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We present the variations of electrical parameters of dielectric barrier discharge (DBD) when the DBD generator
is used for the material modification, whereas the relevant physical mechanism is also elaborated. An equivalent circuit
model is applied for a DBD generator working in a filament discharging mode, considering the addition of epoxy resin
(EP) as the plasma modified material. The electrical parameters are calculated through the circuit model. The surface
conductivity, surface potential decay, trap distributions and surface charge distributions on the EP surface before and after
plasma treatments were measured and calculated. It is found that the coverage area of micro-discharge channels on the
EP surface is increased with the discharging time under the same applied AC voltage. The results indicate that the plasma
modified material could influence the ignition of new filaments in return during the modification process. Moreover, the
surface conductivity and density of shallow traps with low trap energy of the EP samples increase after the plasma treatment.
The surface charge distributions indicate that the improved surface properties accelerate the movement and redistribution
of charge carriers on the EP surface. The variable electrical parameters of discharge are attributed to the redistribution of
deposited surface charge on the plasma modified EP sample surface.

Keywords: dielectric barrier discharge, surface charge, plasma treatment, circuit model

PACS: 52.77.—j, 52.40.Hf, 68.55.3j

1. Introduction

The dielectric barrier discharge (DBD) under the atmo-
spheric pressure is a promising method in industrial applica-
tions. It is a convenient, effective, and environmental-friendly
method to produce non-thermal plasma with adequate ions,
electrons, and active species.!!! Different types of plasma se-
tups based on DBD, such as volume DBD, surface DBD, and
plasma jets have been studied for many years and are widely
used in ozone production, airflow control, pollutants decom-
position, material surface modification, etc.[?] Regardless of
the application field of the DBD system and its structure, the
amount and variety of active species are the important factors
related to the effect of physical and chemical reactions happen-
ing in the plasma environment.[?! The generation efficiency
of active species mainly depends on the electrical properties
of discharge such as consumed power and transferred charge
during the discharge per half cycle.[?! The Q-V diagram is an
effective method to investigate the electrical properties of the
discharge. Q is the measured transferred charge during dis-
charge per cycle, and V is the applied voltage on the DBD
generator.

The Q-V diagram tends to be an approximate parallel-
ogram under the low frequency sinusoidal driving voltage.[!

DOI: 10.1088/1674-1056/ab8a3f

Many equivalent and simplified circuits of the DBD generator
were studied to analyze the Q-V diagram.!>) However, when
the DBD generator discharges in a filament mode, only limited
part of the dielectric surface is covered by the micro-discharge
channels and deposited charges.!®! In the filament discharge,
the calculated capacitance of dielectric materials is variable
under different amplitudes of driving voltage. This is contra-
dictory to the fact that the capacitance of the solid dielectrics
is determined by the DBD structure and material properties.
Peeters et al.’! proposed a new circuit model considering the
partial discharging on the dielectric barrier to correct the cal-
culated electrical parameters of a DBD generator functioning
in the filament mode. However, the mechanism of the effect of
dielectric material properties on the filament discharge is still
unclear. Therefore, it is necessary to investigate the electri-
cal parameters of the DBD with the plasma modified material
based on the circuit model proposed by Peeters et al.l”]

In the field of material surface modification, e.g., sur-
face coating, etching, fluorination, and direct plasma treat-
ment, the volume DBD generator is widely used since it can
produce large-scale plasma and increase the modified area of
the material.[®! The uniform discharge is significant in terms
of material modification.!”) Many efforts have been made to
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producing a homogeneous or glow-like discharge at the atmo-
spheric pressure.!!”) However, the requirements of the gen-
erator structure and dielectric materials are rigorous in the
literature.!'!! Generally, the material modification by the vol-
ume DBD requires the material to be inserted directly into
the discharge gap. The insertion of external material will in-
evitably influence the discharge mode of these specially de-
signed DBD generators. Nevertheless, little literature has
focused on the influence of plasma modified materials on
discharge parameters of the DBD. Furthermore, the existing
equivalent circuit model does not consider the effect of the
inserted material. In our present study, we find that the dis-
charge parameters (e.g., transferred charge density, areal ratio
of micro-discharge on dielectrics surface) of a fixed volume
DBD are variable since the moment of inserting the modi-
fied material. Thereafter, the filament discharge parameters
tend to be stable. The variable parameters in the beginning
indicate that the inserted material can influence the discharge
parameters of the DBD when the material is being modified.
Meanwhile, the time duration of variation is related to the sur-
face state and properties of the material. The plasma treat-
ment can change the surface properties of the modified mate-
rial, whereas the variable material properties will influence the
discharge parameters in turn.

