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Spatial uniformity of an atmospheric-pressure microwave line plasma is evaluated from surface hydrophilic-
ity treatment of polyethylene terephthalate film as well as observation of optical emission from the plasma. Prior
to the experiments, the structure of the waveguide-based plasma source is optimized using a three-dimensional
electromagnetic simulation to suppress standing-wave generation for the uniformity of plasma production. The
spatial distribution in the longitudinal direction of the Argon (Ar) plasma is investigated by operating the mi-
croscope parallel to the slot and by irradiating film with the plasma to improve surface wettability of the film.
Uniform profile of water contact angle is obtained in 40 cm with very high-speed processing.
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1. Introduction
The increased demand for electronic products has

been the driving force behind the development of ad-
vanced atmospheric-pressure plasma techniques for low-
cost and high-speed processing of surface area treat-
ment, such as cleaning, modification [1–7], and film de-
position [8–12]. Such surface area treatment applications
require spatially uniform, high-density, and large-scale
atmospheric-pressure plasma sources. So far, various types
of atmospheric-pressure plasmas, such as dielectric bar-
rier discharge (DBD) [13, 14], RF discharge [15, 16], and
pulsed DC discharge [17] have been proposed. However,
these plasma sources often do not meet the required spec-
ifications because the plasma density is not uniform in
space and has a low density. This is caused by spatiotem-
porally intermittent discharges.

Atmospheric-pressure microwave plasma (APMP)
sources are alternative promising candidates for high-
density plasma sources because they can easily produce
high-density plasma [18–22]. However, APMPs are rather
difficult to match large-area processing because they have
a short microwave wavelength ranging between a few to
tens centimeters. This easily generates standing waves
resulting in spatially non-uniform discharges. To solve
this issue, we have developed a slotted-waveguide-based
microwave plasma source, which we call atmospheric-
pressure microwave line plasma (APMLP), that uses trav-
elling waves and do not generate standing waves inside
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the waveguide. So far, we reported the production of
atmospheric-pressure plasma using rare-gas discharges in
the meter-scale slot [23, 24]. Furthermore, we success-
fully produced N2 molecular gas plasma of about 30 cm
by flattening the cross-sectional structure of the waveg-
uide, namely the low-impedance waveguide, to increase
the electromagnetic field density [25]. Alternatively, the
electromagnetic field was further increased by modifying
the cross-sectional structure of the rectangular waveguide,
turning it from symmetric to non-symmetric. To suppress
standing-wave generation between the asymmetric struc-
ture waveguide and the standard waveguide, we designed
an impedance matcher using three-dimensional electro-
magnetic field simulations. Consequently, we succeeded in
producing the molecular gas plasma production on a meter
scale [26]. APMLP has a unique characteristic: it is one
meter long in the longitudinal direction and extremely nar-
row (0.1 mm) in the width direction. In our previous work,
the longitudinal spatial uniformity of the emission inten-
sity, plasma density, and gas temperature was confirmed
macroscopically by taking the overall information and av-
eraging the emission intensity across the slot width direc-
tion. However, we have not observed the detailed plasma
structure in the slot width direction as well as the spatial
uniformity of the electromagnetic field distribution in the
asymmetric waveguide. It was rather difficult to measure
such a narrow-gap plasma using our conventional setup.

In this study, we explore the structure of the
impedance matching unit between the asymmetric and the
standard waveguides using an electromagnetic simulator
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for further optimization. We investigate the spatial homo-
geneity of the electromagnetic field distribution. Using op-
tical microscopy, the emission intensity distribution in the
slot width direction and the longitudinal direction is inves-
tigated. This activity enabled us to demonstrate the spa-
tial uniformity of the plasma in the longitudinal direction.
Furthermore, a polyethylene terephthalate (PET) resin film
is irradiated with plasma and then we evaluated the spatial
variation of the water contact angle and its treatment speed.

2. Atmospheric-Pressure Microwave
Line Plasma
Figure 1 shows a schematic view of the atmospheric-

pressure microwave line plasma (APMLP). This plasma
source utilizes one-directional microwave power flow
through a waveguide, which can be realized by using a
looped waveguide with a circulator [23, 24] or a power
absorber at the end of the waveguide. In this study, the
power absorber has been used to absorb surplus of input
microwave power (2.45 GHz, <1 kW) from a magnetron.
A long slot (length: 110 cm, gap width: 0.12 mm) is placed
on the waveguide (length: 1.2 m) and plasma is produced
by the electric field induced in the slot. The suppression
of standing-wave generation in the waveguide leads to the
production of one-dimensional very long APP. To ease
the APP production, the electric field in the slot was en-
hanced by modifying the waveguide from a rectangular
cross-section (96 mm × 27 mm) into an asymmetric cross-
section as shown in Fig. 2 [26]. In the modified part of the
waveguide, a metal block (width: 34 mm, height: 22 mm)
is placed on one side of the waveguide. Ar gas (<14 slm)
was introduced in the waveguide. Air-tight windows are
placed at both ends of the waveguide and the Ar gas flowed

Fig. 1 Schematic view of atmospheric-pressure microwave line
plasma (APMLP).

