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Abstract A 1-D fluid model for homogeneous dielectric barrier discharge (DBD) in helium is
presented, aimed at unraveling the spatial-temporal characteristics of two basic discharge regimes:

single-breakdown and multi-breakdown discharges. Discharge currents, gap voltages, charge den-

sities, electron temperature and electric field profiles of the two regimes make it clear that these

two regimes are qualitatively different. It is found that the multi-breakdown discharge has a more

homogeneous flux on dielectrics compared to the single-breakdown discharge.

Keywords: fluid model, single-breakdown discharge, multi-breakdown discharge, dielec-

tric barrier discharge
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1 Introduction

Dielectric barrier discharge (DBD), also known as
silent discharge, is characterized by the presence of an
insulating layer in contact with the discharge between
two planar or cylindrical electrodes [!l. At atmospheric
pressure, DBD typically presents three different modes,
i.e., filamentary, regularly patterned and homogeneous
discharges [, depending on the gas composition, oper-
ating voltage, electrode configuration, and some other
operating conditions.

As a high uniformity of plasma is required for many
industrial applications, such as surface modification of
materials, the homogeneous plasma generated by DBD
is of great interest to researchers [2~7], Depending
on the operating conditions, homogeneous atmospheric
pressure DBD can present two modes: the glow mode
and Townsend mode, as has been proved by experimen-
tal and numerical investigation [6~9] I principle, the
Townsend mode is characterized by a very low density
of space charge in the discharge gap that the electric
field is hardly disturbed, and the electron density peaks
near the anode, while the glow mode has a character-
istic structure with a positive column, a Faraday dark
space and a strong cathode fall 7,

In order to better control this kind of plasmas for
various applications, it is essential to understand the
nature of the two modes. A different discharge phe-
nomenon with several current peaks in helium was
observed experimentally, which was not operated in
the Townsend mode due to relatively large current
peaks 371 In order to investigate the fundamental
characteristics of the multi-breakdown discharge, a nu-
merical simulation is required, which has been proved to
be very helpful in investigations of atmospheric pressure

DBD [0 In this study, we present two regimes of
DBD: the single-breakdown and multi-breakdown dis-
charges. It is found that the single-breakdown discharge
is in the glow mode while the earlier breakdowns in the
multi-breakdown discharge are in the glow mode and
the later breakdowns are in the Townsend mode. It is
also found that the multi-breakdown discharge has a
more homogenous flux on a dielectric surface compared
to the single-breakdown discharge.

2 Description of the model

Fig. 1 shows the schematic diagram of DBD in our
model. The plasma is generated between two plane-
parallel electrodes covered with an alumina board as
a dielectric with a relative dielectric constant &,=9,
which is chosen the same way as used by MAN-
GOLINI and co-workers 2. The dimensions are: the
gas gap dgz=2 mm and the alumina board thickness
d,=1 mm, similar to the parameters used by BRAN-
DENBURG and co-workers ['2. A sinusoidal voltage
Vo = Vosin(27 ft) is applied to the right electrode and
the left electrode is grounded, of which f=10 kHz and
Vo=1200 V (single-breakdown discharge) or 2400 V
(multi-breakdown discharge). The gas temperature is
kept constant at 300 K.

The 1-D numerical model of the homogeneous barrier
discharge in helium incorporates five chemical species:
electrons (e), helium metastable atoms (He*), helium
metastable molecules (He}), singly charged helium posi-
tive ions (He™), helium molecular ions (He3 ). The elec-
tron mobility and diffusivity are calculated as a func-
tion of the mean electron energy using a Boltzmann
solver 131, The transport properties of the heavy ions
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and metastables are obtained from literature [14].

