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Multiple microdischarge dynamics in dielectric barrier discharges
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Dielectric barrier discharge®BDs) are pulsed atmospheric pressure devices in which the plasma
forms as an array of microdischarges having diameters expanding from 10 toui0(iad area
densities of 10 td 00’s cm 2. The microdischarges are10’s ns in duration and are terminated by
charging of the dielectric barrier which removes voltage from the gap. If microdischarges are spaced
sufficiently close together they may interact during their expansion. In this article, we discuss results
from a two-dimensional plasma hydrodynamics model for microdischarge development in DBDs
with the goal of investigating the interaction between closely spaced microdischarges. We find that
the efficiency of ionization is only moderately affected by microdischarges which expand into
physical contact. The residual charge left on the dielectric following a current pulse can, however,
significantly impact the spatial extent of the subsequent microdischarges. During expansion the
underlying dielectric charges to progressively larger radii as the microdischarge expands. This leads
to voltage collapse in the center of the microdischarge prior to the outer radius. In attaching gas
mixtures larger rates of attachment relative to ionization at the lower values of the electric field/
number density produce cores which are highly electronegative, surrounded by shells of higher
electron density. ©1998 American Institute of Physids$0021-89708)07620-§

I. INTRODUCTION equation. Charge accumulation on the dielectric was also
tracked. They found that the streamer expands from a few
Dielectric barrier discharge®BDs), or silent electrical  mjcrons to 200-30Qum during 30-40 ns current pulses.
discharges, are being developed for plasma remediation Qfjith a discharge gap of 1 mm and dielectric thickness of 3
toxic gases and as advanced ultraviolet lighting soutcés. mm havinge/e,=5 (1.5 pF/cn), peak electron and oxy-
The plasma in DBDs is sustained between parallel electrode\éen atom densities of2 10" c¢m~23 and 1x 107 c¢m™3, re-
of which one(or both is covered by a dielectric. The plasma gpectively, were predicted. The temperature rise in the posi-
operates in a pulsed filamentary mode and is composed ‘ﬁ{:e column portion of the discharge was only 6—7 K, while
mlcrodlsch(’flrges having dlamet.etrs of 10~ 1Qﬂ’jsledura— in the cathode layer the temperature rise was 150-200 K. For
tions Of. 10'sns and area densmes Of. 10-100's ¢mAn €/ €9=50, the temperature rises were 25 and 800 K. For those
alternating voltage of a 315 kV is applied at repetition rateﬁemperature rises, hydrodynamic effects can be expected to
of 100's Hz—10's kHz across the 2-4 mm gap. When a miy, . important. Eliasson and KogelscHatdeveloped a simi-
.crodlsch'arge is initiated in a DBD, the 'underlylng dielectric lar two-dimensionalr,2) model to study streamer dynamics
is electrically charged, thereby removing voltage from thein Xe and G. They f,ound that streamer expansion and di-
gap. The microdischarge is terminated when the gap voltage '

falls below the self-sustaining value, thereby preventing arcSectric charging occurred on time scales of 30-50 ns to radii

ing. If, on the following half cycle, a microdischarge occurs of 250-300xm. They also found that the charge collected

at the same location, the voltage across the gap can, in fadl? (e dielectric generally increases with dielectric capaci-
be larger than the applied potential since the previousif@nce: implying thin dielectrics with large result in large
charged dielectric now adds to the applied voltage. energy deposition in the gas. _

The propagation of streamers across gaps has been in- These previous modeling studies addressed radially sym-

vestigated by a number of workers, in particular Morrow andMetric microdischarge dynamics at moderate to low energy
Lowke! and Dhali and Williams? The development of mi- deposition. In this article, we report on results from a mod-
crodischarges in the context of DBDs has been previouslgling study in which the complementary problem of the ex-
computationally investigated by Brawet al!® They devel- pansion of multiple, and hence radially asymmetric, micro-
oped a two-dimensiona(2D) model (,z) for a single discharges in close vicinity is investigated. The final
streamer to study the breakdown process following streameapplication of interest is plasma remediation of toxins from
propagation between the electrodes and its subsequent rad&t, and so we have investigated, ldnd dry air (N,/O,)
expansion in air. Continuity equations for charged specieslischarges as examples of nonattaching and attaching dis-
and O atoms were solved in conjunction with Poisson’scharges. The model we used in this study is described in Sec.

