient conditions will
enable us to design effective MDDs based on their operating
conditions.

The generation of uniform and effective plasma in MDDs
depends on electrode configurations and designs [23]-[31].
It is hypothesized that uniform voltage distribution across the
electrodes will result in the generation of uniform n. and ET,
which will lead to uniform, stable, and steady microplasma
discharge across the electrode. There are various electrode
configurations such as cathode boundary layer (CBL), dielec-
tric barrier discharge (DBD), capillary plasma electrode dis-
charge (CPED), microhollow cathode discharge (MHCD),
inverted square pyramidal (ISP), and square cross-sectional
cavities (SCSC) [32]. Among these, DBD was identified as the
most suitable configuration for fabricating a surface-plasma-
based MDD due to its ease of scalability and geometrical flex-
ibility (planar geometry) unlike other configurations [33]-[35].
These devices can operate at atmospheric pressure and tem-
perature with variable input voltage and frequency. Recently,
new geometries such as microhollow cathode geometries [33]
and plasma pencil geometries have been used to generate
microplasma for medical and sterilization purposes [33], [34].

IEEE TRANSACTIONS ON PLASMA SCIENCE

While MDDs using such geometries operate at ambient pres-
sure and temperature, the effective treatment area for each
device is very small and is not scalable unlike MDDs that
can be made of DBD configuration. Various DBD-based elec-
trode designs including comb, H-tree, and honeycomb were
chosen to simulate and study its voltage distribution effect on
microplasma discharge of MDDs. Typically, comb structure is
selected due to its simplicity [36], and H-tree design is a very
common design feature used in the electronics industry to keep
the clock frequency and voltage uniform across the printed
circuit board [37]. Honeycomb pattern has high surface area
and provides uniform voltage and is highly scalable in size
and area when compared with the other designs [38].

Various types of surface sterilization have been used to
combat antibiotics resistance in microorganisms which is
becoming a major problem in conventional medicine, and
there is a need to develop alternative technologies to neu-
tralize harmful microorganisms [39]-[47]. Steam sterilization
methods require high heat and special chambers for sterilizing
microorganisms [48]. Chemical sterilization involves usage of
chemicals such as ethyl alcohol, isopropyl alcohol, chlorine
compounds, formaldehyde, glutaraldehyde, hydrogen perox-
ide, peracetic acid, phenolics, ethylene oxide, and ozone and
are cost-effective and easy to use when compared with steam
sterilizations [49]. However, many of these chemicals are
corrosive in high concentration, flammable, and cause eye and
skin irritation [49]. To overcome such drawbacks, sterilization
using microplasma has been of great interest in research lately,
as it provides a low-cost, safe, clean, and more effective
alternative to the aforementioned traditional methods [50].
Microplasma-based NTP treatment of microorganisms at room
temperature and atmospheric pressure has been shown to
reduce the growth of microorganisms such as bacteria on
different surfaces such as cloth and metal [43], [44]. The
time required for sterilization is on the order of seconds [51],
a considerable reduction when compared with the traditional
sterilization methods. This time reduction and the capability
of sterilization at ambient temperatures and pressures have
made microplasma discharges a prospective technology for
the future. Active plasma species such as ions, electrons, and
ultraviolet radiation can activate, control, and catalyze com-
plex reactions and biochemical processes to sterilize harmful
pathogens [52]-[56]. To generate such oxidative stress and
kill the bacterium, uniform ionization of gaseous matter is
required, and therefore uniform microplasma must be gener-
ated across the surface of the electrode.

Microplasma-based finite-element analysis (FEA) simu-
lations have been performed to study electron and ion
kinetics and breakdown voltages in coplanar electrode-
based microplasma devices [57]-[61]. Some application-
specific FEA simulations [62]-[69] were used to study
microplasma discharges including plasma thruster [70], [71],
material deposition [72], etching processes [73], pollution
degradation devices [74], and analytical spectroscopy [75].
Deconinck et al. [70] and Shimizu et al. [76] performed
simulations on microplasma jet-based propulsion device to
study the variations in plasma kinetics for various applied
voltages and the flow velocity in microcavities, respectively.
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Fig. 1. (a) Schematic of the simplified surface DBD and (b) cross-sectional
view of the DBD model in COMSOL simulation software.

