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As a popular approach to producing atmospheric pressure non-thermal plasma, dielectric barrier discharge (DBD) has
been extensively used in various application fields. In this paper, DBD with wavy dielectric layers is numerically simulated
in atmospheric pressure helium mixed with trace nitrogen based on a fluid model. With varying relative position (phase
difference (A@)) of the wavy surfaces, there is a positive discharge and a negative discharge per voltage cycle, each of
which consists of a pulse stage and a hump stage. For the pulse stage, maximal current increases with increasing Ag.
Results show that DBD with the wavy surfaces appears as discrete micro-discharges (MDs), which are self-organized to
different patterns with varying A@. The MDs are vertical and uniformly-spaced with A¢ =0, which are self-organized
in pairs with A¢p = /4. These MD pairs are merged into some bright wide MDs with A¢ = /2. In addition, narrow
MDs appear between tilted wide MDs with Ap = 37 /4. With A@ = 7, the pattern is composed of wide and narrow MDs,
which are vertical and appear alternately. To elucidate the formation mechanism of the patterns with different A@, temporal
evolutions of electron density and electric field are investigated for the positive discharge. Moreover, surface charge on the
wavy dielectric layers has also been compared with different Ag.

Keywords: dielectric barrier discharge, wavy dielectric surface, micro-discharge, fluid model
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1. Introduction

Without the need for a vacuum chamber, dielectric
barrier discharge (DBD) can be easily used in batch pro-
cessing, which has become a popular approach to produc-
ing atmospheric pressure non-thermal plasma.!!! Due to its
various merits, DBD has extensive application potentials,
such as surface modification,*3! flow control,*>! biomedical
sterilization,!%”! and pollution abatement. 8-1°]

Different to traditional discharges conducted with parallel
electrodes at low pressure, DBD is characterized by inserting
at least one dielectric layer into the discharge gap.[!!?] After
initiation, charged particles are accumulated on the dielectric
surfaces, which induce a field contradictory to the applied one
and then make the discharge quench. Hence, DBD can only
be ignited repeatedly at different half periods of an alternat-
ing current voltage, suppressing the instability that leads to

[13,14

arc discharge. 1 Under most cases, DBD appears as some

stochastically distributed filaments. Thanks to the unremitting

efforts of the plasma community, experimental parameters in-

(18

cluding voltage, !>~ frequency,'® gas flow rate, "] and im-

TCorresponding author. E-mail: plasmalab@ 126.com

CSTR: 32038.14.CPB.ada43d

[20,21 22,23

purity content ! have been investigated for DBD.!

In fact, gap width (dy) is a paramount parameter to
determine discharge aspects and plasma characteristics,>*!
which along with pressure (p) dictates the discharge regime
(a Townsend regime under a low pd, and a streamer regime
under a high pd,,).”*>) In addition to a uniform gap, DBD can
also be performed with a non-equal gap, which can be caused,
for example, by a slight inclination of one electrode.”®! With a
non-equal gap, DBD does not initiate simultaneously, but first
occurs at the position with the narrowest gap, [!*?”! then propa-
gates to the next position with a relatively wider gap.?%?%] Re-
placing traditional smooth-surface dielectric with topographic
relief insulators, patterns are formed because DBD initiations
are repeatedly and exclusively nucleated at the tips of the di-

291 In addition, when one dielectric layer

electric pyramids.
has a wavy surface,3%3! micro-discharges tend to appear at
the valleys during the positive discharge and at the crests dur-
ing the negative discharge, constituting a complimentary pat-
tern.

In this paper, DBD with both of the dielectric layers hav-
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ing a wavy surface is numerically simulated based on a two-
dimensional fluid model. By varying the relative position
(phase difference) between the two wavy surfaces, different

self-organized patterns are obtained.