Il. Parametric studies for microdischarge development for
aElectronic mail: xxu@uiuc.edu 1-4 adjacent microdischarges will be discussed in Sec. IlI.
YElectronic mail: mjk@uiuc.edu Our concluding remarks are in Sec. IV.
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Il. DESCRIPTION OF THE MODEL electrical neutrality and so the electron density at each mesh
point is forced to be equal to the charge weighted sum of the
The 2D model of DBDs used in this study is the analogion densities.
of the one-dimensionallD) model described in Ref. 15. Initial conditions are generated by specifyifigr ran-
With the exception of those specific items discussed belowgdomly distributing a center point for each microdischarge in
the physical model, equations solved and mathematical techhe 2D domain. The microdischarge is assumed to be ini-
niques used in the 2D model are the same as in the 1Mally radially symmetric and composed of a seed electron
model. Since the physical model and equations are discusseénsity having a super-Gaussian profile with peak density of
in detail in Ref. 15, we will only briefly review them here. ny=10° cm 2 and radiug ;=15 um. Initial electron densi-
The flow of the 2D model is as follows. We resolve the ties which would be smaller than 1fn, are set equal to
two-dimensions parallel to the electrodes and therefore daero. The pressure is one atmosphere at 400 K. One electrode
not address the cathode fall dynamics. This model is, thens covered by 0.5 mm thickness of a dielectric having a per-
addressing positive column characteristics of the microdismittivity of 25¢, with 0.25 cm gas gap. The applied voltage
charge. To begin, we select a gas mixture, gap spacing, dis a square pulse of specified duration and magnitude.
electric properties and voltage pulse shape. A small initial
electron density (10-10 cm™3) having a small radial ex-
tent (a few micron$ is specified as an initial condition. The
voltage pulse is applied and the compressible Navier—Stokelg' MULTIPLE MICRODISCHARGES
equations are solved for continuity, momentum conservation, Tpe dynamics of a single microdischarge were discussed
and energy density of the gas mixture. Continuity equationg, Ref. 15. In summary, we found that as the microdischarge
are solved for all heavy particle speciggutrals and ions  expands and charges the dielectric, voltage across the gap
and electrons. first collapses at the center of the microdischarge. This pro-
The transport equations were explicitly integrated inguces a corresponding drop in tEéN in the bulk plasma
time using a fourth order Runga—Kutta—Gill technique. Spaznd a commensurate decrease in the rates for high threshold
t|a.| derivatives are formulated USing Conservative f|n|te dif'co”isions SUCh as e|ectr0n impact ionization‘ There is a cor-
ference donor cell techniques on a staggered mesh whefgsponding increase in low threshold processes, such as
mass density and temperature are solved for at cell verticegjectron-ion recombination in particular. In electron attach-
whereas momentum is obtained at cell boundaries. The 2fg gas mixtures, this collapse of voltage often also results in
mesh was rectilinear wittiusually equal spacing in each an increase in the attachment rate in the center of the micro-
direction. In the cases where we have bulk gas flow throughjischarge. Meanwhile, at the periphery of the microdis-
the device(e.g., a “right to left” flow field), we simply  charge, the plasma diffuses into regions where the dielectric
superimposed a bulk flow velocity, parallel to the elec- is uncharged and the entire voltage is still across the gap.
trodes. To account for no-slip flow and formation of bound- Avalanche occurs at those locations which then advances the
ary layers in the axial direction, we include an axial sheamicrodischarge. The end result is that electron avalanche is
term in the viscous drag term of the momentum equationiimited to an expanding shell. The center of the microdis-
This term is formulated using =d/ (d is the gap spacing charge typically has a lower electron density, a different ion
as the transport length. composition than the expanding shell and often has a large
In this work, we are not solving Poisson’s equation for negative ion density.
the electric potential. The axial electrical field in provided by We also found that in many cases the dielectric under the
solving circuit equations for the pulse power apparatus anghicrodischarge charges to essentially the line voltage. When
dielectric charging in the manner described in Ref. 15. Givenhe applied voltage is pulled to zero at the end of a square
the E/N (electric field/number densityin the plasma, elec- wave voltage pulse, the charged dielectric provides a “nega-
tron impact rate coefficients are obtained using the local fieldive” voltage across the gas gap whose value is almost equal
approximation from a two-term spherical harmonic expan-+o the pulse line voltage. The microdischarge experiences a
sion of Boltzmann's equation for the electron energy distri-second rapid avalanche since the microdischarge region con-
bution. In practice, Boltzmann's equation is solved off line sists of “preionized” plasma which has not fully recom-
for a range of values foE/N and a look-up table of rate bined. Plasma properties for a single microdischarge ob-
coefficients and electron transport coefficients is constructedained with the 2D model are essentially the same as those
This table is then interpolated during execution of the modelobtained with the 1D model provided that a minimum reso-
In the plasma chemistry model, the densities for all spelution is maintained £2 um) to prevent the microdischarge
cies, the gas temperature and the charge density on the dirom being distorted due to edge effects.
electric are updated independently at each mesh point while The electron density is shown in Fig. 1 for two micro-
excluding transport. The method allows us to use a differentlischarges in Bl separated by 30@m for a square wave 40
integration time step at each mesh point, which tends to bas voltage pulse of 12 kV. Results are shown for times of
short (<10 ! s) in the active microdischarge region and 0.8, 26, 41, and 100 ns. 1D slices of the electron density
longer outside the microdischarge. After the update of thehrough the axis of symmetry are shown in Fig. 2. Only the
local kinetics, the densities are then updated based on trangpper half of the microdischarges is shown in Fig. 1, taking
port in hydrodynamic model where the momentum and enadvantage of symmetry across the lower horizontal axis. As
ergy equations are also simultaneously solved. We enforceid Ref. 15, We have chosen conditions for which the micro-
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N, microdischarge for the conditions of Fig. 1. The curves are labeled with