Discharge
Barrier Spacs Barrier
(He)
'~
dy dy d,

Fig.1 Schematic diagram of the DBD in 1-D model. dy:
Barrier thickness, dg: Gas gap

The governing equations consist of continuity equa-
tions for particle conservation with the drift-diffusion
approximation Eq. (1), the electron energy conserva-
tion equation Eq. (2) and Poisson equation Eq. (3), as
follows:
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where n;, T';, S;, qi, pi, D; represent the density, flux
in the drift-diffusion approximation, net creation rate,
charge, mobility and diffusion coefficient for species i; E
is the electric field strength; e, e are the mean electron
energy, and elementary charge; I; and K; are the en-
ergy loss and rate coefficient of reaction j; m, and my,
are the masses of electrons and helium; K, is momen-
tum transfer rate between electrons and background
helium; ky,, T, and Ty are the Boltzmann constant,
electron temperature, and background helium gas tem-
perature; g is vacuum permittivity. The three terms
on the right hand side of Eq. (2) represent the electron
Joule heating and energy transfer due to inelastic col-
lision and elastic collision.

Boundary conditions at both electrodes and the in-
terface between the gas and dielectric barrier are deter-
mined as follows:

a. The electron flux to the border is given by the sum
of the thermal flux minus the rate of secondary-electron
release;

b. Secondary-electron emission probability for ion
bombardment is set as 0.02;

c. The boundary fluxes of metastables (He* and
He3) are assumed to be thermally limited,;

d. The boundary fluxes of heavy ions (Het, HeJ)
are given by the sum of the mobility and thermal fluxes;

e. For simplicity, the electron mean energy at both
borders is fixed at 1 eV [l

f. For the Poisson equation, the gas and the barrier
interface boundary conditions are given by the surface
charge, which is accumulated by conduction current.

The equation system is solved by using a time-
dependent solver in COMSOL. The minimum mesh size
is 2 pm at the center and 8 um at the gas-dielectric in-
terface, which gradually expands up to 20 um at the
electrodes.

The reactions and corresponding rate coefficients are
listed in Table 1. The rate coefficients f(T.) are ob-
tained using the Boltzmann solver 13 and fitted to an-
alytic functions with the mean electron energy as a vari-
able. The other reaction rate coefficients follow the data
in literature [,

Table 1. Elementary reactions, the corresponding rates,
and the energy loss due to inelastic collision

Reactions Rate coefficients AFE (eV)
He+e=He"+e F(Te) [em3s™] 19.8
He+e=He"+2¢ F(Te) [em3s™ 24.6
He*+e=He " +2e F(Te) [em3s™ 4.8
Hef +e=He*+He  8.9x107° x (To/Twe) " -
[em®s™1)

He™+2He=HeJ +He  1.1x1073' [em®s™) —
He*+2He=Hes+He 2.0x 1073 [cmSs™!] —
2He*=He] +e 1.5x107[em®s ™) —17.2
He5+M=2He+M 4x10* [s7) —
2Hes=THe] +2He+e 1.5x107° [em®s™?] —-13.8

3 Results and analysis

3.1 The single-breakdown discharge
regime

As shown in Fig. 2 is the discharge current waveform
of single-breakdown discharge in this study. As period-
ically repeated, the discharge current has one peak per
half cycle of the applied voltage. The current pulses
have a peak current density of about 22 mA /cm?, and
a rising time and residual time of about 2 us and 6 us,
respectively. It is noted that the glow mode is char-
acterized by the narrow current pulse of a large (tens
of milliampere) amplitude and the presence of only one
current peak per half cycle [, So the single-breakdown
discharge in this study should be in the glow mode. In
comparison, the filamentary discharge normally has a
peak current density of several A/cm?, and a lasting
time of tens of nanoseconds.
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Fig.2 Discharge current for single-breakdown discharge
(The peak amplitude and frequency of applied voltage are
1200 V and 10 kHz respectively)

Fig. 3 shows the temporal profiles of the applied volt-
age (V,) and gap voltage (V). At the beginning of each
cycle, V; increases with V, until a discharge happens
when V, decreases sharply, which is a typical charac-
teristic of the glow discharge. Then the opposite elec-
tric field, caused by space charges, stops the discharge
quickly and prevents the formation of an arc. After
voltage reversing, the deposited charges strengthen the
electric field and thus promote the next discharge, so
the peak of the discharge current doesn’t coincide with
that of the applied voltage.
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Fig.3 Applied and gap voltages of single-breakdown dis-
charge: Vi(I), Vg (II)