Seo and Gary Eden [77] performed simulations of ac-driven
DBD microplasma in circular microcavities to understand
the effect of cavity diameter on n. under various ambient
pressure conditions. Simulations for microplasma used for
additive (printing) and subtractive (etching) manufacturing
processes have also been performed by Sawant er al. [72] and
Dai et al. [73], respectively, to study the effect of dimensional
properties on material deposition and n.. As microplasma-
based sterilization is of growing interest, there is a need to
investigate the effect of dielectric and electrode parameters
for microplasma discharge. To the best of the authors’ knowl-
edge, there is no literature available on 2-D FEA simulations
focusing on the effect of electrode and dielectric dimensional
parameters on the surface DBD-based microplasma discharges
for sterilization applications. Therefore, in this work, the
effects of different electrode designs on voltage distribution,
varying applied voltages, electrode, and dielectric thickness
on n and T, were investigated under ambient conditions such
that the breakdown voltage in the discharge medium stays con-
stant to generate stable uniform distribution of microplasma
discharge across the surface of the electrodes using COMSOL
Multiphysics' simulation software.

II. SIMULATION MODEL

DBDs are plasma discharges characterized by the formation
of electrical discharges between two conducting electrodes,
separated by an insulating material [78]. A sinusoidal voltage
is applied to one of the electrodes (terminal electrode) and
the other electrode is grounded. Depending on the thickness
of the dielectric and/or discharge gap and the discharge
medium, the amplitude of the sinusoidal voltage will vary [79].
A schematic of the simplified DBD-based microplasma dis-
charge (side view) and its 2-D model (cross-sectional view)
created in COMSOL Multiphysics' software along with their
different layers are shown in Fig. 1(a) and (b), respectively.
Simulation was performed using the Plasma (plas) module
in COMSOL Multiphysics' which couples the drift diffusion,

I Trademarked.

heavy species transport, and electrostatics interfaces into an
integrated multiphysics interface to model plasma discharges.
The model consists of two copper electrodes (ground and ter-
minal electrode) and a polyimide-based dielectric medium. In a
surface-based DBD, the thickness of the dielectric between the
two electrodes is also referred as the gap distance [8], [9]. The
electrodes were separated from each other with a gap distance
comprising a dielectric such as polyimide, and a sinusoidal
voltage is applied to the terminal electrode [8]. The applied
voltage should be high enough to cause ionization of the
discharge medium of argon (Ar). The free electrons across the
electrodes accelerate and acquire higher potential which leads
to electron avalanche, increasing the number of free electrons.
The free electrons and the ionized charge species move across
the electrode gap to the opposite electrode potential [66]. This
process of charge accumulation is temporary, and when the
electric field potential is reversed, the process reverses in the
opposite direction and repeats as long as the sinusoidal voltage
is applied.

The operating principle of the microplasma is based on
Paschen’s law which states that the breakdown voltage (Vg)
of an MDD is a function of the ambient pressure (p) (P,) and
electrode gap distance (d) [80], [81]. The relationship between
Vg and p is given by the following equation [80], [81]:

. Bpd
" In(Apd) — ln[ln(l + yL)]

where A is the ionization saturation constant, B is the excita-
tion and ionization energy constant, and . is the coefficient
of secondary electronic emission. Using Paschen’s law, the
breakdown voltage for microplasma discharge can be cal-
culated. The breakdown voltage and electrode gap distance
are some of the most important parameters for an optimized
electrode configuration. For high pd values, the applied Vg is
directly proportional to d [82]. Therefore, if d increases,
Vg required to dissociate the electrons of the ambient gas
(in this work, Ar gas) also increases. A surface-based DBD
can also be related to a parallel electrode configuration. From
the fundamental laws of electromagnetics, the relationship
between electric field and electrode gap distance is given
by [83]

Vi 1)

E v 2

= - @)

where E is the electric field and V is the potential difference

between the parallel conductive plates. When the applied

voltage (V) at the terminal electrode is kept constant, it can

be derived that E is inversely potential to d. Therefore, if the

electrode gap distance increases, the electric field across the

two parallel plates will decrease and vice versa. This will affect

the electron drift velocity (v4), and from the fundamental laws
for u. in electric field [83]