we D 2 W max their time (n9 after the start of the voltage pulse. The peak electron density

occurs at the interface of the expanding microdischarges with a 13% in-
FIG. 1. Electron density for two closely spaced microdischarges,iatN  crease compared to a single microdischarge.
0.8, 26, 41 and 100 ns. The separation of the two microdischarges is 300
pum and the applied voltage is a 40 ns square wave pulse at 12 kV. The
maximum electron density in each frame is indicated. The color scale is

linear with density. The results are symmetric across the bottom axis.  quence of the initial conditions. Electrons from the microdis-
charge diffuse into regions of uncharged dielectric, followed
by avalanche which begins charging the dielectric. The peak
discharge will continue to expand for the duration of theelectron density occurs as the voltage across the gap falls
voltage pulse in order to reduce the importance of issuebelow the self-sustaining value and the net electron genera-
related to surface conductivity of the substrate. The expandion turns negative. The peak electron density therefore
ing microdischarges retain their initial circular profiles until weakly depends on the initial electron density since there is
they collide. Note the somewhat hollow appearance of thsome dynamic “overshoot” of the equilibrium conditions.
microdischarges. As in the case of the single microdischargesince we have contributions from expansion by both micro-
charging of the dielectric in the center of the microdischargeslischarges to the effectivg, at the interface, the initial elec-
produces a collapse of the/N in the bulk plasma which tron density for avalanche at that location is larger. As a
reduces the rate of electron generating collisi¢mg., ion-  consequence, the maximum electron density is larger. The
ization) and increases the rate of electron consuming collisecond effect is hydrodynamic in nature. The ions and neu-
sions, in this case dissociative recombination. At 40 ns, whetrals can, from a hydrodynamic standpoint, be considered
the voltage is pulled to zero, the electric field resulting fromwell coupled fluids. The inertia of the expanding plasma col-
charging of the dielectric produces a secondary discharge inmn results in the shells of the colliding microdischarges
a similar manner as for the single discharge. Further exparproducing a higher gas density. Since the ions are entrained
sion does not occur during the secondary avalanche since thie this flow, the ion density increases commensurably.
dielectric outside the microdischarge is not charged. The plasma expansion of the microdischarges terminates
When the microdischarges collide, a peak in the electromn the sides where the collision occurs, but continues to ex-
density occurs at the interface, having an enhancement gfand on the opposite sides. The end result is an elongated
~13% over the single microdischarge. This increase can bappearance to the microdischarges. The microdischarges do
attributed to two causes. The first, in a sense, is a conse&wot “pass through” each other as would, for example, ex-
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FIG. 3. Gas temperature along the axis of symmetry at various times in an
N, microdischarge for the conditions of Fig. 1. The curves are labeled with
their time (n9) after the start of the voltage pulse. Unlike the electron den-
sity, the gas temperature continues to increase after the voltage pulse is
terminated due to dissipation of energy from excited states,dhfd trans-
lational modes.