2. Model description

Figure 1 shows a schematic diagram of the model to simu-
late DBD with two wavy dielectric surfaces. Two square plate
electrodes with a length of 10.0 mm are covered by dielectric
layers (relative permittivity of 7.5), with a length of 12.0 mm.
Considering the geometry of the discharge device, a two di-
mensional model is adopted and the wavy surfaces of the di-
electrics are expressed as follows:

Lower dielectric: y = 1 — 0.1 x cos(7x), (1)

Upper dielectric: y =3 —0.1 x cos(nx+A¢p), (2)

where A@ is the phase difference between the two wavy sur-
faces. Results indicate that the number of micro-discharges
increases as the period of surface profile shortens. In our
work, pattern formation of filaments is intended to be inves-
tigated, which actually requires sufficient micro-discharges to
make them self-organized. Hence, a relatively short period of
2.0 mm is chosen, which is the same to that used in Ref. [32].
The initial phase of the lower surface is fixed at zero, while
that of the upper surface varies, leading to the change of A¢g.
When Ag = 0, the upper surface has the same waveform with
the lower one. When A@ = /2, the waveform of the upper
surface shifts to the left by 0.5 mm. Dielectric thickness fluc-
tuates from 0.9 mm (valley) to 1.1 mm (crest), resulting in a
gap width ranging from 1.8 mm to 2.2 mm. The z-direction
depth of the model is 20. mm. Pressure and temperature of he-
lium with trace nitrogen (100 ppm) are maintained at 760 Torr
(1 Torr = 1.33322x 10? Pa) and 300 K, respectively. The upper
electrode is driven with a 10.0-kHz sinusoidal voltage (4.0-kV
amplitude), and the lower electrode is grounded.

Power electrode vy unit: mm
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Fig. 1. Schematic diagram of the model geometry.

In this model, the governing equations of electron
properties are simplified to the continuity equations based

(32331 The transport of

on the drift-diffusion approximation.
heavy species is determined by the multi-component diffu-

sion equation.?*! Moreover, electric field (E) is solved by

Poisson’s equation. On the dielectric surfaces, the secondary
electron emission coefficient by bombardment is set to 0.01
for helium ions with an initial electron energy of 5.0 eV and
0.001 for nitrogen-molecule ions with an initial electron en-
ergy of 3.0 eV.[>3] In the gap, we have considered 9 parti-
cles (i.e., electron (e), He, He*, Hej , Het, Hej, Na, N3,
and NI) and 27 reactions,[>®! whose rate coefficients are
calculated in BOLSIG+[*" using the cross-section data!®%]
or taken from Ref. [36].
is employed in the gap for all species.

A homogeneous initial condition
Considering elec-
troneutrality, initial e, He™, He;, NJ, and N, are set to
22x108 m™3, 1x10¥ m=3, 1x10"® m~3, 1x10"> m~3, and
1x10'2 m~3, respectively. On the dielectric surfaces, 6 reac-
tions are considered. (%!

The simulation is performed in COMSOL Multiphysics
with 322672 total number of freedom degrees. The mesh con-
sists of 48000 elements, whose minimal size in the gap is
5 umx40 pum close to the dielectric surfaces. The minimal
and average values of mesh quality are 0.7185 and 0.9210, re-
spectively, which are similar to those reported by others. "]
The model has been verified by parallel-plate DBD with plain

[36] Usually, a steady state can be reached

dielectric surfaces.
for a DBD with plain dielectric surface after typically 8-10
voltage cycles.[*?! For a wavy dielectric surface, it takes only
4 voltage cycles to reach a steady state.[*! To ensure the dis-
charge has reached a steady state, the results are obtained after

10 voltage cycles.

3. Results and discussion

To validate the model, waveforms of voltages and current
density are presented in Fig. 2(a) for DBD with plain dielectric
surface. As can be seen, there is only one discharge pulse per
voltage cycle, whose peak value is about 1.76 mA/cm?. In ad-
dition, just before the polarity change of applied voltage, gap
voltage increases with time, which induces the discharge at
gap voltage of about 750 V. The peak value of current density
and the gap voltage for initiation are in line with those pre-
sented in Ref. [36], which verifies the validity of our model.