Vg = Uk 3)

where u. is the electron mobility. Therefore, vq is directly
proportional to E. According to the kinetic theory of gases, the
relationship between vq and electron temperature 7, is given
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1
8kpTe\ 2
Vg = ( “)
T,
where k;, is the Boltzmann’s constant, and m, is the electron
mass. According to Maxwellian electron energy distribution

function, the effect of 7, on the electron density (n.) and
electron energy density (n,) is given by [84]

2 (ng
w=3() v

Therefore, n. is inversely proportional to 7. and n, is
directly proportional to 7. T, must be several orders of magni-
tude greater than the gas temperature in the discharge medium
to be classified as nonequilibrium plasma discharge to main-
tain lower surface temperature [7]. Therefore, n. is inversely
proportional to T; if n, is constant. It can also be inferred
that for a constant applied voltage, 7. is inversely propor-
tional to the electrode gap distance (d) (distance between the
terminal and the ground electrode). This reduction in 7 will
inhibit the microplasma discharge of the device. Similarly,
electrode thickness is also an important design parameter
for microplasma discharge. The relationship between 7. and
electrode layer thickness (ds) is given by [85]

Te = Cll)dpds. (6)

Therefore, electrode layer thickness (ds) is directly propor-
tional to 7. The gap distance between the two electrodes and
electrode thickness should be optimized for a lower breakdown
voltage allowing for greater operating range of MDD. If the
electrode gap distance is not optimized, it would result in
low T, rendering the MDD ineffective.

Constituent equations from the drift diffusion model (DDM)
in COMSOL Multiphysics' used for determining n. for
microplasma discharge are mathematically calculated using the
following equation [86]:

0
_(ne) +V. Fe = Re (7)
ot
where
I'e = —(te « E)Yne — VD,n, (8)

and n. denotes ne (1/m?), R. is the electron rate expression
[1/(m3-s)], e is the electron mobility which is either a
scalar or a tensor [m%/(V-s)], E is the electric field (V/m),
D. is the electron dlffusmty coefficient (m?/s), and
— (e E) ne and VD .n. represent the effect of electric
field on electron drift and electron diffusion between high
and low n., respectively. The effects of n. and the electric
field for varying input voltages across the two electrodes
were simulated and investigated. The electric field across the
MDD is also a crucial parameter for uniform microplasma
discharge. The generation of the reactive species is dependent
on n. and u.. Nonuniform electric field across MDD will
result in inconsistent generation of reactive species across the
electrode, compromising the optimum performance of MDD.
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TABLE I
REACTIONS OF ELECTRON IMPACT WITH ACTIVE SPECIES OF AR

Reaction Formula Type AE (eV)

R1 e +Ar— e + Ar Elastic Scattering m/M =
0.136e-4

R2 e +Ar— e +Ar Excitation 11.50

R3 e+ Ar—e + Ar Superelastic -11.50

R4 e+ Ar—2¢ +Ar"  lonization 15.80

RS e+ Ar° —2e + Ar"  Ionization 4.27

Similarly, n, was determined using the following
equation [86]:
%(ns)wLV-Fs—f-E-Fe:Rg )
where
Iy = —(ue + E)ne — V(Deny) (10)

and n, denotes n, (V/m®), R, is the energy gain/loss
[V/(m3s)], u, is the electron energy mobility which is either
a scalar or a tensor [m?/(V-s)], E is the electric ﬁel_c} (V/m),
D, is the electron energy diffusivity (m?/s), —(u,- E)n, and
—VD, n, represent the effect of electric energy on electron
drift and electron diffusion between high and low electron
energy density, respectively, and E. I'. represents the effect of
external electric field on heating of electrons, where heating
can be a form of source or sink. Electrons are lost to the
dielectric wall due to random motion within a few mean
free paths of the wall and are gained later due to secondary
emission effects, resulting in the following boundary condition
for the electron flux [86]:

n.Te = ( ve,ne) Zyp p.n) a1
and the electron energy flux is given as [86]
n.I :( ve,ng) Zepy F n (12)

The second term on the right side of (11) is the gain of
electrons due to secondary emission effects where y, is the
secondary emission coefficient. The second term in (12) is the
secondary emission energy flux, where ¢, is the mean energy
of the secondary electrons.

