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ABSTRACT

A new diagnostic tool to study dielectric barrier discharges (DBDs) at atmospheric pressure by local electrical measurements is introduced.
The square ground electrode is divided into 64 square segments (3.44 mm side length) so as to measure the discharge currents and gas voltages
with spatial resolutions, which allows a 2D mapping. The electrical measurement results are validated by a comparison with short exposure
time photographs taken from the top view of the discharge cell. For this purpose, we changed the local discharge behavior by varying locally
the gas gap and the barrier capacitance and also by using a gas flow. Then, in both situations, the breakdown voltage depends on the position,
and the discharge current and gas voltage are different as well. The measurements performed for a planar DBD in nitrogen with admixed
nitrous oxide gas show that even if the discharge operates in a diffuse regime, the discharge does not behave exactly homogeneously on the
whole surface area. The resulting electrical parameters allow usto refine the understanding of planar DBDs. The discharge activity changes
the gas composition and thus the level of preionization in the direction of the gas flow. This influences the local breakdown voltage and thus
the discharge morphology and local power density on the surface. The use of this new electrical diagnostic tool will allow us to refine the
analysis of the spatial development of the discharge. This work gives some clues to improve the spatial resolution of this tool in the future.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0045654

I. INTRODUCTION

As they do not require expensive vacuum systems, non-
equilibrium atmospheric pressure plasma processes based on dielec-
tric barrier discharges (DBDs) are tremendously popular as they are
proposed for many applications. DBDs can be used in many pro-
cesses, such as thin-film coating, sterilization, treatment of gases,
aerodynamic flow control, and lighting devices.!® Depending on
the gas, electrical operation parameters, and discharge geometry, the
plasma operates in the classical filamentary mode or in a homoge-
neous regime.””'” Homogeneous regimes are promising for surface
modification applications as it allows us to uniformly transfer the
energy to the surface. Consequently, it is easier to get homogeneous
and dense layer deposition with a homogeneous discharge than with
a filamentary plasma."’

Electrical measurements are a convenient way to characterize
the discharge regime and to study the discharge behavior. However,