This study aims at investigating the mechanism regarding
the effect of plasma modified material on the DBD when the
material is being modified. An improved circuit model is built
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to calculate the electrical parameters considering the inclusion
of the plasma modified material. Moreover, surface conductiv-
ities, surface potential decay (SPD), surface trap distribution
and surface charge distribution of the plasma modified mate-
rial were measured and calculated to justify the mechanism.

2. Electric circuit model

Figure 1(a) schematically shows a common volume DBD
system with an addition of disk-shaped epoxy resin (EP) sam-
ple as the plasma modified material. The DBD setup system
includes a high voltage source, a generator system, and a mea-
surement system. The details of the DBD system can be found
in our previous research work.[!?] The as-received commercial
grade EP without any micro or nano-sized fillers was used.
The radius of the EP sample is 28 mm and the average thick-
ness is 2 mm. The length and width of square alumina ceramic
(dielectric barrier) are 100 mm each. The radius of the copper
electrodes is 28 mm.

Figure 1(b) shows the real-time images of a filament dis-
charge under different discharging times. It can be seen that
the filaments are distributed sparsely and randomly on the EP
sample at the beginning. However, with the increase of dis-
charging and treatment time, the filaments tend to redistribute
on the entire EP surface. In addition, the distance between the
adjacent filaments is decreased. The increased density of new
filaments indicates that the properties of DBD are variable.

Fig. 1. (a) Schematic diagram of the DBD generation setup with the modified EP sample. (b) Real-time images of a filament discharge

under different discharging times.

The diagram of a standard parallelogram Q-V curve is
shown in Fig. 2(a), whereas figure 2(b) presents the physical
model of filament discharging gap used to illustrate different
elements in the circuit model. In Fig. 2(a), the slope of line

1 represents the total capacitance Cyyi¢ in a non-discharging

state, and the slope of line 2 represents the total capacitance
Cuis during discharging. Figure 2(c) shows the applied equiva-
lent circuit model based on the DBD generator with the plasma
modified EP in Fig. 1. In the circuit model, the change be-

tween the states of discharging and non-discharging is repre-
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sented by a double-throw switch. When the DBD generator
is not discharging, the total capacitance Cyp;; equals the series
connection of capacitance of solid dielectrics Cjig and capac-
itance of gas gap Cgys. However, when the DBD generator is
discharging, only part of the material surface is covered by the
micro-discharge channels and transferred charge, hence the
discharge channel of filament is regarded as an extra current
source igis(¢) in the equivalent circuit. The stray capacitance is
included in the total capacitance of the non-discharging part.!”!
According to the circuit model in Fig. 2(c), the total capaci-
tance Cgy;s during discharging is expressed as

Ciis = mCypit +nCsolid,

ey

where the coefficients m and n represent the areal ratios of
non-discharging and discharging part of solid dielectrics sur-
face, respectively. Moreover, the sum of m and nis 1. As a
result, the coefficients m and n can be calculated by
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where Qa1 1S the charge variation including the charge trans-
ferred in the micro-discharge channel Qg;s and the polarization
charge in the capacitance mCypi. S is the dielectrics surface
area of the capacitance Cgojig.
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Fig. 2. (a) A standard parallelogram Q—V diagram. (b) Schematic diagram of micro-discharge channels in the gas gap. (c) The proposed circuit
model based on the DBD generator with the modified EP in filament discharging mode.

3. Electrical properties and discussion

As the structure of the DBD generator is fixed, the capac-
itances of Cyp;r and Cyolq are assumed to be constant, and the
measured value of Cyyjt is 178 pF, the Cyjig 1s 273 pF with the
Wit 18 275 pF,
lia 18 1379 pF for the DBD generator without the
EP sample. The capacitance of solid dielectrics Cyqlig is mea-

