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Abstract—A numerical simulation on the spray-type dielectric
barrier discharge (DBD) is carried out for a mixture gas of nitrogen (N2 ) and sulfur hexafluoride (SF6 ) at atmospheric pressure to understand the electrical characteristics and the plasma
flow dynamics that depend on design parameters and operating
conditions. A 2-D axi-symmetric nonuniform grid is employed in
the simulation code consisting of the following three numerical
modules: 1) discharge module; 2) flow module; and 3) reaction calculation module. Through the coupling of these modules, the discharge and plasma flow characteristics are interactively calculated
for discharge properties and behaviors of charged and neutral
particles in the N2 /SF6 plasma, including 26 species interacting
among them by 59 reactions. As a result of numerical simulations,
the effects of the spray hole and the gas flow on the plasma flow
characteristics are discussed in the spray-type DBD reactor. The
existence of a spray hole in the grounded barrier/electrode plate
induces strong electric fields along the spray hole barrier wall, and
these high fields trigger a localized discharge similar to the surface
discharge. The localized discharge spreads out in the discharge
region toward the powered electrode barrier and gives the discharge current a pulsed shape according to the group behavior of a
high-density electron to eventually produce a high-density fluorine
atom in both the spray hole and spray regions. When the spray
hole radius decreases, the fluctuations of hole-induced electric
field also decreases, accompanied by the reduced production of
average densities of the electron and the fluorine atom. However,
the reduced spray hole size enhances the advective velocity along
the hole axis, and therefore, the overall fluorine atom density
over the substrate surface is increased. With increasing inlet gas
flow velocity, the localized discharges occur more frequently
because of electric potential formation by interacting among
meta-stable species and ions to enhance the fluorine atom production. The fast advective velocity also enlarges the radial distributions of effluent rate and fluorine atom density in the spray
region and on the substrate surface due to the transport of neutral
particles.
Index Terms—Atmospheric pressure nitrogen (N2 ) and sulfur
hexafluoride (SF6 ) plasma, numerical simulation, plasma flow
effect, spray-type dielectric barrier discharge (DBD).

I. I NTRODUCTION

D

IELECTRIC barrier discharge (DBD), which is referred
to as “silent discharge,” is one of the most remarkable
sources for generating nonequilibrium plasmas at atmospheric
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pressure [1]. Decisive advantages of the DBD include the
ability to generate abundant reactive particles, such as atoms,
radicals, ions, and excited species, by high-energy electron
collisions with working gas particles operated even at the
elevated pressure. Traditionally, the application of DBD to the
industrial ozone synthesis has been commercialized for the past
several tens of years. Nowadays, the use of DBD is extended to
new application fields like environmental protection (pollution
control, hazard waste destruction, etc.) [1]–[3], lighting and display industry (excimer lamps, plasma display panels, etc.) [1],
and surface treatment (layer deposition modification, cleaning,
etching, and ashing, etc.) [1], [4]. In the field of surface treatment in particular, the atmospheric DBD is a promising plasma
source to replace low-pressure processing for etching or layer
deposition since the DBD is operated at atmospheric pressure
without using expensive vacuum facilities. Through this advantage of DBD in various industrial fields, numerous studies have
suggested a variety of process reactors, such as atmospheric
pressure plasma jet [5], hollow cathode discharge [6], coplanar barrier discharge [7], and one atmospheric uniform glow
discharge plasma [8]. Recently, in thin-film transistor liquidcrystal display manufacturing, a spray-type DBD has been
developed at the Korea Basic Science Institute, Seoul National
University, and Samsung Electronics Company, Ltd., for the
reduction of cost in large-area etching, ashing, and cleaning
processes instead of the conventional low-pressure processes.
The spray-type DBD in a planar electrode arrangement has
arrays of spray holes perforated on the grounded electrode
surface covered with a dielectric barrier. The plasma-forming
gas injected from both sides of the DBD reactor generates a
plasma flow, including chemically reactive species, which is
ejected through the spray holes into the spray region up to
the substrate surface to create reactions among the species and
the surface. Due to this configuration, the treatment area is the
same as the electrode area to achieve an enlargement of treatment area easily. However, because of complex flow characteristics and nonuniform electric field generated by the hole
structure, a numerical analysis of the spray-type DBD becomes
very complicated. It is, therefore, required to investigate the
discharge phenomena coupled with the flow effects for a better
understanding of the plasma flow characteristics in the spraytype DBD reactor.
The aim of this work is to understand physical characteristics
of the plasma flow dynamics influenced by various design
and operating conditions for the spray-type DBD. A numerical
code has been developed with a fully 2-D nonuniform grid of
the spray-type reactor, and nitrogen (N2 ) and an additive gas
of sulfur hexafluoride (SF6 ) are used as plasma-forming and
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Fig. 2. Computational domain of a 2-D axi-symmetric simulation model for
the spray-type DBD reactor.