Using the classical kinetic theory, u. is dependent on the
change in ambient temperature (7,) and is mathematically

given by the following equation [87]:
4 o (e
N == —F / ( ‘ )e (5%)ae  (13)
3@rm)2 (ksTy)2 Jo  \omi(e)

where N is the gas density, oy, is the electron—atom momen-
tum transfer scattering cross section, m and e are the electron
mass and charge, respectively, and kg is the Boltzmann’s
constant. Also, as per the ideal gas law [88], since 7, and
N are dependent on p, it can be inferred that a change in
ambient conditions (pressure and/or temperature) should affect
e and ne.
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TABLE II

REACTIONS BETWEEN THE ATOMS AND MOLECULES
WITH THEIR REACTION RATES

Reaction Formula Rate (m®/s.mol)
R6 Ar'+ Ar" — e + Ar + Ar’ 3.3734e8
R7 Ar'+ Ar — Ar+ Ar 1807
TABLE III

SURFACE REACTIONS
Reaction Formula Sticking Coefficient
R8 Art — Ar 1
R9 Ar" — Ar 1

The reactions due to electron impact inside the gas gap
are given in Tables I and II. The reactions of electron impact
with active species of Ar including: metastable argon (Ars),

NP

Microplasma Discharge

Terminal Electrode
(@) (b)

Fig. 4.  Tllustration of microplasma discharge coverage for: (a) H-tree-
structured MDD and (b) honeycomb-structured MDD.

Ar molecule, and singly ionized Ar molecule (Ar+) are
depicted in Table I [80], [81]. In Table II, the reaction rates
for Ar atoms and molecules along with its corresponding two-
body reaction are also given [80], [81], [83]. The surface
reactions are also given in Table III. The initial electron
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density (g9) was considered as 10°, and the mean electron
energy was considered as 4 eV. The ambient temperature and
pressure were kept constant at 300 K and 1 atm, respectively;
when simulating for voltage distribution, 7, and n. for varying
electrode and dielectric thickness.

III. SIMULATION RESULTS

Surface microplasma discharges produce reactive species
of gas molecules which induces electroporation effect. This
facilitates DNA mutation and inhibits DNA repair and enzyme
activities, resulting in cellular necrosis and responsible for
pathogenic microbial inactivation [39]-[47]. To achieve elec-
troporation effect, the applied voltage to MDD is an impor-
tant parameter, and the voltage distribution across the device
should be uniform for effective sterilization of pathogenic
microorganisms. To obtain uniform voltage distribution across
electrodes, the design of electrodes is crucial when fabricating
MDD. Nonuniform voltage distribution across the device can
result in ineffective sterilization. A case study of three different
electrode structures was performed, to investigate voltage
distribution across electrode. A schematic of the comb-,

H-tree-, and honeycomb-structured MDD for 35- and
100-mm-diameter Petri dishes is shown in Fig. 2. The yel-
low dotted circle indicates the perimeter of the Petri dishes,
to illustrate the coverage of each designed MDD.

A 2-D simulation in FEA software COMSOL Multiphysics'
was performed using magnetic and electric field modules.
An input voltage of 2000 V at 20 kHz was applied to the
terminal electrode, and the voltage distribution across different
electrode designs to sterilize the surface of 35- and 100-mm
Petri dishes was simulated and is shown in Fig. 3. It was
observed that for a comb-structured MDD [Fig. 3(a) and (b)],
the voltage gradually dropped toward the comb tips by ~15%.
If the voltage across the comb-structured device decreases,
then it will affect microplasma discharge leading to nonuni-
form microplasma discharge. Such nonuniform voltage distri-
bution will ultimately affect the formation of reactive species
throughout the surface of the device, causing ineffective steril-
ization. However, voltage distribution on the terminal electrode
was uniform for H-tree [Fig. 3(c) and (d)] and honeycomb
devices [Fig. 3(e) and (f)], with minimal drop (<0.5%) in
voltage toward the ground terminal. This results in uniform
electric field distribution and leads to uniform microplasma
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discharge throughout the surface of the devices. The volt-
age distribution across the H-tree-structured device was very
similar to honeycomb; however, the coverage of microplasma
discharge was very different for both the designs. Considering
0.5-mm (Fig. 4) thick/wide microplasma spread across the
terminal electrode, for 35-mm-diameter Petri dish, it was
calculated that the H-tree-structured device has ~12% greater

coverage in microplasma discharge when compared with the
honeycomb device. However, when MDD was scaled for
100-mm-diameter Petri dish, the honeycomb device has
~55% greater coverage of microplasma discharge when com-
pared with the H-tree device. Therefore, the honeycomb-
structured MDD not only has uniform voltage distribution
across the terminal electrode but also improves the scalability
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over the H-tree patterned MDD and provides relatively large
microplasma discharge area.

