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Owing to the cathode layer properties in atmospheric surface dielectric barrier dis-
charges (SDBDs), the discharges are sustained both for positive and negative voltage
phase. There should be the cathode glow region where excited molecules or atoms are
produced due to collision with the electrons before occurrence of electron-ion breeding
in the cathode layer. Although a previous numerical study reported the generation of
oxygen atoms, O(1D), O(3P), near an exposed electrode (EE) during the negative volt-
age phase, it is experimentally unattainable to verify the existence of the oxygen atoms
because of the short length of the cathode layer with a thickness of approximately 20
µm at 1 atm in filamentary discharge mode. This work presents the experimental con-
firmation of trace(s) of O and N, which indicates the cathode glow, in a cathode layer
in atmospheric SDBDs using ultra-fine surface polyimide as a dielectric in SDBD.
Our results show that the cathode glow in atmospheric SDBD is located at approxi-
mately 5∼6 µm from EE in air. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5054910

I. INTRODUCTION

A cathode glow is the region where excited atoms and molecules collide with energetic electrons
to emit light before electron-impact ionization.1 Previous articles have reported the cathode layer
parameters2–4 of atmospheric surface dielectric barrier discharge (SDBD) by numerical simulation.
Anohkin et al.5 reported the production of oxygen atoms such as O(1D), O(3P), and O(1S)5,6 near an
exposed electrode by the electron-impact dissociation of oxygen molecules, which could be evidence
of cathode glow in atmospheric SDBD. Reactive nitrogen species (RNS) such NO2, N2O5, and N2O
measured in atmospheric SDBD using Fourier Transform Infrared Ray (FT-IR) spectroscopy7 are
generated through the complex reaction paths involving nitrogen atoms in air plasmas.8

However, the experimental observation of the excited species near an exposed electrode of
SDBD at high pressure with current optical technologies9,10 is unattainable because the cathode layer
thickness is inversely proportional to the gas pressure.11 Moreover, the short life-time of the excited
atoms such as O(1D) and N renders the observation more difficult in air filamentary discharges.12

The experimental visualization of the cathode layer in atmospheric SDBD was reported by using
polyimide with ultra-fine surface roughness as a dielectric in SDBD;13,14 further, it was experimentally
confirmed that the cathode layer thickness of atmospheric SDBD is approximately 20 µm, which has
been proposed by Ref. 3 In the report the visualization of two erosion stripes on the polyimide near
the exposed electrodes was clearly visible.13 One erosion line adjacent to the exposed electrode is
obviously caused by the influence of the positive ions during the negative voltage phase.3 Although
Babaeva reports the existence of the positive ions up to several tens of eV in very high E/N,15

the proposed visualization method using reaction of polyimide with reactive species does not give
information on the energy of positive ions reacting polyimide surface.
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In this work, the second erosion strip was experimentally investigated by comparing the intensity
of the etching lines in two SDBDs with different heights of the exposed electrodes. The difference
of the exposed electrodes causes difference of brightness in glow discharge, which implies different
amount of secondary electron emission ejected from the exposed electrodes.16

II. EXPERIMENTS

The structures of the employed SDBDs are shown in Figures 1. The heights of the exposed
electrodes of the SDBDs were 8.6 µm, and 0.08 µm to obtain sufficient difference of secondary
electron emission ejected from the exposed electrodes.16 The SDBD with the exposed electrode’s
height of 0.08 µm shown in Figure 1 (a) was prepared by the following sequential processes: First,
the polyimide surface (Kapton EN150-A, TorayDupont, Japan) was plasma-treated with DC O2/Ar
mixture at 50 mTorr. Subsequently, sequential DC magnetron sputtering of NiCr and Cu was applied
at 1.5 mTorr in Ar atmosphere. Finally, wet etching using Fe2Cl3 performed to form a stripe of
exposed electrode on one side of the copper layers on the polyimide. The two plasma processes
were performed using a roll to roll sputter machine of KCFT, Korea. The SDBD with the exposed
electrode’s height of 8.6 µm was prepared by additional electroplating process on a thin copper layer
with a thickness of 0.08 µm.

