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Characteristics of Surface Micro-discharge Excited by
Pulsed Voltage in Open Air
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Abstract: The surface micro-discharge (SMD) excited by pulsed voltage in open air is experimentally studied by measuring its voltage,

current, emission image, emission spectrum, and ultraviolet (UV) absorption spectrum. It is found that the SMD occurs intermittently in

each cycle, and that it consists of many filaments on the surface of grounded electrode. While the applied voltage’s peak value U, increases

from 1.75 kV to 7.25 kV, the discharge area keeps expanding until U,~6 kV, when the discharge occupies all the available area. The emis-

sion spectrum of nitrogen metastable N,(C-B) and the density of ozone increase almost linearly. The ozone density decreases hyperbolically

downstream of the grounded electrode due to the diffusion in open air. The characteristics of pulsed SMD are presented and analyzed as

well, which may be referred by further investigations.
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0 Introduction

Cold atmospheric-pressure plasmas (CAPs) have received
increasing attention due to theirs existing potential for various
applications, such as environmental decontamination, surface
functionization, and biomedicine!”. Several kinds of dis-
charge, such as dielectric barrier discharge, corona discharge,
plasma jet, efc., are often used for the generation of CAPs and
massive efforts have been made in research and development
of these discharges. However, surface micro-discharge (SMD)
is less studied. This kind of discharge combines the nature of
dielectric barrier discharge and corona discharge[sl. It can
generate large-scale, macro-uniform, reactive CAPs in open
air. It also has high safety because the plasma and the treated
target are normally separated by a distance from mm to cm
range. SMD provides an efficient, safe and cheap way as
compared with other kinds of CAPs. It is much attractive for
some applications, especially for plasma medicine.

In recent years, many investigations of SMD and its appli-
cations have been reported. Several different electrode
configurations are developed, the electrical and optical cha-
racteristics are measured, and the plasma-induced species as
well as their distributions are obtained®. The reactive oxygen
species generated by SMD and used in biomedical applica-
tions, such as O; and reactive nitrogen species NO, are
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numerically and experimentally studied in both gas phase and
the treated sample in downstream space (liquid phase)“o].
These reactive species are approved to play the key role in
biomedical applications, and therefore enhancing their produc-
tion efficiencies is of great interest. A possible way to achieve
it is the use of pulsed voltage for the SMD excitation, instead
of sinusoidal voltage. This approach has been approved to be
valid for several kinds of CAPs, such as corona discharge[“],
dielectric barrier discharge!'?, plasma jet"”), efc. Moreover, the
pulsed voltage may reduce the gas temperature in plasmas,
which is also beneficial for the stability of SMD as well as its
heat sensitive applications. However, so far there have been
few reports of pulsed SMD, and hence little is known about its
characteristics.

In this contribution, we report on an experimental study of
pulsed SMD. The pulsed voltage and the discharge current of
the plasmas are measured, and their characteristics are found
to be closely related to the emission images taken by an inten-
sified
spectroscopy and absorption spectroscopy are also used for

charge coupled device (ICCD). The emission

measuring nitrogen metastable N2(C-B) and O, respectively. The
density and distribution of Os are obtained as a function of the
excitation voltage. The characteristics of pulscd SMD are
presented and analyzed in this study, which can be used as a
reference for further investigations.

1 Experimental Setup

The experimental setup is shown in Fig.1. The SMD reactor
consists of a plane active electrode, a mesh grounded electrode,
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Fig.1 Schematic diagram of the experimental setup

and a dielectric slab between the electrodes, as shown in
Fig.1(a). A unipolar pulsed voltage is applied on the active
electrode, with a pulse width of 13.5 ps and a frequency of 10
kHz (100 ps for each period). The power source (CTP-
2000K/P) is produced by Moersi Electronics Co., Ltd. from
Nanjing, China. A parallelogram mesh of stainless steel is used
as the grounded electrode, as shown in Fig.1(b). The dielectric
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barrier is made by a polytetrafluoroethene (PTFE) board, with
a thickness of 1.5 mm. The active electrode has a circular
shape with diameter 8 cm, which is smaller than that of the
grounded electrode. So, the image of discharge has similar
shape as the one of the active electrode (see Fig.1(c)).

The voltage and current of SMD is measured by a
high-voltage probe (Tektronix, P6015A) connected to the
active electrode and a non-inductive resistance (30 Q) in series
with the grounded electrode. The waveforms are recorded by
an oscilloscope (Tektronix, DPO3000). The temperature of the
grounded electrode is measured by a thermocouple (Victor
DM6801A). Two cameras are used to get the emission image
of SMD, and their exposure times are much different. The first
one is a common camera (Canon EOS7D) with an exposure
time of milliseconds at least, and the other one is a ICCD
(Andor, DH334T-18U-03) with a shortest exposure time of
only 2 ns. The first one is used to get the macroscopic image
of plasma, and since a single micro-discharge has a lifetime of
a few ns[”], the ICCD is used to capture the filaments which
occur alternatively.