The input sinusoidal voltage at the terminal electrode was
varied from 1500 to 3500 V in steps of 500 V, and its effect
on n. and T, was investigated. Electric potential distribution
across the terminal electrode, dielectric, and ground electrode
for 1500 and 3500 V is shown in Fig. 5(a) and (b), respectively.

The thickness of the electrodes and dielectric was considered
as 200 um, and the voltage distribution across the electrodes
was simulated under ambient atmospheric temperature (300 K)
and pressure (1 atm). For varying voltages of 1500, 2000,
2500, 3000, and 3500 V, the maximum 7. decreased to
4.39, 4.28, 4.20, 4.13, and 4.08 eV, respectively. Similarly,
the maximum 7. per cubic meter increased to 1.21 x 10'3,
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Fig. 8.

1.05 x 10, 1.35 x 10, 1.68 x 10'%, and 2.01 x 10"
when the input sinusoidal voltage at the terminal electrode
was varied from 1500 to 3500 V, respectively. From Fig. 5(c),
it was observed that 7, is inversely proportional to n. [also
evident from (5)]. In addition, the breakdown voltage for
200-pum dielectric was observed at approximately 2000 V.
If the voltage distribution across the electrodes is uniform and
above the breakdown voltage (2000 V) of the dielectric layer,
uniform microplasma can be generated across the surface
of MDD.

The effect of varying dielectric thickness on 7. and
n. was investigated. The dielectric thickness was varied
from 100 to 300 xm in steps of 50 xm with an input sinusoidal
voltage of 2000 V at the terminal electrode under ambient
atmospheric temperature (300 K) and pressure (1 atm). The
simulation results of 7, and n. distribution for 100- and
300- um-thick dielectric along with direction of the electron
flux are shown in Fig. 6(a)-(d) and plotted in Fig. 6(e),
respectively. For dielectric thickness of 100, 150, 200, 250, and
300 um, the maximum 7, decreased to 5.95, 4.99, 4.28, 3.86,
and 3.59 eV, respectively. Similarly, n. increased to 0.01 x
10',0.22 x 10', 1.04 x 10', 1.19 x 10", and 1.79 x 10'
when the dielectric thickness increased from 100 to 300 xm,
in steps of 50 um, respectively. From (2), it is inferred that
for a constant voltage at the terminal electrode, the dielectric
thickness of a device is inversely proportional to the electric
field. The electric field is directly proportional to the drift
velocity of the electrons [from (3)]. The drift velocity in turn
is proportional to the square root of T, [from (4)]. Correlat-
ing (2)—(5), it can be deduced that the electrode gap distance
is inversely proportional to 7, and directly proportional to 7.
[from (5)]. Therefore, to achieve similar levels of plasma
discharge for increased dielectric thickness, a higher voltage
needs to be applied at the terminal electrode to increase 7.
However, if the input voltage is kept constant as the dielectric
thickness increases, then the voltage at the terminal electrode
will not be enough to breakdown and dissociate the discharge
media, thereby limiting the generation of microplasma.

Similarly, the effect of wvarying electrode thickness
(increased from 100 to 300 gm in steps of 50 um) on
T. and n. was investigated with an input sinusoidal voltage

(b)

Influence of varying ambient: (a) temperature and (b) pressure on electron mobility and ET.

of 2000 V at the terminal electrode under a temperature
of 300 K and a pressure of 1 atm [Fig. 7(a)-(e)]. For
increasing electrode thickness of 100, 150, 200, 250, and
300 um, the maximum ET increased to 4.06, 4.19, 4.28,
4.35, and 4.41 eV, respectively. Similarly, n. increased to
228 x 10 m™3, 1.23 x 10" m™3, 1.04 x 10" m3,
0.74 x 10 m=3, and 0.11 x 10 m=3 when the dielectric
thickness increased 100-300 um. From (6), it is inferred
that 7, is directly proportional to the electrode thickness
and, n. is inversely proportional to the electrode thickness.
If the electrode is too thick, the voltage drop across the
electrode will be higher and this will result in lower voltages
(<breakdown voltage in the discharge medium) across the
dielectric. Therefore, the choice of electrode thickness is an
important parameter for microplasma discharge.