For clarifying the narrow erosion stripe in a micro spatial resolution and avoiding electric field
disturbance by high roughness surface,4 Kapton EN150-A with ultra-fine surface below 0.1 µm was
used as a dielectric in SDBD shown in Figure 2 (a). Figures 2 (a)–(c) present the electron microscopy
images of three SDBDs made of three different FCCLs (flexible copper clad laminates), sputtered
FCCL, casting FCCL, and laminating FCCL.17–19 The dielectric surface of the sputtered FCCL shown
in Figure 2 (a) look clearly fine. However, the surfaces of the others’ dielectric look very rough owing
to usage of nodule-treated copper foils, which cannot give a good spatial resolution of etched surface
by the reactive species.5,13,18

FIG. 1. Schematic views of the experiment: EE: exposed electrode (orange); PI: polyimide (dark green); AD: adhesive layer
(gray); GE: ground electrode (orange); AC: high-voltage AC; heights of EE are 0.08 µm in a) and 8.6 µm in b).

FIG. 2. Electron microscopy images of three SDBDs made of three different FCCLs with different thickness of copper layers,
(a) Sputtered FCCL with a copper layer’s thickness of 2 µm, (b) Casting FCCL with a copper layer’s thickness of 25 µm, and
(c) Laminating FCCL with a copper layer’s thickness of 12 µm, EE: exposed electrode, PI: polyimide.
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The high voltage AC is generated using a neon transformer (NT Electronics, Korea) and is
controlled by a slidac. The applied voltage and the driven frequency are 5 kVpp and 16.6 kHz, respec-
tively. Using a field emission secondary electron microscope (FE-SEM, S-4800, Hitachi, Japan),
morphology analysis of the surface of pristine and etched SDBDs was performed.

III. RESULTS

Thin SDBDs with an exposed electrode’ height of 0.08 µm were operated at different times,
i.e., 20 s, 40 s, 1 min, 2 min, and 3 min. Figure 3 (a) is a 500 x magnification electron microscopy
image of the pristine surface. As the discharge time increased, the etched surfaces of polyimide
were remarkably observed. The width of the non-etched polyimide surface adjacent to the exposed
electrode decreased with the increase in discharge time. A strip on the non-etched surface located at
approximately 5∼6 µm from the exposed electrode was observed, as shown in Figure 3 (c), and it is
located parallel to the exposed electrode. As the discharge time increased, the stripes became vividly
visible, but their location appears unchanged as shown in Figures 3 (e)(f). Owing to the undercutting
by oxygen atoms at 1 atm20 and the curled up edges of the electrodes, the location of the erosion
stripes appears to be changed.

To clarify that the weak stripes are caused by the erosion phenomena resulting from the reactive
oxygen species, the SDBD operated for 2 min was investigated at a 45◦ tilt and compared with the
SDBD operated for 2 min of 8.6-µm-high exposed electrode. In Figure 4 (a) the second stripe (yellow
arrow) is much more clearly visible, which indicates the local erosion of the polyimide. Compared
with the second stripe in Figure 4 (b), it appears less intense. However, the width of the first stripe
(green arrow) in Figure 4 (a) appears wider. Because the density of the oxygen and nitrogen atoms
produced by electron-impact dissociation near a metallic exposed electrode is proportional to the
number of secondary electrons ejected from the electrode,16 we conclude that the second erosion
stripes in Figures 4 (a)(b) were caused by a local surface reaction of the electrically neutral reactive
oxygen and nitrogen atoms with the polyimide surface.21

Figures 5 (a)(b) show the electron microscopy images of the surface of SDBDs with 8.6-µm-high
exposed electrode operated for 2 min. Two etching stripes are clearly visible. The second erosion
stripes (yellow arrows) are also observed at approximately 5.7 µm from the exposed electrode.
Interestingly, the second stripe is located almost parallel to the exposed electrode. This confirms
that the erosions were caused by the reactive species strongly involved with the secondary electrons
ejected from the exposed electrode.