The emission spectroscopy and absorption spectroscopy are
performed for N;(C-B) and O;, respectively. The emission of
N,(C-B) is strong in air plasma, and, hence, its spectral lines
337 nm, 356 nm, 380 nm, erc., can be used to indicate the
intensity of SMD. Ozone is a strong oxidizer and a long-living
molecule playing a key role in biomedical applications“j"s].
The density of O; is measured by using absorption spectros-
copy at the wavelength of 253.7 nm!"”. In our work, a
spectrometer (Ocean Optics, MAYA2000PRO) is used for the
detection of spectral lines, and a deuterium lamp (DH2000,
Ocean Optics) is used as a UV source for the absorption spec-
troscopy.

The deuterium lamp generates ultraviolet (UV) light with
wavelength between 235 nm and 305 nm. The absorbance at
253.7 nm is measured to obtain the ozone density. The absor-
bance is given as!'"!

T=— ln(ﬂ) (1)

] s ! b

where, 7 is the absorbance, [ is the measured intensity with
both the lamp and plasma on, /, is when only the plasma on, /
is when only the lamp on, and J, is when both the lamp and the
plasma off (background noise). The line-of-sight averaged
density of O; is obatined from the absorption spectrum ac-
cording to the Beer-Lambert Law

r=0 [ o, (r.2)dr )
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where, n, (r,z) is the line-of-sight averaged density

of ozone, cm>; ¢ is the photo absorption cross section
(1.14£0.01)x 107 cm®"); L is the effective optical path of 8 cm.

The UV light is set to pass through the central axis down-
stream of the grounded electrode and parallel to the electrode
surface at distances from 2 mm to 10 mm. The line-of-sight
averaged density of O; is obtained as a function of down-
stream distance. The plasma is macroscopically homogeneous
(exposure time about 1 s) (Fig.1(c)). So, it can be estimated
that O; has a homogeneous density along the effective optical
path, because it has a characteristic time larger than a dis-
charge cycle by at least one order of magnitude.

2 Results and Discussion

2.1 Discharge evolution in one period

The waveforms of applied voltage and discharge current in
one cycle are shown in Fig.2. The voltage has a peak value of
about 5.6 kV, the full width at half maximum of the pulse is
13.5 ps, and the frequency is 10 kHz. There are many burrs in
the current waveform, which indicates that the SMD is a typi-
cal micro-discharge. However, the burrs not always exist in
the whole period (Fig.2(b)), which indicates that the mi-
cro-discharge occurs intermittently. Four regimes are defined
according to the burrs, among which regimes 1 and 3 have no
burr, and regimes 2 and 4 have burrs. Regime 1 has duration
of 4 ps, and regime 2 has duration of 3 ps. These two regimes
have the rising edge of voltage pulse. The current pulse in both
regimes is about several ten of nanoseconds long. However,
because the voltage is low in regime 1, it seems that the dis-
charge is not ignited here (see Fig.2(a)). The discharge ceases
as the applied voltage begins to decrease, which lasts for 6 ps
(regime 3) until the voltage is below 2 kV. After that, the de-
crease of applied voltage slows down, and, therefore, the
residual charge plays a role in igniting the micro-discharge
again. The last phase (regime 4) has duration of 87 ps. How-
ever, the interval between two current pulses is much longer in
regime 4 than that in regime 2.

In order to further explain the evolution of pulsed SMD, we
plot in Fig.3 the emission images corresponding to the four
regimes. The ICCD with an exposure time of 1 ps is used to
capture the emission image. From several to several tens of
images are obtained in these four regimes, and some of them
are shown in Fig.3. As predicted by the discharge current
(Fig.2(b)), it can be seen clearly that no discharge occurs in
regime 1 and 3, and the filamentary discharges occur in turn in
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Fig.2 Waveforms of applied voltage and discharge current in one

period of SMD

regime 2 and 4. Furthermore, no glow discharge occurs.