8.95
8.90

panding acoustic waves. Recall that the expansion of the 8.85

microdischarges is sustained by diffusion of electrons into
regions in which the dielectric is uncharged, thereby en-
abling avalanche and growth of the microdischarge. Since at
the interface, electron diffusion occurs into regions in which
the dielectric is already charged, further avalanche and ex-
pansion do not occur. _ _ _ Position (ium)

The gas temperatqrg in the mlcrodls.,ch-arg(_a depends OIHG. 4. Gas density along the axis of symmetry at various times for the
the total energy deposition, manner of dissipation of deposconditions of Fig. 1. The curves are labeled with their titng after the
ited energy and change in enthalpy due to chemical reactionsart of the voltage pulse. At long times, the gas density profiles resemble a
and radiative decay of excited states. Gradients in temperaak blast wave.
ture also produce pressure gradients which can lead to ad-
vection. For example, 1D slices of the gas temperature and
total gas mass density are shown in Figs. 3 and 4 for the twtemperature rise of about 24 K. The resulting gas density,
microdischarges in N During and just after the voltage shown in Fig. 4, shows a corresponding rarefaction and com-
pulse the gas temperature increases by éhlK and has pression which resembles a weak “blast wave.” The gas
profiles similar to the electron distribution with the exceptiondensities do not directly correlate to the inverse of the gas
that there is a short delay in time resulting from collisionaltemperature due to inertial effects during the short pulse. To
deexcitation of excited states. After 74 ns, the gas temperdirst order, the energy deposition appears to occur instanta-
ture in the microdischarge continuously increases with timeneously, followed by acceleration by the resulting pressure
as excited states of Nare quenched and dissipate their en-gradient. The gas density is marginally rarefied in the center
ergy into translation modes. There is an additional temperasf the microdischarge during the current pulse and com-
ture rise of~7 K from 0.1 to 0.37us producing a total pressed at the interface and edges. Significant rarefaction and

Gas Density (10°4 g/cm3)

8.80

L 1 L] 1
-400 -200 0 200 400

8.75



J. Appl. Phys., Vol. 84, No. 8, 15 October 1998 X. Xu and M. J. Kushner 4157

compression only occur after termination of the pulse. As

time proceeds, and the advective expansion slowly contin- 50
ues, the minimum and maximum mass densities can be
found near the edge of the avalanche region.

Given the random location of microdischarges, it is con-
ceivable that a cluster of discharges might occur in proximity
of each other. To investigate this possibility, four closely
spaced microdischarges were simulated using the standard
conditions with the exception that the line voltage is 11 kV.
The electron density during and following the 40 ns voltage
pulse is shown in Fig. 5 at 0.8, 14, 41, and 100 ns. The
expanding microdischarges retain their initial circular shapes
until they collide. Att=14 ns the two closest microdis-
charges contact one another, thereby stalling their expansion 14ns  Max=1.02x1013 cm3
along the interface. The other microdischarges continue to 500
expand until they too collide with their neighbors. Their ex-
pansion then stalls and they coalesce. Note that the expand-
ing shell of high electron density is ultimately located at the
periphery of the coalesced microdischarges.