because of the dielectric presence, it is not possible to directly mea-
sure the electrical parameters of the discharge. Usually, the gas volt-
age, discharge current, charge transferred within the discharge, and
discharge power are calculated from the measured quantities (e.g.,
total current or charge) under the usage of an electrical equivalent
circuit.'”"'"> Among other parameters, the electrical equivalent cir-
cuit depends on the DBD geometry and dimensions. The key param-
eter for this approach is the determination of the discharge area,
which is usually considered to be equal to the electrode surface as
the discharge is homogeneous. However, even if the plasma seems
to cover the electrodes uniformly, its electrical properties (e.g., cur-
rent density, breakdown voltage, and duration of discharge) are not
exactly the same at any time and at any point of the surface. Then,
it is preferable to speak about the diffuse discharge rather than the
homogeneous discharge. The spatial variation can be due to the gas
flow circulation as observed in a homogeneous discharge ignited by
Townsend breakdown in nitrogen.'®
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60 For example, in surface treatment applications, a gas flow is Va®
61 usually injected from one side of the planar DBD arrangement. The Ln(t) L(1) T o Ty() . Gas
62 residence time of the gas increases as a function of the position from L(t) é'
63 the gas inlet to the gas outlet. Thus, the species densities are not the 4 Tt
64  same along the gas flow because of the kinetic processes and chemi-
65 cal reactions in the discharge.'®!” The discharge current and the gas Vi G 3 Ce = Erc’s Tvz(t)
66 voltage are not uniform along the spatial DBD dimensions. There- ;
67 fore, the determination of discharge currents and gas voltages from 1 :
68  the 0D electrical equivalent circuit of the DBD is often erroneous, J_ 1 Ry ] )
69  corresponding, in fact, to mean values. In the best case, the calcu- = e
7 lated va.lues are spatially averaged but do notallow the interpretation FIG. 1. Equivalent electrical circuit diagram of the discharge cell.
71 oflocalized plasma treatment.
72 The spatial inhomogeneity of the characteristics of the diffuse
73 DBD in nitrogen is particularly highlighted with the addition of oxi-  divided into two parts: the displacement current through the capac-
74 dizing gases.'® For example, in the case of a Townsend discharge itance I, () and the discharge current I,(t). The measured current
75 in N with 30 ppm of NO, the discharge is visually different from Im(t) is the sum of the current through the gas I,(t) and a current I,
76  the gas inlet to the gas outlet; the color changes from violet to green originating from parasitic elements of the high voltage power sup-
77 along the gas flow.'” Even if the discharge is a diffuse one (i.e., with- ply system as well as the discharge cell. This part is represented by a
78 out filaments appearing on the electrical measurements), its behav-  parallel circuit consisting of the resistor R, and the capacitance Cj.
79 ior changes along the gas flow direction and, therefore, the electrical The values of these elements can be determined from I, (¢) and V,(¢)
80  characteristics are also varying in the same way. measured when the discharge is not (yet) ignited.
81 In order to have a more accurate characterization of the dis- Before the discharge is ignited, the gas volume is purely capac-
82 charge behavior, a measurement of the local current density is itive with G, = 0. Usually, the current I, has a phase shift to the
83 required. A first prototype, using a ground electrode divided into  voltage V,(¢) slightly lower than 90°. This is due to the overall capac-
84 eight identical strips along the gas flow direction and a commercial  itive behavior of the discharge cell interfered by the parasitic resis-
85 data acquisition system was successfully used in a previous publi- .~ tance R,. The solid dielectrics are represented by the capacitance
86  cation.'® This setup allowed us to correlate the discharge current C,y in series with the elements representing the gas volume. In this
87 and light emissions from different species in time and space (posi- equivalent circuit, its value depends on the area of the electrodes,
88 tion along the gas flow). The results highlighted the occurrence of the dielectric thickness, and the dielectric constant of the material.
89 a memory effect involving oxidizing species when an oxidizing gas Without discharge (Gg = 0), the discharge cell is equivalent to a RC
9% is added to nitrogen.'” The approach using a segmented electrode circuit with R = R, the equivalent resistance of the parasitic ele-
91 was previously used by Akishev for DC discharges at low pressure ments, and C = C, the equivalent capacitance formed by C,, Cg, and
92 with 100 sections.'® However, there were no time-resolved current Ciq [Eq. (1)]. The equivalent gas capacitance can be calculated from
9 measurements, and the aim was only to study and control discharge  the theoretical formula of a parallel-plate capacitor. The dielectric
94 constriction. capacitance C,; can be also calculated knowing the relative permit-
9 Our first prototype is sufficient if the discharge modification  tivity of the material or measured experimentally with an impedance
9 occurs only in 1D. However, for more complex discharge morpholo- analyzer. Knowing the values of Cy and Cy, it is possible to deter-
97 gies, this setup is not reliable. Therefore, the aim of this work is to  mine the values of R, and C, from a measurement without discharge
98 develop a new SYStCm that enables a 2D mappmg Of the electrical (by measuring the impedance module and the phase Shlft)
9 parameters of a planar DBD. This approach will pave the way to high The current flowing through the discharge cell I, (¢) is deduced
100 resolution electrical diagnostics for DBDs. from the measured current In(¢) and the parasitic current I,(f)
[Eq. (2)], with I(t) calculated with Eq. (3),
_ Coa - G
101 ]l. ELECTRICAL DIAGNOSTIC OF A DBD Cegqu = CutCe +Cps (»
102 Usually, DBDs are characterized by electrical measurements
103 based on the applied voltage on the electrodes V,(t) and the current
104 delivered by the power supply Im(#). The latter is often deduced from Lg(t) = Im(t) =~ Ip (1), 2
105 voltage measurements on a shunt resistor Ry, in series with the cell
106 discharge.> As explained above, it is not possible to measure the gas
107 vyoltage and the discharge current directly. Usually, these quantities L(t) = Va(t) — Rulm(t) +C d(Va(t) — Rulm(t)) S
108 are calculated from the measured signals by using an equivalent elec- ’ Rp P dt
109 trical circuit. The chosen equivalent circuit model of the discharge
110 cell is represented in Fig. 1. The gas volume is represented by two The applied voltage on the gas is deduced from Eq. (4), with Vi (2)
111 electrical components Cg and G,. The gas before the breakdown is ~ calculated from Eq. (5). The constant V(to) is fixed such as the
112 modeled by the capacitor C,. The variation of the gas conductiv- V4(t) mean value is equal to zero,
113 jty after its breakdown is modeled by the variable conductance Gy,
114 which is in parallel with the capacitance Cg. The current in the gas is Vg(t) = Va(t) = Vaa(t) = RmIm (), (4)
Rev. Sci. Instrum. 92, 000000 (2021); doi: 10.1063/5.0045654 92, 000000-2
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FIG. 2. Oscillogram of a DBD in N, + 25 ppm Oy, where gap = 1mm, f = 3 kHz,
Va = 11.5kVpp, and Pgys = 0.75 Wiem.2

Vaa(t) = Cid [ Ty(r)dt + Vi (to). 5)

