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It is known that radio-frequency (rf) atmospheric glow discharges with bare electrodes are
susceptible to plasma constriction at large discharge currents. This is undesirable for large-scale
applications, even though large currents usually lead to abundant plasma reactive species and high
application efficiency. In this letter, an experimental investigation is presented to demonstrate that
plasma constriction can be mitigated by introducing dielectric barriers to the electrodes. The
resulting atmospheric rf dielectric-barrier discharge is shown to operate in the y mode of large
discharge current while maintaining its discharge volume. This improves significantly plasma
stability and the application potential. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2432233]

Large-volume atmospheric pressure glow discharges
(APGD’s) generated at radio frequencies (rf’s) have recently
attracted much attention, primarily because they offer a low-
voltage and chamberless route to numerous industrial and
biomedical applica‘tions.]_8 Employing a pair of bare elec-
trodes, rf APGD’s are often sustained in either the & mode of
small currents or the y mode of large currents.”>>’ These
two glow modes exhibit significant difference in their dis-
charge characteristics, particularly plasma stability and
plasma reactivity. Critical for reliable applications, plasma
stability describes the ability of a gas discharge to maintain
its uniformity in a large volume. Plasma reactivity, on the
other hand, measures its ability to produce large quantities of
reactive plasma species for high application efficiency.
Significantly, a key challenge for the APGD technology is
that their plasma stability and plasma reactivity are often
mutually exclusive of each other.'” In the case of rf APGD,
the stability of the a mode is robust but achieved only by
restricting the discharge current.”” Inevitably, the low-
current nature of the @ mode leads to low concentrations of
reactive species and poor plasma reactivity.10 One common
method to improve plasma reactivity is to increase the dis-
charge current, thus moving rf APGD into the y mode so that
gas ionization is enhanced substantially.S’9 While this leads to
abundant reactive plasma species, it can simultaneously
shrink the rf glow discharge into a constricted plasma col-
umn in a manner similar to that in rf glow discharges at
medium gas pressures.11 In fact, it is difficult to attain large-
volume rf APGD in the y mode without plasma constriction.
This compromises the benefits of APGD for large-volume
applications and renders high plasma reactivity redundant.

Recently, we proposed theoretically the use of dielectric
barriers in rf APGD to control their plasma stability even
though the generation of conventional rf APGD does not
require dielectric barriers.'? This technique could potentially
be used to control plasma constriction in rf APGD. In this
letter, we present an experimental study to demonstrate that
dielectric barriers can mitigate plasma constriction in rf at-
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mospheric glow discharges, thus allowing for stable plasma
operation at large discharge currents. For future reference,
we refer conventional rf atmospheric glow discharges with
bare electrodes to as rf APGD and those with dielectrically
insulated electrodes to as atmospheric rf dielectric-barrier
discharges.

The rf DBD considered here was generated between two
parallel stainless-steel plates each covered with a ceramic
sheet of 0.5 mm in thickness and 9.0 in relative permittivity.
The electrode diameter was 20 mm, and the gas gap was
fixed at 2.4 mm. The electrode unit was enclosed in a Per-
spex box with a helium flow of 5 SLM (standard liters per
minute) at 760 torr. To produce a comparable rf APGD, the
same electrode unit was employed without the ceramic
sheets and with the gas gap fixed at 2.4 mm. For both cases,
one electrode was powered, via a homemade impedance
matching network, by a radio-frequency power source sys-
tem, in which a 5 MHz sinusoidal signal was generated by a
function generator (Tektronix AFG 3102) and then amplified
by a power amplifier (AR 150A100B). The discharge current
and the applied voltage were measured by a wideband cur-
rent probe (Tektronix P6021) and a wideband voltage probe
(Tektronix P6015A), and their wave forms were recorded on
a digital oscilloscope (Tektronix TDS 3034B). With the trig-
gering signal, an intensified charge-coupled device (iCCD)
camera (Andor i-Star DH720) was used to capture the
plasma images with an exposure time of 10 ns. Optical emis-
sion spectrum was obtained using a spectrometer system
(Andor Shamrock) with a focal length of 0.3 m and a grating
of 600 grooves/mm.