Fig. 1. Schematic diagrams of (a) a spray-type DBD reactor and (b) a computational region for a single hole in the spray-type DBD.

working gas, including 26 species related with 59 reactions.
Using this simulation code, the plasma flow characteristics
affecting neutral species behaviors are analyzed by focusing
on the spray hole effect and the discharge dynamics. Moreover, changes of the discharge characteristics and the neutral
species behaviors are examined with discharge current profiles
and neutral species density distributions that vary with design
parameters and operating conditions.
II. N UMERICAL S IMULATION
The spray-type DBD reactor, which is actually used in an experiment for surface treatment, has the powered and grounded
electrodes of 300 mm × 150 mm covered with 0.8-mm-thick
alumina (Al2 O3 ) plates that have a gap of 0.8 mm between
them. The lower grounded electrode has thousands of 0.8-mmradius holes that are perforated on it. A schematic diagram of
the spray-type DBD is depicted in Fig. 1(a).
The computational domain of the spray-type DBD reactor
considered in this numerical simulation is simplified to a singlehole region, as described in Fig. 1(b). The 2-D axi-symmetric
cylindrical coordinates are applied to the numerical simulation
code based on a nonuniform staggered grid system shown in
Fig. 2, indicating important positions and regions. The spraytype DBD simulation code consists of the following three
coupled numerical modules: 1) discharge simulation; 2) flow
simulation; and 3) reaction calculation. In the discharge module, charged species properties and electric field distributions
are calculated, while flow velocity fields and neutral species
behaviors are computed in the flow module. The reaction module calculates the source and sink terms of charged and neutral

species resulted from physical and chemical reactions among
plasma species generated through the DBD. The discharge and
flow modules are linked with outputs of the reaction calculation,
and a time slicing method is taken into account for two different
time scales of discharge interaction and plasma flow. Considering the linkage between the flow and discharge modules, the
time scale of the flow module should be determined as close
as possible to that of the discharge module. Since the distributions of space charges are sensitively changed by the reactions
between charged and neutral particles, a minute change in the
neutral particle distribution can make significant effects on the
discharge characteristics. The typical values of time scales are
10 ps in the discharge and reaction modules (Δtdischarge =
Δtreaction = 10 ps) and 10 ns in the flow module (Δtﬂow =
10 ns). The flow module is then calculated every 1000 time
step of discharge and reaction calculations. The computing time
executed on a Pentium-4 personal computer (2.8-GHz central
processing unit, 1-GB random access memory, and LINUX
operating system) is about 10 h for 10-μs time marching in the
simulation.
A. Discharge Simulation Module
1) Governing Equations: A fluid model based on magnetohydrodynamic theory is employed for the present numerical
simulation, which is involved in the interaction of charged
particles in the electric field E. The motions of electrons,
positive ions, and negative ion species are described by their
continuity equations, which are described as follows:
∂nk
+ ∇ · (nk vk ) = Sk
∂t
vk = μk E

(1)
(2)

where nk , vk , Sk , and μk are the number density, drift velocity, source and sink terms, and mobility, respectively, and
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TABLE I
MOBILITY OF POSITIVE AND NEGATIVE ION SPECIES GENERATED BY DBD IN THE N2 /SF6 MIXTURE PLASMA

the subscript k denotes the identity of electron, positive ion,
and negative ion. The drift motions of charged species are
decided mainly by their mobility since their diffusion motions
are relatively negligible in a strong electric field of discharge.
The mobility of electron is determined by a local electric
field E from local field approximations. It is assumed that
plasma properties, such as electron drift velocity and collisional
ionization coefficient, are functions of reduced electric field
E/N , where E is the electric field magnitude, and N is the
particle number density. Essentially, this means that the electron
energy distribution function (EEDF) is in local equilibrium
with neutral plasma [9]. The EEDF f (ε) is calculated from the
following spatially homogeneous Boltzmann equation [10]:

∂f
eE
∂f 
+
· ∇v f =
(3)
∂t
m
∂t collisions.
The electron mobility μe is then obtained from EEDF using the
following integral [10]:
μe =

1
3



2
me



ε ∂f (ε)
dε
N σ(ε) ∂ε

(4)

where ε and me are the energy and mass of electron, respectively. The mobilities of positive and negative ion species listed
in Table I are calculated from the following equation and from
the data of reference species:
μi =

e
mi ν m

(5)

where mi is the mass of ion species, and νm is the collision
frequency for momentum transfer, which is a function of gas
temperature at a constant pressure [11].
The electric potential φ, which is to be used for the
calculation of the electric field, is determined by Poisson’s

equation, i.e.,
e
(np − nn − ne )
ε0
E = −∇φ

∇ · (εr ∇φ) = −

(6)
(7)

where ε0 is the dielectric constant of free space, εr is the relative
permittivity, and e is the electron charge.
The discharge current I in the discharge region is calculated from Sato’s equation, with a time-dependent applied
voltage [12], i.e.,


∂EL
ε0
e
·EL dv
(np vp −nn vn −ne ve )·EL dv+
I=
Va
Va
∂t
V

V

(8)
where Va is the externally applied voltage, and EL is the space
charge free component of electric field. In (8), the first term in
the right-hand side is the conduction current, and the second
term is the displacement current.
2) Boundary Conditions: The boundary conditions for
charged species density are given by the Neumann conditions,
as listed in Table II(a). The boundary values of the electric potential at the powered and grounded electrodes are given by the
Dirichlet conditions, while those at the substrate surface, i.e.,
flow inlet and outlet, are expressed by the Neumann conditions,
as summarized in Table II(a).
At the plasma–dielectric barrier boundaries, Gauss’s and
Stokes’s theorems are applied to Gauss’s and Faraday’s laws,
respectively, to get the boundary conditions for the electric
potential that resulted to [13]
εp ∇φp · n − εd ∇φd · n = e(σpositive − σnegative )
n × (∇φp − ∇φd ) = 0

(9)
(10)

where ε, σ, and n are the permittivity of the material, the
surface charge density, and the unit normal vector from plasma
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TABLE II
BOUNDARY CONDITIONS FOR (a) DISCHARGE AND (b) FLOW CALCULATIONS

toward the dielectric barrier, respectively. The subscripts p
and d indicate plasma and dielectric barrier, respectively. At
the dielectric barrier surfaces, all of the charge fluxes moving
toward the dielectric barriers are assumed to be accumulated on
the dielectric surfaces without dissipation or loss. Equations of
positive and negative surface charge densities (i.e., σp and σn )
are given by
∂σp
= np vp · n
∂t
∂σn
= nn vn · n + ne ve · n.
∂t

TABLE III
CHARGED AND NEUTRAL SPECIES PRODUCED BY
DBD IN THE N2 /SF6 MIXTURE PLASMA

(11)
(12)

3) Numerical Scheme: The continuity equations for charged
species are solved using an explicit upwind scheme in a structured nonuniform grid system. The modified grids, which are
refined according to the reactor geometry, reduce the artificial
diffusion in the upwind scheme [14]. The sizes of the grids are
determined by the Courant–Friedrichs–Lewy condition for the
minimum artificial diffusion and the stability of simulation [15].
In the calculation of the electric potential, Poisson’s equation
is explicitly solved using the finite-difference method (FDM)
in the same grid system with calculation of the continuity
equations. The discretized Poisson’s equation is converted to
a matrix form, and it is calculated by a fast direct method using
a sparse matrix solver, namely, the UMFPACK library [16]. The
electric field is computed using linear interpolation of derivative
of the electric potential.
B. Flow Simulation Module
In this simulation, the gas flow is assumed to consist of
the following two components: 1) a steady-state bulk flow and