2.2 Effect of applied voltage on SMD

The emission images of SMD at different peak values of
applied voltage, from U,=2 kV to 7 kV with an interval of 1
kV, are shown in Fig4. The images are obtained by Canon
EOS7D camera with a long exposure time of 5 s. When the
peak voltage is below 6 kV, it seems that the discharge area
expands quickly with the increase of the applied voltage. The
SMD occupies all the available area when U;=6 kV. After that,
the increase of applied voltage only results in increase of
emission intensity. This phenomenon is similar to the radio
frequency (RF) discharge, in which the discharge area expands
at beginning, but, after occupation of electrodes, the plasma
density increases with the applied voltage increase!™”.
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Fig.4
The input power and temperature of the grounded electrode
are plotted in Fig.5 as a function of the applied voltage peak
value varied from 1.75 kV to 7.25 kV. The input power and
electrode temperature have similar behaviors, but the slope of
input power curve is comparatively smaller when U,<3.5 kV,
and it turns to be bigger when Uy>5.5 kV. The slope of input
power curve has three regimes: 1) the discharge is rarely hap-
pen when U,<3.5 kV (see Fig.4) and hence the input power is
nearly unchanged; 2) in the case of 3.5 kV<U,<5.5 kV, the
discharge area expands and hence restricts the dielectric slab
temperature increase, which results in the fact that the dielec-
tric property changes little and, in turn, limits the increase of
input power; 3) the discharge occupies all the available area
when U;>5.5 KV, the temperature of dielectric slab increases
sharply, and the dielectric property changes a lot in some area.
Dielectric constant of PTFE decreases when the temperature
increases. As a result, the input power increases sharply. In our
experiments, the dielectric-slab (made by PTFE) exhibits
breakdown when U,>8 kV.

2.3 Reactive species

The relative emission spectrum in the UV band is shown in
Fig.6. Most of the spectral lines are observed in a wavelength
range between 300 nm and 425 nm, which belongs to the
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Fig.5 Input power and temperature rise of the ground electrode

versus peak value of the applied voltage

transitions from second positive system of N,'*'. The emission
spectrum is similar to the other SMD studies, as reported by
Morfill and Shimizu™. The relative intensity of spectral lines
at 337 nm, 357 nm and 380 nm are plotted in Fig.7, with re-
spect to the applied voltage peak values varied from 5.5 kV to
7.5 kV. It can be seen that the relative intensities of the spectral
lines increase by 2.5 times, but the corresponding input power
has even more increase of about 3 times. This indicates that
the production efficiency of excited N, decreases with the rise
of applied voltage, and that the additional increase of input
power is consumed by the heating of gas and electrodes.
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Ozone is very important for various applications. Its density
and distribution are measured in this study by using absorption
spectroscopy. Fig.8 shows the line-to-sight averaged density of
ozone at 2 mm downstream of the grounded electrode. The
measurement is performed after 5 min of discharge in order to
get the stable density, when the generation and loss of ozone
due to diffusion and convection in open air is equal to each
other. The density of ozone rises almost linearly with the peak
value of applied voltage, from 55x10°° to 164x10°° (parts per
million) with U, variation from 5.5 kV to 7.5 kV. It was found
that the density of ozone in SMD first increases and then de-
creases with the applied voltage'””). However, in our study, the
decrease does not occur until the discharge transits to spark.
This may happen because: 1) pulsed voltage is used instead of
sinusoidal voltage, and 2) the SMD is in the open air instead of
a confined space.

In the downstream of the grounded electrode, the ozone
density decreases hyperbolically downstream of the grounded
electrode, as the distance from the electrode increases, as
shown in Fig.9. Diffusion, convection and chemical reaction
may have an effect on the density of ozone. We estimate that
from 2 mm to 10 mm downstream of from the grounded elec-
trode (see Fig.9) the diffusion dominates the loss of ozone. In
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Fig.9 Density of ozone as a function of the distance from grounded
electrode

order to prove our estimation, a simple 2-dimensional axi-
symmetric model is developed by considering only the
diffusion process. The result is plotted as a dashed curve in
Fig.9. It can be seen that the simulation and experiment have
similar results, and hence the diffusion indeed dominates the
loss of ozone in downstream area.

3 Conclusions

1) The surface micro-discharge (SMD) is a safe, cheap and
efficient method as compared to other kinds of cold atmos-
pheric-pressure plasmas. It is attractive especially for the
burgeoning application in biomedicine. In this study, we use a
pulsed voltage for the SMD generation, and the characteristics
of the pulsed SMD are presented and analyzed.

2) The voltage, current, emission image, emission spectrum
and UV absorption spectrum are measured. It is found that the
SMD occurs intermittently in each cycle. It consists of many
filaments that appear on the surface of grounded electrode.
With the increase of applied voltage peak value U, from 1.75
kV to 7.25 kV, the discharge area expands until U,~6 kV, at
which the discharge occupies all the available area. The emis-
sion spectrum of N(C-B) and the density of ozone increase
almost linearly. The ozone density decreases hyperbolically
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downstream of the grounded electrode as a result of the diffu-
sion in open air.
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