Typical traces of the applied voltage and the discharge
current of the rf DBD are shown in Fig. 1. Both the discharge
current and the applied voltage are predominately sinusoidal,
with the current leading the voltage by a phase shift of less
than 90°. Their wave forms are consistent with the simula-
tion results'? and similar to those found in rf APGD with
bare electrodes.™® In contrast, their sinusoidal character is
distinctly different from the pulselike current wave form of
conventional kilohertz atmospheric DBD."*'* Also shown in
Fig. 1 is the iCCD trigger pulse of 5 V and subnanosecond
pulse-rising phase. To illustrate the benefits of the dielectric
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FIG. 1. Trace of the applied voltage and the discharge current of a rf DBD
in an atmospheric helium flow, together with the iCCD trigger signal.

barriers, Fig. 2 shows the current-voltage characteristics of
the rf APGD and the rf DBD. In the case of the rf APGD,
breakdown occurs at an applied voltage of V,,,,;=276.2 V
and 7,,,=50.2 mA. As the applied voltage is increased fur-
ther, the discharge current grows almost linearly until a tran-
sition point of V, ,=470.3 V and I,,,=102.5 mA, where
the glow discharge of 20 mm in diameter shrinks into a nar-
row constricted column of about 1 mm in diameter. The tran-
sition from the constriction point to point b in Fi%. 2 is rapid
and abrupt, similar to those reported elsewhere. 8 1t is im-
portant to emphasize, however, that the rf APGD after the
constriction point may not necessarily be in the y mode since
the vy mode can be achieved without plasma constriction.™’
In fact, the y mode of unconstricted rf APGD is character-
ized with a negative differential conductivity of the V,-J
curve, with V, being the gas voltage and J being the dis-
charge current density.5 “ In practice, rf APGD’s are suscep-
tible to plasma constriction and the constricted plasma col-
umn tends to be too unstable for its current density to be
estimated reliably. While more studies are needed to estab-
lish whether the constricted plasma is in the y mode, it is
unreliable to use plasma constriction as the indicator of the y
mode.

By adding one ceramic sheet to the plasma-facing side
of each electrode and adjusting the gas gap to 2.4 mm, the
gas breakdown now occurs at V,.;,;=319.0V and
I.,s=50.2 mA. After breakdown, the discharge current in-
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FIG. 2. Current-voltage characteristics of the atmospheric rf DBD and the rf
APGD, marked with the gas breakdown point, the plasma constriction point,
and the a-y mode transition point. Points (a), (b), (c), and (d) indicate
conditions where plasma images in Figs. 3 and 4 were taken. The dashed
line indicates conditions of plasma constriction.

Appl. Phys. Lett. 90, 031505 (2007)

() — ) ) 1 0

FIG. 3. (Color online) Plasma images of the rf APGD at (a) I
=75.7 mA and point a in Fig. 2 and (b) /,,,;=57.8 mA and point b in Fig. 2.
The images in (1) were taken with 1 ms exposure time. Images in (2), (3),
(4), (5), and (6) were taken with 10 ns exposure time at r=0, 7/4, 2T/4,
3T/4, and T, respectively, with T being the 1f cycle period.

creases with increasing applied voltage. For a given dis-
charge current, the applied voltage of the rf DBD is always
larger than that of the rf APGD and their difference increases
with increasing discharge current. This is because the dielec-
tric barriers divide into the applied voltage and the total volt-
age across the barriers, V,, .., increases with the current due
©0 V, ims=1Iims/ @C,,, with C,, being the total barrier capaci-
tance. As the applied voltage increases further, a step change
in the differential conductivity in the V, -Iiys curve is ap-
parent at 530.4 V and 95.5 mA. As will be shown later, the rf
DBD retains its volume above 7,,,=95.5 mA. This suggests
that plasma constriction is avoided in the rf DBD and the
cross-sectional area of the discharge remains the same over
the entire current range. Hence, the differential conductivity
criterion’ can be invoked. It has been demonstrated that a
step change in the differential conductivity of the V, -Iims
curve such as that in Fig. 2 is caused by the a-y mode
transition with the differential conductivity of the V,-J curve
changing from positive to negative.12 Therefore, the rf DBD
above 1,,,,=95.5 mA in Fig. 2 is in the y mode and the point
at 1,,,,=95.5 mA is the a-y mode transition point. It is clear
that the use of dielectric barriers mitigates plasma constric-
tion in rf atmospheric glow discharges and expands them
into regimes of large discharge currents. The experimental
evidence of plasma constriction control and the a-y mode
transition in Fig. 2 agrees very well qualitatively with our
numerical plrediction.1