The microdischarge dynamics in dry &i,/O,=80/20
differ from those in pure nitrogen. Since,as a larger
ionization rate than hfor a given E/N, a microdischarge in
dry air at high E/N produces a larger electron density and has
a higher rate of expansion. At low E/N, however, electron
attachment (O,+e—0+0~ and G+etM—0, +M) -500
adds to dissociative recombination to more rapidly decrease
the electron density compared tg.NFor example, 1D slices 500
of electron densities through dry air microdischarges are
shown in Fig. 6 for a line voltage of 12 kV. The two micro-
discharges are separated by 0.3 mm. Due to the addition of
the attachment processes, the electron density in the interior
of the microdischarge decreases more rapidly after the di-
electric charges and E/N collapses compared to themN
crodischarges. As a result, the spike in electron density
where the microdischarges collide is more pronounced, be-
ing 50% higher than in pure N

For lower applied voltages, the smaller electron density
in the core of the microdischarges for,ND,=80/20 gas -500
mixtures reduces the current density to a sufficiently low 100 ns Max =1.46 x 1013 ¢m=3
value that the dielectric cannot fully charge. As a conse-
guence, there is residual E/N across the core of the microdis-
charge for the full duration of the voltage pulse. For ex-
ample, electron densities and voltage across the gap are
shown in Fig. 7 for dry air microdischarges with a line volt-
age of 8.5 kV. Since in this gas mixture the attachment rate
peaks at a nonzero E/N, the residual, but sub-avalanche, elec-
tric field in the middle of the microdischarges actually pro-
duces more net electron loss by attachment. The end result is
more hollow-looking shells for the microdischarges and a
more pronounced peaking of the electron density in the over- -500
lap region. Due to the incomplete charging of the dielectric, -500 0 500
when the voltage is pulled to zero at the end of the pulse, the Position (um)
electric field produced by the charge is also sub avalanche in
its strength, and serves only to increase the rate of attach-
ment. As a consequence, the microdischarges are rapidly MIN -- |. A
quenched compared to those fos.N

The different spatial dependencies and ion Con‘IpOSItIOHI'EIG. 5. Electron density for four closely spaced microdischarges,imtN

of the N,/O, microdischarges when the qielefCtriC is fully 0.8, 14, 41, and 100 ns. The applied voltage is a square wave 40 ns pulse at
charged and not fully charged are shown in Fig. 8. Here wel1 kV. The color scale is linear with density.
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FIG. 6. Electron density along the axis of symmetry in ay®,=80/20
microdischarge. The curves are labeled with their tim® after the start of
the voltage pulse. The separation of the two microdischarges ig.80and
the applied voltage is a square wave 40 ns pulse at 12 kV. The larger rate of
electron loss at low E/N in the center of the microdischarge produces a more
hollow appearing electron density.

show the ion and electron densities fog/®,=80/20 micro-
discharges at 36 ns for line voltages of 8.5 and 12 kV. The
separation between the microdischarges is 2060 in order
to insure that they will collide during the 40 ns voltage pulse.
For the lower voltage case, the current density is low enough
that the dielectric is not fully charged, leaving an electric
field in the center of the microdischarges which is sub ava-
lanche and promotes attachment. The charged particle com-
position is dominantly negative ions and positive ions in the
middle of the microdischarges. At the edges of the microdis-
charges and in the interface, the current density was large
enough that charging of the dielectric was complete, thereby
removing nearly all the voltage from the gap which produced
a less attaching environment. In those regions, the electron
density has about the same density as the negative ions.
With a line voltage of 12 kV, the peak electron density is
ten times larger than at 8.5 kV but, more importantly, the

Gap Voltage (KV) Electron Density (1012 cm-3) Electron Density (1012 em3)