Figure 2(b) presents waveforms of applied voltage and
discharge current density with A@ corresponding to 0, /2,
and 7, respectively. For a given A@, there is a positive dis-
charge and a negative discharge per voltage cycle, both of
which consist of a pulse stage and a hump stage. Accord-
ing to the current continuum equation, the total current (j;)
is the sum of the conduction current (j.) and the displace-
ment current (€JE/dt), where € is the permittivity, taking
¢ for the gas gap and &, for the dielectric barriers.*!! In
addition, j. = q(I; — I.),1*?! here ¢I; and —gI; are ion cur-
rent density and electron current density, respectively, which
can be directly got from COMSOL. The current waveform in

035202-2



Chin. Phys. B 34, 035202 (2025)

Fig. 2(b) corresponds to j., which does not contain the dis-
placement current. Hence, the hump stage should not come
from the displacement current, but correspond to a discharge
event. Moreover, the current profile is identical for the posi-
tive discharge and the negative discharge. With increasing A,
maximal current monotonously rises for the pulse stage while
keeping almost constant for the hump stage. It is noteworthy
that the discharge initiates prior to the polarity reversal of ap-
plied voltage, similar to DBD with plain dielectrics.*3! This
phenomenon suggests that surface charge on the dielectrics
plays a predominant role in the discharge.
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Fig. 2. Waveforms of voltage and current density for DBD with the plain-
surfaces (a) and the wavy surfaces for different Ag (0, /2, 7) (b).

log ne ()

14.5 15.0 15.5 16.0

Micro-discharge

3 |
2 (a)
1
3
2
1
g 3
E 2
> 1
3
2
1 - <.
3 e
2 PN R
1Y T l/_<| \‘( ' T T 1
-6 -4 =2 0 2 4 6
z (mm)

Fig. 3. Spatial distribution of ne (on a log scale) averaged in one voltage
cycle with Ap =0 (a), ©/4 (b), ©/2 (), 37/4 (d), and 7 (e).

Figure 3 indicates spatial distribution of electron den-
sity (ne) averaged over one voltage period with different Ag.

Different self-organized patterns are observed for the micro-
discharges (MDs) with varying A@. One can see that the
MDs are arranged vertically with equal intervals when Ag =0,
whose width is the largest in the vicinity of the surface crests
and shrinks with increasing distance away from the crests.
With increasing Ag, the MDs become slightly stronger and
tilted. The tilted MDs are self-organized into several pairs with
equal intervals (AQ = 7/4). When A is elevated to /2, the
MDs in a pair are merged. The pattern with the merged MDs
has a higher 7. than the MD pairs. With A@ = 37 /4, wide
bright MDs bridge the facing valleys of the upper and lower
dielectrics, between which narrow dim MDs appear bridging
two dielectric crests. The boundary is unclear between the
When
A@ = m, the wide and the narrow MDs turn vertical, which

wide and the narrow MDs near the wavy surfaces.

alternately appear along the x axis.

As mentioned above, the positive discharge has a cur-
rent profile identical to that of the negative discharge, meaning
their similar evolution. Hence, only the positive discharge is
investigated in the following (Figs. 4, 6, and 7). For the posi-
tive discharge, the upper dielectric serves as the instantaneous
anode. In Figs. 4, 6, and 7, ney and Ep, refer to the maxi-
mal value of ne (in units of m—3) and E (in units of kV/cm),
respectively. As will be shown later, the valleys have more sur-
face charges than the crests. Hence, a great number of residual
electrons left by the previous discharge are attracted at the an-
ode valleys just before the initiation of the positive discharge
(10.0 us).

Owing to the dielectric polarization,!**1 E is enhanced
near the crests. That is to say, the first Townsend ionization
(@) coefficient is higher near the crests in contrast to that near
the valleys. As a result, more electrons are produced, and the
discrete MDs are observed near the upper crests. Except for
those at the electrode edge, the MDs almost follow a similar
variation trend with time. Hence, we take the MD (centered
at the dashed line in Fig. 4) as an example. After initiation
(12.0 ps), electron density increases with increasing distance
from the instantaneous cathode (the lower dielectric) due to
impact ionization. It can be inferred that the MD operates
in a Townsend-like discharge mode considering that ney, ap-
pears in the vicinity of the anode.[*64"] Positive ions (referred
to as ions in the following) in the MD drift almost vertically
downward, which are going to be accumulated above the lower
valley and enhance E there (13.2 us). Accelerated by the en-
hanced E, ions impact the lower dielectric surface to release
secondary electrons. During their upward drift, the electrons
are multiplied in the enhanced E region. Hence, ne, of the MD
increases with time. In addition, a low-E region in the MD is
formed owing to the production of high-density electrons. At
13.6 us (the maximal current moment of the pulse stage), the
region of nen reaches the vicinity of the cathode. Moreover,
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a cathode-fall region with E, of about 12 kV/cm is formed
near the lower dielectric, suggesting that the MD operates in
the glow-like discharge mode.[*”*8] Therefore, the MD in the
pulse stage transits from the Townsend-like discharge mode to
the glow-like discharge one, which is similar to that found in
DBD with plain dielectric surfaces. [46:48]