2) an advected stream of neutral particles [17]. The steady-state
bulk flow is computed for the average advective velocity of
plasma flow, which determines the velocities of neutral species
all the time. These velocities advect the number densities of
neutral species, whose sink or source terms are updated in the
reaction calculation module. The calculation procedure in the
flow module is also repeated for time marching, but its time
scale (Δtﬂow = 10 ns) is 103 times longer than the time scale
of discharge (Δtdischarge = 10 ps) due to the bulk phenomena
in the flow.
1) Governing Equations: The typical plasma flow velocity
in the spray-type DBD is in the range of ∼10 m/s, which is
treated as incompressible flow [14]. The reactor is assumed
to be operated with a constant inlet flow rate of steady-state
bulk flow. The Newtonian fluid with constant viscosity is
applied for linearization of diffusion terms. As a result, the
bulk velocity field is expressed in tensor notations by mass
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TABLE IV
PHYSICAL AND CHEMICAL REACTIONS WITH N2 SPECIES AND THEIR CORRESPONDING RATE COEFFICIENTS IN DBD

conservation and Navier–Stokes equations, respectively, as
follows:
∂
(ρvj ) = 0
∂xj


∂
∂
∂vi
∂p
(ρvi vj ) =
μ
−
∂xj
∂xj
∂xj
∂xi

(13)
(14)

where ρ, μ, and p are the mass density, viscosity, and pressure
of plasma fluid, respectively. The motions of neutral species are
also described by the following continuity equation:
∂ni
+ ∇ · (ni vi ) = Si
∂t

(15)

where the subscript i designates the neutral species of atoms,
molecules, radicals, and excited species, respectively.
2) Boundary Conditions: As the boundary conditions of
bulk velocity field, a steady flow condition is employed for
the flow inlet boundary (D–F), and the Neumann condition
is used at the flow outlet boundary (H–J). At all of the solid
walls, including the dielectric barrier surfaces (C–D, E–F, and
E–G), grounded electrode surface (G–H), and substrate plate

(I–J), the nonslip condition is applicable because of wall effect.
The pressure correction terms p at the entire boundaries are
obtained from the Neumann condition.
The boundary values of neutral species density are calculated from the Neumann condition at all the boundaries of the
computation region, including the substrate plate (I–J). Surface
reactions over the substrate surface (I–J) are not included in
this simulation. Although the reactions of meta-stables with
the substrate are important phenomena, the mechanisms of
the surface reactions are not yet sufficiently understood in a
high-pressure nonequilibrium plasma condition. However, the
relevant surface reaction effects by plasma, such as etching,
ashing, and cleaning, are expected from the flux distributions
of meta-stables over the substrate, which should be considered
in a future extended work.
The boundary conditions for the flow simulation are summarized in Table II(b).
3) Numerical Scheme: The mass conservation equation in
(13) and Navier–Stokes equations (14) for the steady-state flow
are discretized using a finite-volume nonuniform staggered
grid system. The discretized equations are calculated using a
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TABLE V
PHYSICAL AND CHEMICAL REACTIONS WITH SULFUR FLUORIDE SPECIES AND THEIR CORRESPONDING RATE COEFFICIENTS IN DBD

semi-implicit method for pressure-linked equations algorithm
[18]. This algorithm is one of the implicit pressure-correction
techniques, i.e., once the pressure correction equation has been
solved, the velocities are updated using the pressure correction
term. Since the pressure is defined at the center of the grid cell,
the boundary values of pressure can be calculated from boundary velocities that are defined by cell surface [14]. The continuity equation in (15) for neutral species is discretized on the
basis of the FDM and is solved using an explicit upwind scheme
in the same way as the charged particle continuity equations
in (1) and (2).
C. Reaction Calculation Module
In this module, the source or sink terms of charged and
neutral species are calculated and updated for each particle
density at each time step in the discharge and flow simulation
modules. The source and sink terms of charged and neutral
species in (1) and (15) are found by particle collision reactions
in the DBD plasma. According to the local field approximation,
the rate constants of electron collision reactions are expressed
as functions of the reduced electric field f (E/N ). The fielddependent rate coefficients are computed from the following
EEDF integrals [10]:

(16)
kk = σk (ε)f (ε)dε
where kk and σk are the rate constant and the cross section
of k reaction, respectively. The EEDF for calculation of rate

constants is found from a numerical Boltzmann solver, called
BOLSIG [19]. The source and sink terms Si of each species are
calculated from the following rate equation:

∂Si
=
kk [A][B]
∂t

(17)

k

where A and B are the reactant concentrations of k reaction
related with i species.
In the present numerical simulation, N2 is used as a plasmaforming gas and SF6 as a reaction gas. Seven species of N2 and
26 species of sulfur fluoride, as listed in Table III, are involved
in the physical and chemical reactions by DBD in the N2 /SF6
mixture plasma, and their corresponding rate constants for N2
and SF6 are presented in Tables IV and V.
In general, the gas heating effect is significantly stressed
in some cases of atmospheric-pressure nonequilibrium plasmas that show high gas temperatures of even over 1000 K.
However, authors’ experimental results with a spray-type DBD
showed below 400 K of the gas temperature in this spraytype reactor. Although the temperature-dependent reactions
are adopted in this simulation, such as reactions (33)–(38) in
Table V, the variations of the reaction coefficients are small
in the temperature range 300–400 K. For this reason, the
temperature-dependent effect on the rate constants is negligible,
and the gas temperature is assumed to be constant at 300 K,
and the effect of gas heating is not considered in this
simulation.
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TABLE VI
DESIGN PARAMETERS AND OPERATING CONDITIONS FOR THE SIMULATION

Fig. 3.

Applied voltage and discharge current profiles in the spray-type DBD.

III. S IMULATION R ESULTS
A. Plasma Flow Characteristics
The design parameters and operating conditions are determined by experimental research, which has been performed in
the authors’ laboratory, and the simulation parameters, including the base conditions, are summarized in Table VI.
In the base simulation, the discharge and plasma flow characteristics are examined by focusing on the effect of the spray
hole and the behavior of the fluorine atom as a reacting species.
The spray-type DBD has the multipulsed current characteristic
that appears in Fig. 3, obtained from the base simulation. This
pulsed current behavior is attributed to the group behavior of the
high-density electrons, which starts from the spray hole barrier
wall (E–G). The detailed progress of electron and electric field
movements corresponding to the discharge phase is found from
a series of numerical images in Fig. 4. In the first phase, a
strong electric field is induced at the exit of the spray hole
barrier wall and triggers a rapid production of electrons. A
localized discharge is then formed over the spray hole barrier
wall similar to a surface discharge [20]. In the second phase,
the surface discharge grows along with the spread of the highelectron-density region to the discharge region. In addition,
the electric field at the spray hole barrier wall is reduced due
to a decrease in the potential difference between the surface
discharge region and the barrier wall on which negative charges
are accumulated. After the peak of pulsed current, the highelectron-density region moves toward the powered electrode
barrier surface and becomes extinct at the same time in the

discharge region. The electric field is maintained relatively low
until the electric potential rises sufficiently high in the spray
hole. This phenomenon is repeated during the half period of the
positive applied voltage, and these peaked pulses are similar
to a typical current shape of the filamentary DBD [21], but
their durations are much longer than those of the filamentary
DBD. In contrast to the positive period of the applied voltage,
its negative period has no peaks in the current profile. The group
behavior of the electrons from the powered electrode barrier
surface to the grounded electrode barrier exists during the half
period of the negative applied voltage, but the produced electron
density is too low to affect the discharge current. Since the
powered electrode barrier surface has no spray hole contrary to
the grounded electrode, high intensities of electric field cannot
be induced to generate a sufficient electron density affecting the
discharge current profile.
The average advection velocity distribution in the spray-type
DBD reactor is drawn along with its stream lines in Fig. 5. The
N2 /SF6 mixture gas enters with 8 m/s through the outer boundary of discharge region (D–F). The accelerated flow ejected to
the substrate makes a back flow going around the spay hole
barrier wall (E–G) and has the maximum velocity at the center
of the spray region. Then, the ejected flow from the spray hole
reaches the substrate surface and spreads out to the flow outlet
along the substrate surface. Fig. 6 shows the temporal density
distributions of fluorine atoms at 30, 50, and 70 μs. Fluorine
atoms produced in the discharge and spray hole regions are
ejected through the spray hole to the substrate. The fluorine
atoms near the spray hole barrier wall (E–G) are produced more
than those in other regions, because abundant electrons are
produced by the surface discharge over the spray hole barrier
wall to enhance fluorine atom production. Consequently, it is
concluded that the surface discharge in the spray hole geometry
can affect the density distributions of neutral species like the
fluorine atom in the spray region.
B. Effects of Spray Hole Radius
For a better understanding of spray hole effects, the spray
hole radius is reduced to 0.4 mm, which is half of that of
the base simulation condition, and the other conditions are
unchanged in this comparative simulation.
The current profile for 0.4 mm radius is shown in Fig. 7(a),
as compared with that of the base condition. The electric field
distributions at the initial moment of the first current pulse are
shown in Fig. 7(b), and the electron density distributions at the
peak moment of the first current pulse are seen in Fig. 7(c).