The discharge current I;(t) is deduced from Eq. (6), with I, (¢) being
the part of the current due to the capacitive nature of the gas,

Ta(t) = Tg(t) —Teg(t) = Ig(t) - Cq dvjt(t)

. (6)

The mean surface power density transmitted to the discharge is cal-
culated for a given applied voltage frequency f from the gas voltage
V,(t) and the discharge current 1,(¢) with Eq. (7) (S is the discharge
area and T is the applied voltage period),

f T
Pt = S fo Ve (t)Ia(t)dt. (7)

The evolutions of the discharge current I;(t), the gas voltage V,(t),
and the mean surface power density transmitted to the discharge
P,r characterize the discharge and enable a better understanding
of the physical mechanisms. Figure 2 presents the gas voltage and

(@)

Ground electrode High-voltage

electrode
344, m
mm I]
30 30
350 X mm mm
um
—————————— >
30 30
mm mm
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the discharge current calculated from the applied voltage and the
measured current (also shown) of a DBD in a mixture of nitrogen
with 25 ppm of oxygen with a gas gap of 1 mm. The electrode area is
S=9cm’.

I1l. MANUFACTURING OF THE SEGMENTED
ELECTRODE

To get a 2D mapping of the discharge electrical parameters, the
ground electrode was prepared as a segmented electrode with 64
equally spaced square segments whereas the high voltage electrode
remained full. This electrode was a 3 x 3 cm? square, while each
square of the segmented electrode had a 3.44 mm side length with
a distance of 350 ym as the gap between the segments (Fig. 3). The
electrode was realized by screen printing on alumina AD-96 from
CoorsTek (96% Al,O3) using a mix of silver and palladium (9916)
from Electro-Science Laboratories, Inc.

The electrical connections could not be made manually one by
one as the size of the segments was very small, and the number of
electrical wires would be difficult to handle. Instead, pins have been
brazed on each square segment and were connected to a printed cir-
cuit board (PCB) to be able to plug in four connectors, each having
two rows of eight electrical contacts, as shown in Fig. 4(a). To ensure
the electrical insulation and avoid electric arcs, a silicone rubber
(Wacker® SEMICOSIL 915 HT, 1:1 mixed with Wacker® ELAS-
TOSIL CAT PT) has been poured around the pins as a layer of 2
mm thickness, resulting in a silicone gel layer after 30 min curing in
an oven at 100 °C, as shown in Fig. 4(b).

The discharge cell was placed in a gas vessel to ensure a con-
trolled atmosphere during the experiments. The experimental setup
has already been described in a previous publication.'” Two groups
of 32 wires connected the segmented electrode (with 4 connectors
with 16 wires each on the PCB) to the outside of the vessel through
two KF40 ports with two multi-pin vacuum connectors (Lesker
FTACIR32AS). On the outside of the vessel, two air-side circular
connectors (with 32 pins each) were plugged in the feedthroughs to
connect the segmented electrode to two housings with 32 resistors
of 3300 ) each to be able to measure the current on each segment.
The two resistor housings have 32 SMB jacks each, which allowed
to measure the voltage at the terminals of the shunt resistors and
thus to deduce the current at each segment. First, a simple method
has been used to observe the different measured currents of the

(b)

FIG. 3. Diagram (a) and photograph (b) of the segmented electrode and the high voltage electrode.
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(b)

segmented electrode with an oscilloscope. The applied voltage was
measured with a high voltage probe (P6015A from Tektronix) and
recorded on channel 1 of an oscilloscope. A current transformer
from Pearson Electronics (model 4100, 1 V/1 A ratio) was wrapped
around the 64 wires outside of the reactor to measure and record the
total current on channel 2 of the same oscilloscope. Furthermore,
a dedicated data acquisition system, not described here, was devel-
oped to acquire the 64 currents but also the applied voltage and the
total current (Fig. 5). Figure 6 shows the comparison between the
current measured using the current probe with the sum of the cur-
rents measured for each segment of the segmented electrode. There
is good agreement between the two currents demonstrating that
the segmented electrode measurements cover the whole discharge
activity.

IV. DETERMINATION OF THE CAPACITANCE VALUES
OF THE SEGMENTED ELECTRODE

The data acquisition system allows us to acquire the applied
voltage, the 64 local currents, and the total current (for compari-
son with the sum of the 64 currents to validate the measurements).
As for a classical electrode configuration, it is not possible to acquire
the gas voltages and the discharge currents for each zone (i.e., seg-
ment) directly. To calculate these values from the measured signals,
the equivalent electrical circuit described above is used for each
zone (Fig. 7). Each zone is considered as-independent assuming

Ground

=

‘ 64x3.3 kQ resistors |_ .........