To provide further support to the above discussion, im-
ages of the rf APGD and the rf DBD were taken by the iCCD
camera. Figure 3(a) shows a millisecond image of the rf
APGD and its five nanosecond images at I,,,;=75.7 mA cor-
responding to point @ in Fig. 2. Images in (3) and (5) of
Fig. 3(a) were taken at the instants of t=T/4 and 3T/4 when
the discharge current reached its positive and negative
maxima. It is clear that the rf APGD is horizontally homo-
geneous. Its optical emission covers the majority of the gas
gap with the peak optical signal located in the gap center.
This suggests a volumetric discharge with a bell-like profile
of optical emission centered at the middle of the gas gap.
These features are characteristic of the & mode™”" and pro-
vide experimental confirmation of the & mode operation of
the rf APGD in the 50.2—-102.5 mA range. At point b in
Fig. 2 and 57.8 mA, Fig. 3(b) shows that the rf APGD is now
a constricted plasma column of about 1 mm in diameter. The
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FIG. 4. (Color online) Plasma images of the rf DBD at (a) /,,,=69.0 mA
and point ¢ in Fig. 2 and (b) I,,,=166.2 mA and point d in Fig. 2. The
images in (1) were taken with 1 ms exposure time. Images in (2) (3), (4),
(5), and (6) were taken with 10 ns exposure time at r=0, T/4, 2T/4, and
37/4, respectively.

constricted plasma is unstable, moving around, as shown in
the nanosecond images of (2)—(6) in Fig. 3(b). This confirms
that the rf APGD is susceptible to plasma constriction and its
constriction is evolved from the & mode directly.

After the dielectric barriers are introduced, plasma con-
striction is avoided. Figure 4(a) shows a millisecond image
of the rf DBD and its five nanosecond images at
1,,,=69.0 mA corresponding to point ¢ in Fig. 2. Images in
(3) and (5) were taken at the instants of t=7T/4 and 37/4
when the discharge current reached its positive and negative
maxima. Similar to Fig. 3(a), the discharge is horizontally
homogeneous, covering the gas gap with a bell-like profile.
This is characteristic of the a mode.””'> As the current is
increased to I.,,=166.2 mA corresponding to point d in
Fig. 2, images in Fig. 4(b) suggest that the rf DBD retains the
same volume as that in Fig. 4(a) and plasma constriction is
avoided. The discharge is again horizontally homogeneous
but now exhibits localized gas ionization. The image in (3) in
Fig. 4(b) shows a thin bright layer very close to the instan-
taneous cathode (the bottom electrode), whereas the image in
(5) shows a similar bright layer near the instantaneous cath-
ode (the top electrode). These are the negative glow and
indicate localized gas ionization near the sheath bulk, thus
offering a direct evidence of the y mode. Figure 4 supports
further that dielectric barriers can mitigate plasma constric-
tion and enable the y mode of rf atmospheric glow dis-
charges over a large current range.

A typical optical emission spectrum of the rf DBD is
shown in Fig. 5(a) from 200 to 800 nm at I,,,=104.4 mA.
Among the dominant lines are the OH lines at 309 and
617 nm, N, at 337 nm, N} at 357, 391, and 427 nm, O at
777 nm, and He at 706 nm. Although only helium gas was
used, the nitrogen and oxygen emission lines were caused by
the residual air in the Perspex box and by impurity gases in
the helium gas. In rf APGD (Ref. 9) and medium-pressure rf
glow discharges,“ the voltage dependence of the electron
density has been used to identify the a-vy mode transition.
Since the electron density is yet to be measured reliably for
rf APGD, we use the optical intensity of the helium line at

Appl. Phys. Lett. 90, 031505 (2007)

25 L] L] T L] L]
I 80 T T T T
20} o .
I ‘;"’
i 15} i f -
;‘a o o-o-o-ur)
%10 60 90 120 150 180 H
% = RMS current {mA} T
z L OH O
| -J{'LA \L
oL g »
200 300 400 500 600 700 800

Wavelength (nm)

FIG. 5. Optical emission spectrum of the rf DBD at 7,,,=104.4 mA, with
the insert being the current dependence of the 706 nm line intensity.

706 nm as an indirect measure since it is linked to either
energetic electrons or Hej and low energy electrons.'® As
shown in Fig. 5(b), the 706 nm line intensity changes little
until 7,,,=91.2 mA after which it grows rapidly with the
discharge current. The corner point of /,,,=91.2 mA is not
dissimilar to the a-y transition point of /,,,=95.5 mA in
Fig. 2, supporting further that the y mode has indeed been
achieved in the rf DBD without plasma constriction.

In conclusion, we have shown that plasma constriction
common to rf APGD can be mitigated with dielectrically
insulated electrodes. The resulting atmospheric rf DBD can
operate in the y mode of very large discharge currents while
retaining their volume. Atmospheric rf DBD’s are capable of
greater plasma stability than rf APGD’s and so offer a
brighter prospect to a wide range of applications.
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