After the pulse peak moment (13.8 ps), less electrons and
ions are produced with reducing current. Accordingly, nen, de-
creases with time. With less ions to enhance E near the cath-
ode, Ey, also decreases with time. At 16.0 us, nem appears
near the anode (similar to a Townsend-like discharge), while

ne (1015 mr3)

Min Max

L B A A

y (mm)

E\, appears near the cathode (similar to a glow-like discharge).
Hence, the MD operates in a mixed mode. When applied volt-
age changes its polarity, E is enhanced again (20 ps). Even
though, n. decreases remarkably, and the MD is maintained
with a relatively low n. (24.4 ps). Then, ney, and Ey, decrease
with time (30 ps) before the MD quenches at last. Compared
Fig. 3 with Fig. 4, one can assert that the only half of the MDs
in Fig. 3 are generated during the positive discharge. Hence,
the other half of the MDs will be generated during the negative
discharge. In addition, the MDs in the positive discharge are

complementary to those in the negative discharge.

E (kV/cm)

z (mm)

Fig. 4. Evolutions of n, and E with A@ = 0 for the positive discharge. The labeled numbers in the left column multiply 10" equal 7¢m, and the

numbers in the right column correspond to Ey,.

The discharge seems to return to the anode side from
13.8 ps to 16.0 ps, which can be discussed as follows. Fig-
ure 5 indicates spatial distribution of total ionization rate (R.)
at 13.6 ps, 13.8 ps, and 16.0 us with Ag = 0 (corresponding to
Fig. 4). In addition, the orientation and size of the arrows cor-
respond to the direction and magnitude of electron flux (I¢),
respectively. It can be seen from Fig. 5 that from 13.6 us to
16.0 us, maximal R. always appears at the vicinity of the in-
stantaneous cathode due to the existence of the cathode fall
region. This means that electrons are mainly produced at the
vicinity of the cathode (the lower dielectric). The electrons

born near the lower dielectric will drift upward (see the ar-

rows). After they reach the vicinity of the upper dielectric,
electrons are gradually trapped by the valleys of the upper di-
electric due to the horizontal component of the electric field.
Therefore, nen, appears near the anode at 16.0 pus. Hence, in
the mixed mode, electrons are mainly produced in the cathode
fall region near the lower dielectric although ney, appears in
the vicinity of the anode near the upper dielectric.

In addition, the average electron energy of DBD is sev-
eral eV, ! which corresponds to a reaction rate coefficient (k)
from 1078 m?/s to 1077 m?/s calculated by BOLSIG+. In
the discharge, n, is 10'® m—3, and helium atom density (N) is

approximately 10> m~> at atmospheric pressure. As a result,
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Re=kxnexN=108 m 3512102 m3.s7!, as presented
in Fig. 5, which is actually on one order of magnitude higher
than the axis-averaged R, (result not shown here). Hence, the
axis-averaged R. is on one order of magnitude lower than that
reported in Ref. [36]. The lower R, is attributed to the lower
ne of DBD with the wavy dielectric surfaces.

R. (103 m3-s7)
Min e Max

y (mm)

—6 —4 -2 0 2 4 6

Fig. 5. Spatial distribution of R, at 13.6 us, 13.8 ps, and 16.0 ps with
A¢ = 0. The orientation and size of the arrows correspond to the direc-
tion and magnitude of I¢, respectively. The labeled numbers multiply
1023 correspond to maximal Re.