ARTICLE

scitation.org/journal/rsi

FIG. 4. PCB connected to the segmented
electrode [(a) top view and (b) side view].

that no electric charges move from one zone to their neighbors.
This assumption has been validated using a macroscopic electrical

model of the discharge coupled with an electrostatic COMSOL® 2D
model.”’ This simple model allows us also to compare the local dis-
charge current in the gas gap with the discharge current calculated
from the electrical measurements.

The segmented electrical model presented in Fig. 7 requires the
knowledge about the values of the gas capacitance C;, the dielec-
tric capacitance C,y, the parasitic resistance Ry;, and the parasitic
capacitance Cy; for each segment labeled by subscript (Fig. 7). The
calculation of the parasitic elements Cp; and Ry; applies the method
described above to only one segment. Then, knowing the values of
Cgi and Cy;, it is possible to determine the values of Cp; and R; from
the measurement of the current and the applied voltage when the
discharge is turned off.

Hence, the main issue addressed with the segmented electrode
is the determination of the values of C, and C,; and particularly of
the effective surface of each segment. As the surface of each segment
is relatively low (0.118 cm?), a small error on the effective surface
of each segment can change the precision of the results drastically.
Moreover, due to the presence of the dielectric material, there is a
spreading of the electric field lines. Because of edge effects, a differ-
ent behavior can be expected between the inner segments and the
segments that are located on the edges and the corners of the matrix
as the spreading is not the same. To address this issue of surface
determination, a COMSOL electrostatic 3D model of the segmented

Resistor housings

c E FIG. 5. Diagram of the connections of the
urre nt i segmented electrode for the electrical
monitor e diagnostics.
(1V/1A) b
High- @ P Data acquisition
voltage ' system

High-voltage
probe
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Voltage (kV)
o
Current (mA)

-2 4 1-2
4] 14
-6 - ls
-8 {— Applied voltage V ,

Total current measured 1-8

— — - Sum of the 64 currents
T T T T
300 400 500 600 700

Time (us)

FIG. 6. Comparison between the total current measured using a current probe with
the sum of the currents measured with the segmented electrode (N2, gap = 1 mm,
f=3kHz, Va = 18 kVyp).

electrode (Fig. 8) was used to calculate the equivalent capacitance
of the gas and the dielectrics. This model also allows us to con-
firm that the electric potential in the gas gap is not affected by the
segmentation of the grounded electrode.

For a gas gap of 2mm, Table I gives an example of the differ-
ences between the values obtained with COMSOL and theoretically.
Two cases are considered for the theoretical calculations. First, the
capacitances are calculated, with the surface areas of the segments
being the same on all the positions and with a segment side of
3.44mm. The sum of all the surfaces is 7.57 cm?. It is equal to 84%
of the surface of the non-segmented high voltage electrode (9 .cm?).
This means that the theoretical capacitances are underestimated.
Hence, the capacitances are also calculated considering a surface of
each segment equal to 9/64 = 0.1406 cm”. Indeed, as the total current
from the segmented electrode is the same as for the classical elec-
trode configuration (Fig. 6), at least the same total surface should be
considered.

The 3D electrostatic model of the cell discharge is also used to
determine the equivalent capacitance of the gas and the dielectrics.

segmented electrode connected to the ground

dielectric

dielectric

high-voltage electrode

gas gap
_

ARTICLE scitation.org/journal/rsi

FIG. 8. COMSOL 3D model geometry of the discharge cell with the segmented
electrode.

Then, another simulation determines the value of the dielectric
capacitance’ Cyy by setting the gas gap to Omm. Then, the gas
capacitance is deduced from these two values using the following
equation:

Cu- Cq

Cce = o -
" Cu+Cy

(8)

With the COMSOL calculation, the capacitance values C; for the
edge and the corner are higher than the theoretical ones. For the
capacitance values of the segment in the center of the segmented
electrode, COMSOL calculation gives similar values than the the-
ory. The sum of the calculated surfaces is equal to 9.34 cm?, which is
coherent with the surface deduced from the measurement with the
impedance analyzer by using an alumina plate metallized (S = 9 cm?)
on both sides and considering a relative permittivity equal to 9.6.
Consequently, this method is chosen for the calculation of the elec-
trical parameters with the segmented electrode as it is consistent
with the calculation in the classical electrode configuration.