Authorized licensed use limited to: Seoul National University. Downloaded on June 26, 2009 at 05:11 from IEEE Xplore. Restrictions apply.

780

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 37, NO. 6, JUNE 2009

Fig. 4. (a) Enlarged shape of peaked current profile and spatial distributions of (b) electric field and (c) electron density according to the discharge phase in the
spray-type DBD reactor. [T1 , T2 , T3 , and T4 represent the discharge moments appeared in (a), respectively, and the number at each contour in (b) indicates the
order x of electron density in 10x cm−3 unit.]

spray hole barrier wall (E–G) of 0.4 mm in radius has a lower
electron density and longer potential recovery time to reach
a sufficiently high electric field. The maximum electric field
for a 0.4-mm radius appears at the spray hole barrier surface
to be 35 kV/cm, which is relatively lower than that in excess
of 40 kV/cm for the base simulation. As the level of the
localized discharge triggered by the electric field is low, the
high-electron-density region is shrunk, and the electron density
in the whole discharge region decreases. The smaller hole
radius reduces the activity of the discharge dynamics in the
reactor.
C. Effects of Inlet Flow Velocity

Fig. 5. (Left) Average advection velocity distribution and (right) its flow
stream lines in the spray-type DBD reactor.

As the spray hole radius decreases, the intensity and number
of peaked current are reduced with longer peak intervals.
This result means that the localized discharge formed at the

In Fig. 8, for the average advection velocity, the reduced
spray hole radius produces a much faster velocity flow in the
spray hole. This faster advection velocity enhances the transport
of neutral species particles resulted in a high effluent rate of
fluorine atoms. Fig. 9, showing the fluorine density distributions
for both hole radii, indicates that the higher effluent rate at
the spray hole exit results in a higher density of the fluorine
atom, which has the advantage of processing rate enhancement.
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Fig. 6. Temporal density distributions of fluorine atoms at 30, 50, and 70 μs in the spray-type DBD reactor. (The number at each contour indicates the order x
of density in 10x cm−3 unit.)

In the aspect of the spatial distribution, however, the large
spatial differences in velocity for a 0.4-mm hole radius cause
a nonuniform density distribution of fluorine atoms on the substrate surface. This spatial nonuniformity is disadvantageous
to the large-area surface processing. Consequently, the spray
hole radius has the tradeoff effect on the effluence rate and the
distribution of neutral species.
The effects of advective flow velocity are found by reducing
the inlet flow velocity to 4 m/s, which is half of that of the
base simulation, and the other conditions are kept the same.
The current profiles shown in Fig. 10 reveal that the number
of pulsed current peaks decreases with longer peak intervals
as the inlet flow velocity decreases. This result indicates that
the flow of gas can affect the spray-type DBD characteristics
through bulk movements of neutral species that interact with
heavily charged species of positive and negative ions.
In the present N2 /SF6 mixture DBD, the N+
4 ion is mainly
produced by associative ionizations of the two meta-stables
among reactions in Table IV. We have

 1 −
+
N2 A3 Σ+
u + N2 a Σu → N4 + e

+
N2 (a 1Σu−) + N2 a1 Σ−
u → N4 + e.
The N+
4 ion species plays an important role in the formation
of a space charge source in Poisson’s equation for the electric potential calculation. That is, the meta-stables formed by
the advection of flow affect the distribution of the N+
4 ion
species that have an effect on the electric potential formation.
Therefore, the flow effects cause the electrical characteristics
3 +
to change through interactions among N2 (a1 Σ−
u ), N2 (A Σu ),
+
and N4 ion.
Fig. 11(a) and (b) plots the radial density distributions of
+
N2 (a1 Σ−
u ) and N4 , respectively, on the spray hole exit surface
(z = 0), depending on the inlet flow velocity. The N2 (a1 Σ−
u)
meta-stable density increases with increasing inlet flow velocity
due to its fast transport from the localized discharge region to