FIG. 3. Top views of the electron microscopy images of dielectric surface erosion with the time duration (TD) of discharge.
(a) TD=0, (b) TD=20 s, (c) TD=40 s, (d) TD=1 min. (e) TD=2 min, (f) TD=3 min. Green arrows refer to the polyimide erosion
line near EE. Yellow arrows refer to the erosion line on the polyimide.
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FIG. 4. a) Top view of FIG. 2 (e) obtained at a 45◦ tilt, and b) Top view of discharged SDBD of 8.6-µm-high exposed electrode.

FIG. 5. Top views of discharged SDBD of 8.6 µm high exposed electrode.

IV. DISCUSSION

At 6.0 eV and 8.4 eV, O(3P) and O(1D) associated with the Herzberg and Schumann-Runge
systems of O2 are produced by electron-impact dissociation processes.12 The dissociation rate coef-
ficient significantly increases with the reduced electric field (E/N).5,9,12 In atmospheric SDBD the
E/N is the strongest near an exposed electrode,3–5 and the dense generation of oxygen atoms near an
exposed electrode during the negative nanosecond pulse was computationally simulated.5 The case
of nitrogen atoms produced by electron-impact is same with that of oxygen atoms.8,22

During breakdown positive ions produced by electron-impact ionization in a cathode region
drift to an exposed electrode.2–4 Then, the secondary electrons are ejected by the bombardment of
the positive ions to the exposed electrode. Because drifting positive ions to the exposed electrode
occurs just above dielectric surface in a cathode layer as the surface positive charges, both excitation,
dissociation, and ionization by the accelerated secondary electrons also occur just above the dielectric
surface.3 An amount of secondary electrons is larger than that of initial electrons of breakdown. This
indicates the second stripes in Fig. 3–5 are mostly caused by the electrically neutral oxygen and
nitrogen atoms produced by the secondary electron-impact dissociation.

Both O(3P) and O(1D) are produced by electron-impact dissociation of O2 in two processes with
threshold energies of 6.0 and 8.4 eV.5,10 In the reactions the amount of the O(3P) is much more than
that of O(1D).10 In addition, the life time (a few tens µs) of O(3P) is much longer than that (10 ns)
of O(1D).10 If the reactions occurred at 1 µm height over the polyimide surface, the width of etched
polyimide surface by O(3P) should be wider than 1 µm. However, our work shows the existence of
the non-etched polyimide surface around the narrow second erosion lines., which indicates that the
production of oxygen and nitrogen atoms by the electron impact occurs just above the polyimide
surface located at approximately 5∼6 µm from EE.

There are various active oxygen and nitrogen species, like positive and negative ions in a cathode
layer in a SDBD, which etch a polyimide dielectric. However, unless particles reside or protrusions
exist on the surface,15 during the negative voltage phase positive ions etch only the adjacent of
the dielectric to the exposed electrode. Negative oxygen ions (O2

-, and O3
-) occurred in a cathode

layer become the trust forces implying no contribution to etch the surface.3 During the positive
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voltage phase the cathode layer region is filled by positive ions. However, they are repelled into a
space. The reactive oxygen and nitrogen species are generated in streamer heads approaching the
exposed electrode. The distance of a positive streamer head from the dielectric surface is about 30
µm according to Ref. [23], and the diffusion time scale (a few ms) of the species to the dielectric is
too long considering 16.6 kHz.3,12,23 These indicate that only reactive oxygen and nitrogen species
produced in a cathode layer in AC SDBD spatially selectively react with a dielectric surface in the
cathode layer at discharge frequency above a few kHz.3,4,12,13

With morphology analysis and selective reaction of active oxygen and nitrogen species in a
cathode layer in AC SDBD, we conclude that most of the second stripes are the result of the etched
polyimide surface by oxygen and nitrogen atoms produced by the secondary-electron impact during
the negative polarity voltage. Because O(1D) and O(1S) are produced with O(3P), the observed second
erosion line in the cathode layer presents a trace of cathode glow in atmospheric SDBD.

V. CONCLUSION

This work firstly presents the trace of cathode glow in atmospheric SDBD by using specific
nature of spatiotemporally selective reactions of ionic and reactive oxygen and nitrogen species with
a polyimide surface in a cathode layer. It is experimentally visualized that that the cathode glow in a
cathode layer is located at approximately 5-6 µm from the exposed electrode at 1 atm in air.
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