We can consider the outer segments as guard electrodes, ensur-
ing a homogeneous electric field between the electrodes of the inner
segments. The uncertainty on the surfaces and capacitances values is
then more important for the corner and edge segments than for the
inner segments.

ground

high-voltage

FIG. 7. Equivalent electrical circuit diagram of the discharge cell with the segmented electrode.
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311 TABLE I. Comparison of the theoretical and COMSOL values of the capacitances of the segmented electrode.
312
313 Calculation method Ceent (pF) S (cm?) Cg (pF) Csa (pF) Total surface (cm?)
314
315 491-1072 0.1183 524-107%  7.92-107! 7.57
316 Theory -2 -2 -1
5.38-10 0.1406 6.22-10 9.41-10 9
317 Center 596-107%  0.1424  6.35-107%  9.53-107"
318 COMSOL  Edge 9.40-1072 0.1494 1.03-107"  9.99-107! 9.34
319 Corner 1.37-1072 0.1570 1.58-107" 1.05
320

321 V. VALIDATION OF THE MEASUREMENTS REALIZED
32 USING THE SEGMENTED ELECTRODE

323 Before using the segmented electrode to study the physics of
324 DBDs, it is necessary to validate it. To do that, the electrical diagnos-
325 tics by the segmented electrode is combined with optical diagnos-
326 tics, namely, iCCD camera imaging. Therefore, a DBD configuration
327 with a transparent dielectric (quartz, thickness 1.1 mm) and a trans-
328  parent electrode (indium tin oxide), connected to the high voltage,
329 is used. The segmented electrode is connected to the ground, and
330 an iCCD camera (PIMAX 3 Princeton Instruments) is placed verti-
331 cally above the discharge cell to observe the spatial evolution of the
332 discharge in two dimensions.

333 The studied discharge is always an atmospheric pressure
334 townsend discharge (APTD)?! but without identical breakdown
335 voltage and discharge current on all the electrode surfaces. In order
336 to change the discharge morphology, we studied two conditions.
37 First, the gas gap and the dielectric thickness is varied inside the
338 discharge with a central glass wedge along the gas flow in order
339 to locally change the discharge behavior by varying locally the gas
340 gap and the barrier capacitance. Second, the segmented electrode is
341 used to study a diffuse DBD in flowing gases with a constant gas
342 gap, but due to the gas flow, the discharge behavior depends on the

]

gas residence time. In both situations, the breakdown voltage
depends on the position, and the discharge current and gas voltage
are different as well.

A. DBD with a central glass wedge along the gas flow

Two glass wedges with a 1 mm thickness (length 114 mm and
width 19 mm) are placed between the dielectrics to set a gas gap of
1 mm. A glass wedge of 0.58 x 114 x 9.5mm” is added in the mid-
dle between the 1 mm glass wedges, setting a gas gap of 0.42 mm for
one third of the electrode area. The bottom dielectric on the central
part is thicker as it is a stack of alumina and glass. Figure 9 shows the
setup of the discharge cell in this configuration. This configuration
has been tested in nitrogen N, (Alphagaz 2 from Air Liquide) with a
gas flow rate of 500 SCCM and a frequency of 2 kHz. The measure-
ments for two different voltages are presented thereafter at 11.5 and
14 kVpp.

With an applied voltage of 11.5 kV/p, the discharge is ignited
at the central wedge position only, i.e., where the gas gap is smaller.
Indeed, the currents measured by the segmented electrode show a
clear difference between the segments located on the center under
the central glass wedge and the other uncovered segments (Fig. 10).
The discharge is ignited around 10 kV,, on the center (gas gap of

FIG. 9. Diagram of the discharge cell with

Top view Sectional view A-A
Gas flow
High voltage Glass
1 mm glass é ITO dielectric
wedges | /
ITO electrode LN /
g

a central glass wedge.

> -]

Segmented

electrode Gr(;md

\

\

1 mm glass wedges 0.58 mm glass wedge

: —T <
A
Alumina
L 0.58 mm

glass wedge

dielectric
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FIG. 10. Oscillogram of the local currents on the fifth line (N2, 500 SCCM, 2 kHz, 11.5 kVpp).

0.42 mm) and at ~12 kV,, on the two edges (gas gap of 1 mm). Thus,
in this condition, the applied voltage is not sufficient to cause break-
down on the two edges. The discharge is ignited on the fourth and
fifth segments along the gas flow (V4 and V5) and partially ignited
on the third and sixth segments (V3 and V6) but not on the other
ones. A photograph of the discharge with an exposure time equal to
the duration of one period (500 ps) in Fig. 11(a) clearly shows that
the discharge is ignited in the central area only. The white dotted
lines indicate the separation between the segments of the segmented
electrode. The two lighter horizontal lines on the picture are due to
CCD sensor damages. The photograph of the discharge correlates
with a mapping of the surface power density shown in Fig. 11(b).
The mean surface power density calculated with the total current is
0.032 W/cm?, but its value is much higher on the central area,
reaching 0.12 W/cm®.