the spray hole exit. The low density of the meta-stable leads
the N+
4 ion species to reduce its production rate. The reduced
production rate of N+
4 takes longer to accumulate space charges
that are related to the electric potential at the spray hole exit (G).
The fluorine density distributions, which depend on the inlet
flow velocity, are shown in Fig. 12. As the inlet flow velocity
increases, the high-density regions of the fluorine atoms are
reduced in the discharge and spray hole regions, while they are
widened in the spray region. This phenomenon means that the
transport of neutral particle moving through the discharge to
spray regions is gradually developed along the radial direction
as the increment of average advective velocity. Therefore, the
high advective flow velocity has the advantage of enhancing
the process rate on the substrate.
IV. C ONCLUSION
A numerical simulation of atmospheric pressure DBD in a
spray-type reactor for surface treatment has been accomplished
to understand the characteristics of plasma flow influenced by
the reactor design and operation parameters, such as spray hole
radius and inlet gas flow.
A numerical simulation code for the N2 /SF6 DBD plasma
with a flow ejection from the spray hole in the grounded electrode has been developed with a fully 2-D (r, z) nonuniform
grid in axi-symmetric (∂/∂θ = 0) coordinates. This numerical
code consists of three modules for discharge, flow, and reaction
calculation. Spatial and temporal distributions of electric field
and charged species densities are calculated in the discharge
module, and advective velocity fields and neutral species characteristics are computed in the flow module, while the reaction
calculation module computes source or sink terms of charged
and neutral species in the N2 /SF6 plasma. The discharge and
flow modules with different time scales in their movement are
linked together by a time-slicing method.
From the results of the base simulation condition, the high
electric field induced by the spray hole generates a large amount
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Fig. 8. Comparison of average advective velocity contours between
(left) 0.8 mm and (right) 0.4 mm of the spray hole radius in the spray-type
DBD reactor.

Fig. 9. Comparison of fluorine atom density distributions between
(left) 0.8 mm and (right) 0.4 mm of the spray hole radius in the spray-type
DBD reactor. (The number at each contour indicates the order x of density in
10x cm−3 unit.)
Fig. 7. Comparison of the discharge characteristics between 0.8 and 0.4 mm
of the spray hole radius in the spray-type DBD reactor: (a) applied voltage and
discharge current profiles; (b) electric field distributions at the initial moment of
first current pulse; and (c) electron density distributions at the peak moment of
first current pulse. [The number at each contour in (c) indicates the order x
of electron density in 10x cm−3 unit.]

of charged particles and forms the localized discharge similar to
the surface discharge. This localized discharge moves toward
the powered electrode surface and along the top surface of the
grounded electrode barrier. The average electron density rises
up to 1013 cm−3 in the discharge and spray hole regions, and
then, the electric field decreases, and electrons are decayed to
the generation of the next localized discharge. These repeated
localized discharges yield a pulsed profile of discharge current
during the positive period of the applied voltage. However,
when a negative voltage is applied to the reactor, the group
behavior of electrons occurs from the powered electrode barrier,
but the electron density is too low to affect the discharge current

Fig. 10. Applied voltage and discharge current profiles for inlet flow velocities
of 8 and 4 m/s in the spray-type DBD reactor.
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Fig. 11. Radial density distributions of (a) meta-stable species N2 (a1 Σ−
u)
and (b) the N+
ion
on
the
spray
hole
exit
surface
for
inlet
flow
velocities
of
4
8 and 4 m/s.
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current peaks. This current profile is caused by a high-electrondensity region shrunken by the lower electric field due to
the smaller radius. Because of the narrower spray hole, the
advective velocity in the spray hole region is much faster, so
the effluent rate of fluorine atoms and the spatial difference
in effluence are considerably increased in the spray region.
These results indicate that the smaller spray hole reduces the
influence on the discharge characteristics and has the advantage
of processing rate enhancement in the spray region, but it is
disadvantageous to the large-area uniform processing on the
substrate.
The discharge current characteristics are changed by the
lower inlet flow velocity to the reduced number of current peak
and its widened interval. This phenomenon is analyzed by inter1 −
actions between two meta-stables (N2 (A3 Σ+
u ) and N2(a Σu ))
+
and the N4 ion. The densities of the two meta-stables are
reduced as the flow velocity decreases, and therefore, the
production rate of N+
4 ion is lowered. Then, the rising time
of electric potential is extended by the slow increase of N+
4
ion density at the spray hole exit. As a result, the variation
of advective flow affects the discharge characteristics through
interactions among meta-stables and ion. As inlet flow velocity
is increased, the high-density areas of fluorine in the discharge
and spray hole regions are increasingly narrowed since the
residence time of the fluorine atom becomes shorter. However,
the average density of the fluorine atom ejected into the spray
region is increased by the faster transport of neutral particles.
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