EP sample. Moreover, the measured value of C;
and the CJ
sured using the short-circuit method. Two pieces of copper
foil are inserted between the two alumina ceramic plates of
the DBD generator and the EP sample, thereby the alumina

ceramic plates and the EP sample are connected by the cop-
per, and the gas gap is short-circuited. The inserted copper
foil is 28 mm in radius and 0.2 mm in thickness, the same ra-
dius as the top and bottom copper electrodes. Then a 1 kV
high voltage is applied on the top copper electrodes. Since the
Q-V diagram is an oblique line under the voltage, the capaci-
tance of solid dielectrics Cyig is calculated through the slopes
of the oblique line. The calculated area S is 2462 mm?. Ac-
cording to the measured Q-V diagram after discharging times
of 20 s, 40 s, 60 s, and 120 s under the voltage of 12 kV and
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8.5 kHz, the calculated areal ratios m and n, and the average
charge density oyg;s of all micro-discharge channel are plotted
in Fig. 3. Five different EP samples were measured to calcu-
late the average parameters.
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Fig. 3. (a) The calculated areal ratios of the discharging part (n) and
non-discharging part (m) on the EP sample surface. (b) The calculated
average transferred charge density in all micro-discharge channels. The
m*, n*, and oy, are the parameters of the DBD generator without the
EP sample.

Figure 3(a) implies that at the beginning of the discharge,
only 52% of the EP sample surface area is covered by the
micro-discharge channel. Furthermore, the areal ratio n of
micro-discharging is increased with the increment of discharg-
ing time, and is stabilized to nearly 78.7% after 120 s plasma
treatment. On the contrary, the areal ratio m under the non-
discharging condition of the EP sample surface is decreased
gradually with the increased plasma treatment time. The cov-
erage of micro-discharge on the EP sample surface includes
many filament channels during a half duration of applied volt-
age, and the placement of different filaments that occurred at a
different time could be overlapped. Figure 3(b) illustrates that
the average transferred charge density in all micro-discharge
channels decreases with the increase of discharging time and
becomes stable after 120 s. The reduction is due to the in-

U3] The variation of the aver-

creased number of filaments.
age transferred charge density and the areal ratio of micro-
discharge on sample surface indicates that the parameters of
filament discharging in the initial stage are unstable. More-
over, the variation is attributed to the changed properties of the
plasma modified EP samples’ surface, since the charge carri-

ers movement on the sample surface could be accelerated after

the plasma treatment. The m*, n*, and o in Fig. 3 are pa-
rameters of the designed DBD generator without the EP sam-
ple. Figure 3 also indicates that the parameters of DBD with
the inserted EP sample are different from the parameters of
the designed DBD generator without EP samples. It is further
proved that the insertion of external material will inevitably in-
fluence the discharge mode of these specially designed DBD
generators.

The surface conductivity is one of the main factors related
to the movement of the surface charge on the EP sample sur-
face. The DC surface conductivity of the EP sample was mea-
sured using a three-electrode structure in a temperature con-
trollable oven with a temperature of 30 °C.['?l The calculated
surface conductivity is tabulated in Table 1. It can be seen
that the surface conductivity of the EP sample increases evi-
dently after the plasma treatment, even though the treatment
time is very short. In addition, the longer plasma treatment
time leads to a higher surface conductivity. The enhanced sur-
face conductivity after plasma treatment would accelerate the
movement of the accumulated charge on the EP sample sur-
face.

Table 1. Surface conductivities (in 1071¢ Q1) of the samples under
different plasma treatment durations.

Treatment time/s 0 (untreated) 20 40 60 120
Surface conductivities 0.22 3.74 12.03 2390 4494

The charge carriers transferred in the filament channel
would accumulate on the EP sample surface, thereby influ-
encing the distribution and ignition of different filaments. Be-
cause of the small volume and high mobility of negative charge
carriers, the negative charge plays a significant role in the fil-
aments ignitions.'*] The electron trap distribution is another
important factor relevant to the charge movement, since the
negative surface charge carriers could be trapped by the elec-
tron traps on the EP sample surface. In order to investigate
the variation of electron trap distribution before and after the
plasma treatment, the surface potential decay (SPD) of the
EP sample after corona charging in open air at 25 °C was
measured.!'?! Thereafter, the electron trap distribution is cal-
culated through the method proposed by Zhou et al.!'! using
the measured SPD curves. The calculated trap distributions
are illustrated in Fig. 4. As the trap density is directly propor-
tional to tdV /dz, the product of rdV /dz is used to represent
the trap density in Fig. 4.1 It is shown that the trap energy
decreases continuously with the increase of the plasma treat-
ment time. The trap density of shallow traps having low trap
energy is increased. The increased amount of shallow traps
makes it easier for the trapped surface charge to de-trap and to
accelerate the movement and redistribution of the accumulated
surface charge.
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Fig. 4. Electron trap distributions on EP sample surface under different
DBD plasma treatment durations (untreated, 20 s, 40 s, 60 s, and 120 s).