Figure 6 depicts temporal evolutions of n. and E for the
positive discharge with A@ = /2, which in general are simi-
lar to those with A¢ = 0. The difference lies in the fact that the
MD is vertical with Ag = 0, while tilted or even deviated from

ne (101 m?)
Min | e MaX

¥

10.0 us

12.0 us

13.2 ps

13. 0 !’

us

13.87us

=

YT

16.0 us

AbLAAAR

20.0 us

4

24.4 us

y (mm)
N W N W N WHFE N WHE N W N WHFE N WHE N W~ N W

v 9.
AAAA N

the dashed line with A9 = /2. From 12.0 ps to 13.6 us, a
large number of ions drift towards the lower dielectric (almost
along the dashed line). When they reach the vicinity of the in-
stantaneous cathode, E is stronger on the left side of the dashed
line compared with that on the right side due to the polarization
of the lower dielectric. Hence, ions are attracted to enhance E
further on the left side (13.6 ps), producing more electrons on
the left side of the MD, as can be seen in Fig. 6. Moreover, a
horizontal field component is induced by the spatial ions ac-
cumulated above the lower dielectric, which directs the ions
to move to the right side (In fact, also to the left side, how-
ever, for the movement to the left the spatial ions encounters
the rising edge of the dielectric crest, reducing surface charges
and weakening E on the left side). Hence, E on the right side
is enhanced and that on the left side is weakened (13.8 us).
With the strengthening E, the multiplication process of elec-
trons (the production of equal amounts of ions) is improved
on the right side. One can see that ney, near the upper crest is
higher on the right side (16.0 us). As a result, more ions drift
downward to enhance E on the right side. Apparently, this is
a positive feedback process, which enhances the discharge on
the right and weakens that on the left. Consequently, the MD
moves to the right side of the dashed line (from 20.0 ps to
30.0 ps).

E (kV/cm)

Min e e Max

Fig. 6. Evolutions of n and E with Ag = /2 for the positive discharge. The labeled numbers in the left column multiply 10'> equal 7ep, and

the numbers in the right column correspond to Ep,.
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ne (1015 m)

Mine———— s M gx

y (mm)
NN W N W N W N W D W NN W NN W NN W N W

E (kV/em)

Mine—— s Max

Fig. 7. Evolutions of n, and E with Ag =  for the positive discharge. The labeled numbers in the left column multiply 10" equal rep, and

the numbers in the right column correspond to Ey,.

Figure 7 illustrates temporal evolutions of ne and E for
the positive discharge with A¢ = 7. In the pulse stage (from
12.0 ps to 13.6 us), the evolutions are similar to those of
A@ =0 or m/2. However, spatial ions are accumulated near
the lower crest with A¢ = 7. At 13.8 ps, spatial ions move
to the two neighboring valleys under the effect of the hori-
zontal field component. The redistribution of ions above the
lower dielectric result in £ decrement near the crest and rel-
ative E increment near the valleys. Consequently, more elec-
trons are produced above the lower valleys, and n. decreases
near the red dashed line (16.0 us). Due to the positive feed-
back process, the discharge weakens near the red line, while
strengthens near the yellow lines. At last, the MD centered at
the red line bridging the upper and lower crests shifts to the
MD centered at the yellow line bridging the upper and lower
valleys (20.0 us to 30.0 ps). It is worth noting that ney, of
the MD is 1.67x10'7 m~3 at 13.6 us, while 2.3x10'® m—3 at
24.4 us. The MD with the higher nep, in Fig. 7 corresponds
to the narrow dim MD in Fig. 3, while that with the lower nep
corresponds to the wide bright one in Fig. 3. The reason can
be discussed as follows. Figure 3 is a time-averaged spatial
distribution, that is, its brightness is related to not only nep,
but also the discharge duration. The narrow dim MD has a
discharge duration much shorter than the wide bright MD.