Gap Voltage (kV)
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current density is large enough that the dielectric fullyFIG. 7. Microdischarge properties along the axis of symmetry for
charges. This removes voltage from the gap which producel./O,=80/20 microdischarges having a square wave 40 ns voltage pulse at

a less attaching environment, and results in a Charged patﬁi._5_k\/_. (a) Electron density an¢b) gap voltage. The curves are Iab_eled with
. . . . . . eir time (n9 after the start of the voltage pulse. The separation of two
ticle inventory which is dominantly electrons and positive microdischarges is 20@m. The residual E/N across the gap increases at-

ions. The final charged particle inventory is a sensitive functachment in the postavalanche phase, thereby consuming electrons.
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FIG. 9. Locations of microdischarges for Pulses 1 and 2, and residual chargg’.2, and 100.0 ns for the conditions of Fig. 9. The dynamic range of the
on the dielectric resulting from Pulse 1 for a dry air microdischarge for thecolor scale is 4 decades for the electron density. The daughter microdis-
conditions of Fig. 7. The second pulse will have an inverse voltage from thecharges avalanche to a higher density because of the larger E/N enabled by
first, and so the residual charge will add voltage to the applied potential. residual charge on the dielectric.
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tion of the dependence of attachment on E/N in the subdielectric in the location of the parent microdischarge and in
avalanche regime. the peripheries of the daughter microdischarges.

The residual charge on the dielectric from a previous
discharge pulse can have a significant effect on the microdidV. CONCLUDING REMARKS

charge dynamics of a subsequent pu!se. To i.II.ustrate th_is A two-dimensional model has been developed to inves-
dependence, we have set up the following conditions. A paifigate microdischarge dynamics in dielectric barrier dis-

of mlcrodlgcharges in dry air W'_th a I'n,e voltage of 8.5 kV charges operating in pure nitrogen and dry air. The electron
have prewously ogcurred. Their |OC§1’[IOI’ISZ !abeled “PUISedensity in a single microdischarge peaks in an expanding
1,” are shown in Fig. 9. The voltage is sufficiently low that ghe | where the rate of avalanche is highest. In the interior of
the dielectric is not fully discharged and there is residualpe microdischarge, where the dielectric is charged thereby
charge Ieft_ on the_ d|eI(_actr|c. On a seconlclj |nverte<'j' VOItag?emoving voltage from the gap, the electron density is typi-

pulse, a single microdischarge, labeled “Pulse 2,” occursya)y smaller due to the lower ionization rate and higher rates
adjacent to the first pair. The residual charge left by the first¢ ojactron loss processes at the lower E/N. The dynamics of
pair of microdischarges then adds to the inverted line voltage yjacent expanding microdischarges which collide with each
on the second pulse. The resulting electron density and voliiher are similar, with the exception that the electron density

age across the gap during and after the second 40 ns voltag@,ys at the interface by at most a few tens of percent. The
pulse are shown in Fig. 10 at 0.8, 12.1, 18.3, 36.6, 48l gxpanding ionization waves of the individual microdis-

after the voltage pul3g67.2, and 100.0 ns. charges do not propagate through each other as would acous-
Initially (0.8 ng, the gap voltage is uniformly at 8.5 kV' ¢ \yaves. The ionization waves are sustained by avalanche
except where the residual voltage is left on the dielectric. Alyoqyced in regions of uncharged dielectric. Since the dielec-
those locations the voltage is 13.3 kV. The electron density,;- ig charged by its partner in advance of the expanding
is initially large only in the vicinity of the second microdis- icrodischarge, the avalanche stalls at the interface. Re-
charge. As the second microdischarge progre€24 n3, it gjqya| charge on the dielectric from a previous microdis-

charges the dielectric beneath it thereby removing voltagenarge can significantly alter the dynamics of following mi-

from the gap. The electron density in the center of the miygischarges. The residual charge typically adds to the

crodischarge then decreases due to attachment. At the SaPBitage for the subsequent microdischarge, thereby leading

time, the expanding microdischarge encroaches on the regiq more intense avalanche and providing a mechanism for
of the dielectric which was previously charged. Since this

: microdischarges to expand beyond their single microdis-
region now has a larger gap voltage, electron avalanche r8Rharge domains.

idly occurs producing a “daughter” microdischard&8.3
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