In Fig. 8(a), the effect of varying ambient temperature on 7,
and p. is shown. The electrode and dielectric thickness were
fixed at 200 xm with an input sinusoidal voltage of 2000 V
at the terminal electrode. It was observed that n. and
ue varied from 2.03 x 10 to 454 x 10" m™ and
0.14 to 0.19 [m?/(V-s)], respectively, as the ambient tempera-
ture increased from 250 to 350 K, in steps of 25 K at a constant
ambient pressure (1 atm). This corresponds to a 78% and 50%
change in n. and ., respectively. As the atmospheric tempera-
ture decreases, u. decreases and n. increases, thereby decreas-
ing T, and vice versa [as per (5)]. Therefore, at lower ambient
temperature, the input voltage supply must be increased to
maintain constant 7, [89]. Similarly, in Fig. 8(b), the effect
of varying ambient pressure on n. and u. is shown. The
electrode and dielectric thickness were fixed at 200 xm with
an input sinusoidal voltage of 2000 V at the terminal electrode.
It was observed that n. and u. varied from 9.64 x 1013 to
2.64 x 10" m™3 and 0.23 to 0.15 [m?/(V-s)], respectively,
as the ambient temperature increased from 0.7 to 1.1 atm,
in steps of 0.1 atm at a constant ambient temperature (300 K).
This corresponds to a 174% and 36% change in n. and .,
respectively. The results indicate that n. is inversely pro-
portional to x. for varying atmospheric pressure conditions.
When the atmospheric pressure increases, u. reduces, thereby
reducing 7. [as per (3) and (4)]. To maintain 7, constant, the
input voltage can be increased, which would also increase the
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collisional energy transfer between electrons and background
gas [90], [91]. Therefore, it can be concluded that the change
in ne and u. due to the variations in the ambient conditions
will have a direct effect on microplasma discharge, influencing
the sterilization efficacy of MDD toward harmful pathogens.

IV. CONCLUSION

In this work, an MDD was successfully modeled and
simulated using FEA in COMSOL Multiphysics' simula-
tion software. Initially, the voltage distribution across comb-,
H-tree-, and honeycomb-structured MDDs was analyzed
to find the optimum design for microplasma discharge.
The results indicate that the honeycomb-structured MDD
provides uniform voltage distribution and relatively larger
microplasma coverage when compared with comb- and H-tree-
structured MDDs. The cross section of an MDD was modeled
in an Ar environment with a polyimide dielectric sandwiched
between two copper electrodes. Simulations were performed
to investigate n. and electric field distribution for ac termi-
nal voltages ranging from 1500 to 3500 V with a constant
dielectric and electrode thickness of 200 xm. Then, the effect
of varying dielectric and electrode thickness parameters on 7.
and temperature was investigated. As the dielectric thickness
increased from 100 to 300 um, 7, decreased by almost 40%.
The results indicate that it is necessary to have a thinner dielec-
tric between the two copper electrodes for lower breakdown
voltage and effective microplasma discharge. The varying elec-
trode thickness from 100 to 300 xm resulted in a 9% increase
of T¢.. This was because T is directly proportional to electrode
thickness. The results from 2-D modeling indicate that elec-
trode configuration is an important parameter to optimize for
fabricating MDDs. For lightweight and wearable applications,
it is essential to have thinner electrode and dielectric such
that the device is flexible and conformal enough. Finally, the
effect of varying ambient temperature and pressure on n. and
mobility of the MDD was studied. A variation of 78% and 50%
change in n. and . was obtained as the ambient temperature
was increased from 240 to 360 K at constant ambient pressure
(1 atm), respectively. A variation of 174% and 36% change
in n. and . was obtained as the ambient pressure increased
from 0.7 to 1.1 atm at constant ambient temperature (300 K),
respectively. It was observed that a change in n. and .
will affect the microplasma discharge which in turn can
affect the sterilizing efficacy of MDD. Therefore, further
research includes developing an adaptive system such that the
input voltage can change depending on the varying ambient
conditions to generate consistent microplasma discharge. The
system will be developed and tested, to sterilize surfaces from
harmful Gram-negative and Gram-positive bacteria such as
Escherichia coli, Pseudomonas aeruginosa, Staphylococcus
aureus, and Bacillus subtilis.
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