The spatial-temporal profiles of the electron density
and temperature are shown in Fig. 4. The electron den-
sity has one peak in each half cycle of the applied volt-
age, which can be reflected by the electron tempera-
ture shown in Fig. 4(b). Before the discharge the space
charge density is not high enough to disturb the electric
field and thus the electron temperature is almost uni-
form, as shown in Fig. 4(b). With the increase in the
applied voltage, the space charge is accumulated and
a plasma sheath is formed with a high electric field.
In the sheath the electrons are heated, and breakdown
happens when the electrons are energetic enough. As
the avalanche propagates, the plasma sheath collapses
and in consequence the electron temperature decreases
sharply. However, the sheath could form again because
the operating voltage keeps increasing after breakdown
(see Fig. 3). In the sheath region electrons are heated
again (see the triangle-shaped tails in Fig. 4(b)). If
the applied voltage is high enough, it is possible that a
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second breakdown would happen (see Fig. 8, the multi-
breakdown discharge). During the discharge the elec-
tron loses its energy and thus the electron temperature
decreases sharply. After the discharge the electron tem-
perature remains very low and uniform most of the time
due to the low space charge density and electric field,
as shown in Fig. 4(b).

Phase of applied voltage

0.2
Position (cm)

0.25 0.3

Phase of applied voltage
o
o

o
nN
o

oo
jarg—

0.15 0.2 0.25 0.3

Position (cm)
Fig.4 Spatial-temporal properties of electron density (a)
and temperature (b), in single-breakdown discharge

To further confirm the mode of the single-breakdown
discharge in this study, we plot in Fig. 5 the spatial
distributions of the electrical field strength, ion and
electron densities when the current peak is the max-
imum. Four specific regions can be distinguished: a
strong cathode fall, a negative glow, a Faraday dark
space and a positive column, which are the most im-
portant characteristics of a glow discharge. Therefore,
the single-breakdown in this study is definitely in the
glow mode.
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Fig.5 Calculated electrical field strength (I), electron (II)
and ion (III) densities of single breakdown discharge when
the current density peak is maximum (Instantaneous anode
is on the left)
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3.2 The multi-breakdown discharge
regime

As shown in Fig. 6 is the discharge current wave-
form of multi-breakdown discharge in this study. As
periodically repeated, the discharge current has three
peaks per half cycle of the applied voltage. Though
multi-breakdown is the phenomenal characteristic of
the Townsend mode, the current density peaks are
much larger than those of the Townsend mode (no more
than 1 mA/cm?) [7l. So the multi-breakdown can’t be
simply classified as in the Townsend mode. From the
size of current densities, we can predict that Townsend
and glow modes co-exist in the multi-breakdown. As
can be seen from Fig. 7, the gap voltage increases with
the applied voltage until the discharge occurs. It oscil-
lates with the avalanche breakdown, due to the space
charge accumulation in each breakdown. Compared
to the voltages in single-breakdown discharge shown
in Fig. 3, the applied voltage is much higher but the
peaks of the gap voltage are comparatively lower. In
the multi-breakdown, the magnitudes of current peaks
decrease monotonically and the corresponding break-
down voltages have the same trend.
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Fig.6 Discharge current of multi-breakdown discharge
(The peak and frequency of applied voltage are 2400 V and
10 kHz respectively)
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Fig.7 Applied and gap voltages of multi-breakdown dis-
charge: Vi (I), Vg (II)

Compared to the single-breakdown (Fig. 4), the elec-
tron has a lower peak density but a comparable peak
temperature, as shown in Fig. 8. The electron den-
sity has two peaks per half cycle, corresponding to the

first two larger current peaks in Fig. 6. It is noted
that the third breakdown is so weak that the electron
density peak is very small; therefore, there are only
two peaks per half cycle that can be seen in Fig. 8(a).
As shown in Fig. 8(b), the electron temperature char-
acteristics in the first two breakdowns are similar to
those in Fig. 4(b). However the electron temperature
in the third breakdown is always very high but not high
enough to cause a glow discharge, because the space
charge (mainly positive ions) has a high density all over
the space and no sheath is formed. It is also due to
the space charge density that a plasma sheath with a
very high electric field can be formed several times per
half cycle, and thus the breakdown can happen several
times.
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Fig.8 Spatial-temporal properties of electron density (a),
and temperature (b) in multi-breakdown discharge