The measured surface potential distribution on EP sam-
ple surface was also used to calculate the surface charge den-
sity and distribution through the inversion algorithm.!'”! Fig-
ure 5 shows the net surface charge density of the untreated and
plasma treated EP samples after corona charging. It should be
noted that the actual polarities of the various charges at dif-

Surface charge density/pC-mm~2

ferent positions on the surface are unknown, since only the
sum of the charge densities is observed at each point in Fig. 5.
It can be seen that both net positive and net negative charges
are accumulated on EP surface even though the sample was
only charged by positive corona, because the negative charge
is induced inside the EP samples or drifted from open air.!'8]
It has been observed that there are net hetero-polarity charges
existing simultaneously and distributed adjacently on the di-
electric surface when discharging.!'”) Hence, the variation of
surface charge density on the EP surface after corona charg-
ing can be used to analyze the movement of deposited hetero-
polarity surface charge when discharging. It is obvious that
the surface charge density of the 120 s plasma treated EP sam-
ple decreases more rapidly than the untreated samples. More-
over, the peak locations of charge density are changed for the
plasma treated samples. However, the peak location remains
unchanged for the untreated samples. The results indicate that
the plasma treatment can enhance the movement of the surface
charge carriers on the EP sample surface.
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Fig. 5. Surface charge density on untreated and plasma treated EP sample surface: (a) untreated: at O s (Ieft) and 1800 s (right) after removing
the charging voltage, (b) 120 s plasma treated: at O s (left) and 1800 s (right) after removing the charging voltage.

For a new EP sample without plasma treatment, with the
applied sinusoidal voltage rising to the ignition of the filament
discharge, only limited parts on the surface are covered by
the micro-discharge channels.!”! The initiated micro-discharge
could be extinguished because of the reduction of electric field
intensity caused by the accumulated charge. Fresh micro-

discharge would occur in other places on the EP surface in the

remaining half period. With the increase of surface conductiv-
ity and the increased amount of shallow traps on the EP sam-
ple surface, the movement of the accumulated surface charge
is accelerated. Therefore, the surface charge is promoted to
spread over the sample surface as the seed electrons for new
filaments, and the ignition of the new filaments becomes easy
after the voltage is reversed. Finally, the number of micro-
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discharge channels increases and the coverage of filaments on
the sample surface is also increased. Moreover, the increase of
filaments occurring at the same time implies that the distance
between them is decreased, leading to a more uniform modi-
fication of the sample surface. It has been reported elsewhere
that the surface conductivity and trap distribution of dielectrics
could influence the uniformity of the DBD.[?%2!] The variation
of surface properties of the plasma modified EP samples could
also influence the discharge in the gas gap through the redis-
tribution of the residual surface charge. The influence of the
plasma modified material on DBD is due to the movement of
the deposited surface charge.

4. Conclusions

In summary, we have found that the Q-V diagram is vari-
able after the insertion of the modified material into the gap
of a DBD generator. Based on this phenomenon, an equiv-
alent circuit model proposed by Peeters et al.!”l is built and
applied for a DBD generator with discharging in the filament
mode, considering the partial occupation of micro-discharge
channels on the plasma modified material surface in this study.
Disk-shaped EP samples are used as the modified material,
and the electrical parameters of the DBD with the modified
EP sample are calculated through the proposed circuit model.
It is found that the area ratio of filaments to the EP sample sur-
face is increased with the increment of discharging time. This
indicates that the number of filaments is increased and the ig-
nition of new filaments is enhanced. Moreover, the surface
conductivity and density of shallow traps on EP surface are in-
creased. The improved surface properties of the EP samples
make it easier for the deposited surface charge to spread over
the entire EP sample surface, thereby enhancing the electric
field in the gas gap. Therefore, the ignition of new filaments is
attributed to the redistribution of deposited surface charge. It
has been proved that the plasma modified material can affect

the parameters of the discharging in return during the process
of the modification.
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