(b)

Y (mm)

In the case of an applied voltage of 14 kVp,, the discharge is
ignited on the entire electrode cross section. However, the oscillo-
gram of the total current in this case [Fig. 12(a)] shows that there
are two current local maxima following each other. The oscillogram
of the local currents on the fifth line in Fig. 12(b) shows that the
discharge is first ignited on the third to sixth (and partially on the
second and seventh) segments. Then, the discharge ignites on the
other segments, while the current is already decreasing on the fourth
and fifth segments.

The iCCD photograph of the discharge integrated over one
period shows in this case that the discharge is ignited everywhere,
but the light emitted by the discharge is stronger on the side areas
where the gap is bigger [Fig. 13(a)]. As for the Fig. 11(a), the white
dotted lines indicate the separation between the segments of the
segmented electrode. The mapping of the surface power density

Gas flow l X (mm) Surface power (W/cm?)
0 5 10 15 20 25 30

0
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FIG. 11. (a) Photograph of the discharge with an exposure time of one period (500 ys) and (b) mapping of the surface power density (N, 500 SCCM, 2 kHz, 11.5 kVy).
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FIG. 12. Oscillograms of the measured total current (a) and local currents on the fifth line (b) with a central wedge (N, 500 SCCM, 2 kHz, 14 kVp).

confirms this observation as the surface power density is higher on
the side areas. It varies from 0.17 to 0.29 W/cm® with an average
value of 0.21 W/cm?. Note that even if the surface power density is
smaller in the center, the volume power density remains higher as
the gas gap is smaller.

In order to visualize the discharge ignition and evolution on
one period of the applied voltage, an acquisition with the iCCD
camera is also performed in sequential mode. A sequence of 250
images with a time exposure of 1 us taken every 2 us allows us to
follow the discharge emission over one full period (duration 500 ys).
Figures 14 and 15 compare photographs showing the discharge mor-
phology as well as maps of the measured current at two different
times: t = 540 us (coinciding with the first current local maximum;
Fig. 14) and t = 572 us (corresponding with the second local maxi-
mum; Fig. 15). At t = 540 us, the discharge is ignited on the central
zone only, whereas it is ignited everywhere at t = 572 ys. The mea-
sured current is maximum on the edge areas, whereas it decreases in
the center.

(a) (b)

Y (mm)

To conclude, in the center, as the gas gap is smaller, the gas
breakdown voltage is lower, which results in an earlier discharge
ignition at a lower momentary voltage. However, the local measured
current is smaller as the dielectric is thicker in this area, limiting the
current.

B. Spatial and temporal dynamics of a diffuse DBD
in flowing gases

In this part, the segmented electrode is used to study a diffuse
DBD in N; and 30 ppm NO admixed with a total gas flow rate of 4
sLm and operated at a frequency of 2 kHz. The setup is similar to
Sec. V A (Fig. 9) but without the central glass wedge. The top glass
dielectric with the transparent electrode is replaced by an alumina
plate with a metal electrode in order to realize a fully symmetric DBD
arrangement (Fig. 3). It is measured that the electrical parameters of
the discharge are not the same along the gas flow direction. It is thus
necessary to analyze the local electrical parameters of the discharge.

Gas flow l X (mm) Surface power (W/cm?)
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FIG. 13. (a) Photograph of the discharge with an exposure time of one period (500 s) and (b) mapping of the surface power density (N2, 500 SCCM, 2 kHz, 14 kV/yp).
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FIG. 14. (a) Photograph of the discharge with an exposure time of 1 us and (b) mapping of the measured current at t = 540 s, maximum of the first current peak (N2, 500

SCCM, 2 kHz, 14 kVp).

Figure 16 shows the temporal development of the discharge cur-
rents and the gas voltages calculated by the method described above
for different positions along the gas flow but for one of the central
columns (V4) of the electrode segments. It is clear from Fig. 16(a)
that the discharge is ignited at the output first and at the input
finally. The maximum of the discharge current is also higher at the
output. As the power density is lower at the input, there are less elec-
tric charges deposited on the dielectric surfaces, resulting in a lower
dielectric voltage V. Therefore, the phase shift between the current
and gas voltage is also different from the input to the output, as can
be seenin Fig. 16(b). Therefore, the discharge not only is ignited later
at the input but is also turned off later. Once the discharge is ignited,
the gas voltage is almost constant, which is a property of an APTD.”!
When the applied voltage passes through its zero level, the discharge
is off but the current does not reach zero (see Fig.2). This is linked
with a current jump, Ijump, when the gap voltage passes through
its zero level.'® The current jump, I ump, Manifests the memory

()

(b)

Y (mm)

mechanism responsible for the production of seed electrons between
the voltage half periods and the two successive discharges. The
higher the current jump, the lower the breakdown voltage is and thus
the maximum the gas voltage. The decrease in the breakdown volt-
age with the gas residence time can be also partly due to an increase
in the gas temperature.””