From Figs. 4, 6, and 7, one can see that ney, is on the or-
der of magnitude of 10'® m~3, which is slightly lower than
that in atmospheric pressure plasma. As to the low electron
density, we can explain as follows. In parallel-plate DBD with
plain dielectric surface, nen has been reported on the order
of magnitude of 10' m~—3 in some Refs. [50-52], which can
reach a high value of 10'7 m—3-10'"® m~3. The lower ney, can
be attributed to the relief topography of the instantaneous elec-
trode (the dielectric). Due to the relief topography, the reduced
field is remarkably decreased than those in DBD with plain di-
electric surface (about 100 Td). Therefore, DBD with relief

e.[%9 The decrement

surfaces has a lower electron temperatur:
in reduced field and electron temperature lead to decrement in
o coefficient, which further results in the decrement in elec-
tron density. For DBD with wavy dielectric surfaces, the re-
duced field at 13.6 us (the moment of current peak) is roughly
51.8 Td (A¢ = 0), which is only half of that in DBD with plain
surface. Therefore, ne, of the discharge with wavy surfaces is
lower than DBD with plain dielectric surface.

Figure 8 shows surface charge density on the upper (left)
and lower (right) dielectrics for the positive discharge with
Ap =0, /2, and 7, in which the black dotted lines label
the valley bottoms. It is obvious that surface charge is non-
uniformly distributed for a given moment, and the valleys pos-
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sess more surface charge than the crests. Due to the non-
uniform distribution of surface charge (10.0 us), more resid-
ual electrons are attracted near the upper valleys just before
the positive discharge (Figs. 4-6). As the positive discharge
sustains from 10.0 us to 35.0 ps, surface charge of the up-
per dielectric gradually reduces in quantity, which keeps posi-
tive until electrons are deposited on the surface. Accordingly,
the lower dielectric undergoes an opposite process. In addi-
tion, the distributions of surface charge with A9 =0 and &

w7 _ Unper wavy didlecic siatace
100 | \/\J\/ N

4244 s

Surface charge density (uC/m?)
o

! N
o o o w
S o & & o

Surface charge density (uC/m?)

I I
- =
o o
| © S

Surface charge density (uC/m?)

| |
—_ =
=)
| S S

-2 0 2 4 6
z (mm)

are symmetric about the valleys (or the crests). However, it is
asymmetric with AQ = 7 /2, especially at 24.4 ps and 35.0 us,
which corresponds to the asymmetric evolution of the MDs.
Interestingly, after the discharge extinguishment from 35.0 ps
to 56.0 ps, surface charge continues increasing. This phe-
nomenon can be attributed to lots of residual ions and elec-
trons in the discharge region, which continue drifting to in-

crease surface charge on the dielectrics.
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~
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Fig. 8. Distribution of surface charge on the upper dielectric (left) and the lower dielectric (right) for different moments of the positive discharge:

Ap =0 (a), t/2 (b), and 7 (c).
4. Conclusion

In summary, atmospheric pressure DBD with two wavy
dielectric surfaces has been numerically simulated in helium
mixed with trace nitrogen based on a two-dimensional fluid
model. The simulation results indicate that there is a positive

discharge and a negative discharge per voltage cycle, both of

which are composed of the pulse stage and the hump stage.
The maximal current of the pulse stage increases, while that
of the hump stage keeps almost constant with increasing A@.
In addition, DBD with wavy dielectric surfaces appears as
the discrete MDs, which are self-organized in different pat-

terns with varying A@. With Ag = 0, the equal-internal MDs

035202-7
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are vertical, which become tilted and appear as pairs with
A@ = 1 /4. The MD pairs are merged into bright wide MDs
with Ap = /2. With A@ = 37/4, the self-organized pattern
is composed of the wide and narrow MDs, which appear al-
ternately. The tilted MDs turn vertical with A9 = w. The
evolutions of n. and E reveal that there is a transition from
the Townsend-like discharge mode to the glow-like discharge
mode in the pulse stage. Moreover, a mixed discharge mode is
formed in the hump stage. With A@ = 0, the MDs are always
centered at the lines connecting the upper crests and the cor-
responding lower valleys. They shift at the hump stage to the
right side of the original positions of the MDs with Ap = /2.
With Ap = &, the MDs centered at the lines connecting the
upper and lower crests evolve into those centered at the lines
bridging the upper and lower valleys. In addition, surface
charge on the upper and lower dielectrics has been analyzed
at last.
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