In order to confirm the discharge modes of the multi-
breakdown, in Fig. 9, we plot the spatial distributions
of the electrical field strength, ion and electron densi-
ties at three moments of ¢, to, and t3 (¢1, t2, and t3 are
the three moments when the three current peaks have
the maximum, respectively). As are shown in Fig. 9(a
and b), the characteristics are similar to those in Fig. 5.
So the first two breakdowns can be defined as glow dis-
charge. It appears from Fig. 9(c) that the maximum
in the electron density is located near the anode and
has the maximum of 10° cm™3, which is indeed typi-
cal of a Townsend discharge. Besides, the charge den-
sities are so low that they are not enough to localize
the electric field, which refers to another characteristic
of the Townsend mode, i.e., the electric field is high
and uniform. So the third breakdown can be defined
in the Townsend mode. These confirm our prediction
that Townsend and glow modes can co-exist in a multi-
breakdown, i.e., the earlier breakdowns are more likely
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in the glow mode and the later breakdowns are more
likely in the Townsend mode. The later discharge can
not evolve into a glow discharge due to the eigen field
caused by the space charge.
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Fig.9 Calculated field strength (I), electron (II) and ion
(III) densities of multi-breakdown discharge at three mo-
ments of t1(a), t2(b), and ¢3(c) (Instantaneous anode is on
the left)

Fig. 10 compares the fluxes of electrons, ions and he-
lium metastables on the dielectric surfaces, with respect
to the two discharge regimes: single-breakdown dis-
charge (upper) and multi-breakdown discharge (lower).
From a point of view of the plasma application, fluxes
are sometimes crucial, for in direct plasma treatment
one or two dielectric layers could be the sample. The
flux of charged species (electrons and ions) dominates
the total flux, indicating that charged species should be
most responsible for surface treatment in helium plas-
mas. This is totally inverse to the oxygen-containing
plasmas, in which oxygen neutral species are consid-
ered to play a dominant role '°!. The fluxes of species
have similar profiles to their densities in half an oper-
ating voltage cycle, i.e., only one peak in the single-
breakdown discharge but several peaks in the multi-
breakdown discharge. The flux of helium metastables
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has peak shapes due to He*, which has high poten-
tial energy (19.8 V) and is hence sensitive to energetic
electrons that exist in the neighborhood of the dielec-
tric layers (sheath). He} is comparatively stable, as a
consequence the flux of metastables changes only by
two orders of magnitude over an operating voltage cy-
cle, much less than that of the charged species. This
indicates, for plasma surface treatment, the effect of
metastables is much more homogeneous than that of
the charged species, especially the ions.
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Fig.10 Flux of different species (I: electron, II: ion, III:
helium metastables x100 ) on the dielectric surfaces of
the two discharge modes: single breakdown (a) and multi-
breakdown (b)

Though the discharge intensity in multi-breakdown
is weaker than that in single-breakdown, the multi-
breakdown discharge has almost the same charged
species flux peak as the single-breakdown discharge. In
addition, if one looks at the electron profiles carefully,
one can find that in the multi-breakdown mode the vari-
ation of the electron flux is comparatively high. There-
fore, it can be concluded that in the multi-breakdown
discharge the fluxes have higher uniformity with a
high enough value, and from this viewpoint a multi-
breakdown discharge is better for plasma surface treat-
ment.

3.3 Conclusion

The spatial-temporal characteristics of the single-
breakdown and multi-breakdown discharges of DBD
in helium are discussed by means of a 1-D fluid
model. Compared to the single-breakdown discharge,
the multi-breakdown discharge needs a higher applied
voltage, but its electron density, current and gap volt-
age are comparatively low. In the multi-breakdown,
the earlier breakdowns appear to be more in the glow
mode while the later breakdowns more in the Townsend
mode. It is found that the multi-breakdown discharge
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has a more homogeneous effect compared to the single-
breakdown discharge in plasma surface treatment.
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