The calculated parameters from the total measured current are
Pyyr = 1.10 W/em?, Ljump = 79.6 pA/cm’, and Vpax = 5.28 kV.
These values of the surface power density, the current jump, and
the maximum gas voltage can be compared with the local values as
a function of the position calculated with each measured segment
current, as presented in Fig. 17. The first result is the wide varia-
tion of these parameters from the gas input to the gas output. Along
the gas flow direction, the surface power density increases from the
input to around 10 mm reaching a plateau. The values vary from 0.4
to 1.3 W/cm? [Fig. 17(a)] in the first 10 mm. However, transverse to
the gas flow, the surface power density is nearly constant, except for

Gas flow l X (mm) Measured current (uA)
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FIG. 15. (a) Photograph of the discharge with an exposure time of 1 us and (b) mapping of the measured current at t = 572 us, maximum of the second current peak (N,

500 SCCM, 2 kHz, 14 KV,p).
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FIG. 16. (a) Discharge currents and (b) gas voltages on the fourth column of the segmented electrode along the gas flow in N, + 30 ppm NO (gap = 2 mm, 2 kHz, 17.12

KVpp, 4 sLm).

the edge segments where the surface power density is lower, due to
the spreading of the discharge (see Sec. [V). The current jump has
the same behavior as the surface power density, namely, an increase
from the gas input to the gas output [Fig. 17(b)]. It also does not
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vary much transversely to the gas flow, but it is slightly lower at the
edges. It also reaches a plateau at around 10 mm from the gas input.
The maximum gas voltage has an opposite development, being max-
imum at the gas input [Fig. 17(c)]. It decreases until around 23 mm
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FIG. 17. 3D mapping of (a) surface power density, (b) current jump, and (c) maximum gas voltage resulting from measurements with the segmented electrode in N, + 30

ppm NO (gap = 2mm, 2 kHz, 17.12 kVyp, 4 sLm).
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from the input and then slightly increases toward the output. The
latter is caused by the spreading of the discharge after the electrode
mainly due to the electric field and the blowing of active species by
the gas flow. The behavior of the maximum gas voltage shows that
the ignition voltage is higher at the gas input than at the gas output,
which is coherent with the current jump evolution. The higher the
memory effect, the lower the sustaining voltage.

It has been shown in the literature that the admixture of oxygen,
nitric oxide, or nitrous oxide changes the overall discharge in gen-
eral and the breakdown voltage in particular.'®**=*> Up to a gas type
dependent value in the range of some 100 ppm, higher the amount
of such gases, lower the breakdown voltage. Obviously, the discharge
activity changes the local gas composition, forming N,O, with oxy-
gen impurities and affecting the discharge behavior, morphology,
and local energy deposition on the surface.

C. Areas for improvement of the diagnostic tool

The previous examples on the investigation of diffuse, but non-
uniform DBDs, confirm the need for a spatially resolved electrical
characterization. The spatial variation of discharge parameters is not
accessible on the mean values of the electrical parameters. The corre-
lation with the spatial emission profiles shows the direct correlation
between the electronic excitation of species and the local measured
currents.

The resolution of the diagnostic tool, both temporal and spa-
tial, is a key issue for further studies. The temporal resolution is
determined by the acquisition system. The system used here has
been designed by the electronic department of the LAPLACE lab-
oratory. Its sampling rate can be adjusted from 10Hz to 10 MHz
with a memory depth of 4096 points for each signal. The spatial
resolution depends on the size and the number of the segments.
Concerning the acquisition system, the number of segments can be
increased and only requires an increase in the number of acquisition
boards. The main challenge is to reduce the size of the segments.
Indeed, the actual spatial resolution is not high enough to allow
an accurate investigation of self-organized DBDs with characteristic
discharge footprints of some 100 ym in diameter.”® In the case of fil-
amentary DBDs, the filament radius is even smaller, typically around

Gl G2 G3 |, G4
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100 ym.”” Thus, the present size of the segments does not allow to
resolve the current of one filament. Decreasing the size of the seg-
ments would allow to broaden the scope of the types of discharges
to be studied with this new tool. However, the size of the segments
cannot be decreased without altering the overall behavior of the
discharge.

In order to explore the limitation of segment size reduction, a
2D electrostatic simulation has been carried out with COMSOL. It
allows us to study the influence of the thickness of the dielectrics,
the spacing between the segments, and the size of the segments on
the electric potential in the gas gap. In order to have a 2D model,
the geometry is the same as the configuration from the first seg-
mented electrode prototype;'® with a division of the ground elec-
trode into eight strips 30 x 3.4mm’, separated by 350 ym, a gas
gap of 1 mm, and two 635 ym thick dielectrics made of alumina
(&r = 9.6). To quantify the influence of the division of the grounded
electrode on the discharge, the electric potential is plotted in the gas
gap at a distance of 100 ym from the dielectric surface at two dif-
ferent positions: between two segments and at the center of one seg-
ment (points A and B in Fig. 18). Figure 18 illustrates the potential
ratio that is calculated in the simulations with the variable parame-
ters in red. The more the ratio between the two potentials is far from
1, the more the equipotential lines are distorted by the division of the
electrode.

If the ground electrode is not segmented, points A and B are
on the same equipotential line and the potential ratio equals 1% or
100%. Starting from the initial geometry, three different parameters
are varied separately: (i) the thickness of the dielectrics from 100 ym
to 2 mm, (ii) the spacing between the segments from 1 ym to 2 mm,
and (iii) the size of the segments from 0.1 to 5mm. The evolu-
tion of the potential ratio for the different cases is presented in
Fig. 19. Decreasing the dielectric thickness has an impact on the
potential ratio. For a thickness lower than 250 ym, the potential
ratio decreases greatly below 95% [see Fig. 19(a)]. Concerning the
spacing between the segments, the potential ratio falls drastically
below 95% for distances above the thickness of the dielectric 650 ym
[Fig. 19(b)]. Those two parameters have a significant impact on the
potential ratio and thus on the discharge. However, their values in
the present arrangement show that the discharge is not impacted.

G5 | G6 G7 G8

dielectrics ,

Spacing Segment
size size

Dielectric
thickness d

gap = 1 mm Potential ratio = :—”
B

————

FIG. 18. Diagram of the potential ratio calculation in the COMSOL 2D electrostatic simulation.
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FIG. 19. Variation of the potential ratio as a function of: (a) the thickness of the dielectrics, (b) the spacing between the segments, and (c) the size of the segments.

More generally, when the thickness of the dielectric is large com-
pared to the spacing between the segments, the potential distribu-
tion and the discharge behavior is not affected by the segmentation.
Moreover, the segment width has almost no effect on the potential
ratio. For the range being considered, the potential ratio is above
98% [Fig. 19(c)]. This shows that an electrode with smaller segments,
keeping the same spacing between the segments and the same dielec-
tric thickness, could be considered to increase the spatial resolution.
However, reducing the size of the segments would also bring tech-
nical issues on the manufacture of the electrode and electrical con-
nection of the segments. Methods other than screen printing might
be necessary to deposit the segments. The connection with the elec-
trical circuit would require smaller pins or another technology (such
as those used in microelectronics).

VI. CONCLUSION

A new electrical diagnostic tool for the study of diffuse or pat-
terned dielectric barrier discharges (DBDs) has been developed. The
electrode arrangement and measuring systems allow a 2D mapping
of the discharge electrical parameters (e.g., discharge current, power
dissipated, and gas voltage) of Townsend and glow discharges or
hybrid or patterned regimes. It has been validated successfully on
planar DBDs by the comparison with short exposure time pho-
tographs taken using a camera from above the discharge cell. It has
been used to characterize the diffuse discharge (APTD) and shows
the effect of a gas flow on the local electrical behavior of the dis-
charge. In the case of diffuse DBDs with sinusoidal voltages at fre-
quencies from 1 to 20 kHz, the temporal and spatial resolutions are
high enough to characterize the behavior of the discharge with suf-
ficient spatial information. It is shown that the higher the memory
effect, which is responsible for the diffuse regime, the lower the sus-
taining voltage. As the discharge activity changes the local gas com-
position by forming NxOy species with oxygen impurities, the break-
down voltage is reduced. The diagnostic tool would be very useful
to study the correlation between gas flow dynamics, local surface
power dissipation, and plasma chemistry in surface layer deposition
applications of DBDs.

In order not to modify the behavior of the discharge, special
attention must be paid to the design and dimensions of the segments,
in particular the spacing between the segments and the dielectric

thickness. Then, the use of this tool will allow us to refine the analy-
sis of the spatial development of the discharge. Finally, some clues
are provided to improve the spatial resolution of this tool in the
future.
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