out through the slot to the atmosphere.
Since the waveguide with the modified cross-section

is used for plasma production, the use of an impedance
matching unit between the rectangular waveguide and the
modified waveguide is critical for suppressing the power
reflection at the connection between the waveguides. In
this study, an impedance matching unit of a step-like struc-
ture was adopted (Fig. 2) and optimum structure was ex-
plored by using the commercially available electromag-
netic simulation software MW-Studio. The simulations
are based on finite-integration methods. A wave packet
is introduced to a modeled waveguide structure and time
development of the microwave in the waveguide is calcu-
lated. The measurement result is converted into the fre-
quency domain and spatial profile of the microwave field
at a target frequency (2.45 GHz). The S parameters of the
waveguide are also obtained. Figure 3 (a) shows two exam-
ples of simulated electric field intensities along the modi-
fied waveguide at x = 25 mm and y = 41 mm, with two
different step height (a) and step length (b) combinations:
(i) a = 16.0 mm, b = 39.5 mm; and (ii) a = 16.7 mm,
b = 40.1 mm. In both cases, the input power is normal-
ized at 1 W. This figure demonstrates strong electric fields
at the position of the impedance matching unit because of
multi-reflection that takes place inside the matching unit.
In the modified waveguide, a standing wave is observed
along the waveguide in the case (i). However, standing
wave is suppressed in the case (ii), showing the effec-
tiveness of the step-like impedance matching unit. Fig-
ure 3 (b) shows the simulated peak-to-peak electric fields
in the modified waveguide with various combinations of a
and b. Results confirm that the condition (ii) is the opti-
mized condition.

Fig. 2 Asymmetric cross-section waveguide with impedance
matching units.
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Fig. 3 Simulated results of (a) electric field intensity along the
modified waveguide at x = 25 mm and y = 41 mm, and
(b) peak-to-peak voltage in the modified waveguide with
various combinations of a and b.

3. Microscopic Observation of Plasma
Emission from APMLP
So far, we confirmed the longitudinal plasma unifor-

mity of APMLP of 110 cm in length using a digital cam-
era that was placed 1.5 m away from the plasma. How-
ever, in this experiment, the uniformity in the longitudinal
direction was confirmed only by the integrated emission
intensity across the slot gap as the camera does not have
such a high spatial resolution. To confirm the uniformity of
the plasma in the longitudinal direction, the plasma struc-
ture across the sub-mm gap slot should be the same inde-
pendently of the longitudinal position of the meter-sized
APMLP. To evaluate this, optical measurements using a
rail-guided microscope with a digital camera was carried
out. A schematic of the experimental setup is shown in
Fig. 4. An optical bench was installed in parallel with the
waveguide and a digital camera with a microscope (mag-
nification factor: 20) moves along the slot. The camera
was focused on the surface of the slot plates and the emis-
sion profile across the slot was investigated in the range of

Fig. 4 Schematic image of the experimental setup for micro-
scopic observation of plasma emission from APMLP.

Fig. 5 Observed images of (a) the slot without plasma produc-
tion at z = −30 cm, (b) plasma emission in the slot at
z = −30 cm.

z < ±30 cm from the slot center.
Figure 5 (a) shows an example of a slot image with-

out plasma production at z = −30 cm. By taking pho-
tographs at different positions along the z axis, the accu-
racy of the slot width along the longitudinal direction is
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Fig. 6 Emission intensity profiles across the slot gap from z =
−30 cm to z = +30 cm.

confirmed to be 0.12 mm with a deviation of less than 5%.
Using this slot configuration, meter-sized plasma was suc-
cessfully produced at an Ar flow rate of 14 slm and with a
microwave power of 900 W. Figure 5 (b) shows an image
of plasma emission in the slot at the same position as that
of Fig. 5 (a). The exposure time of the camera is 1/40 s.
The figure shows the emission intensity in the vicinity of
the slot edge is slightly higher compared with that in the
middle of the gap.

From similar photograph as that of Fig. 5 (b) in dif-
ferent z positions from z = −30 to +30 cm, emission in-
tensity profiles across the slot gap (red line in Fig. 5 (b))
are obtained by processing the photograph data, as shown
in Fig. 6. Please note that the horizontal axis is in the
scale of 0.1 mm although the variation in the z axis is
60 cm. The emission profile in the slot (x-axis), espe-
cially in the vicinity of the plates at x = −0.06 mm and
x = +0.06 mm, varies slightly in the z axis due to slightly
out-of-focus image, but the result shows that the plasma
structure across the slot is almost similar along the plasma
length of 60 cm. Figure 7 shows the z position depen-
dence on the emission intensity at the gap center. The
emission intensity is slightly high at the upstream side of
the microwave power flow. However, the difference of
the emission intensity at z = −30 cm and z = +30 cm is
within 6%. These results confirm that one-dimensional
uniform plasma is produced along the slot with a length
of 60 cm. We have monitored microwave power flow at
the upstream and downstream sides by a microwave power
monitor; the microwave power at the downstream side
is around 600 W. Taking the uniform plasma production
with a plasma length of 60 cm into account, the microwave
power absorption at unit length (1 cm) is estimated to be
around 5 W/cm.

Fig. 7 Axial position z dependence of the emission intensity at
the center of the gap.

4. Hydrophilic Treatment of PET
Film
A typical application of APP is surface wettability

control. To demonstrate the ability of the APMLP for use
in the treatment of a large surface area, a substrate scanning
stage (width: 1 m, length: 50 cm, scanning distance 80 cm,
scan speed: <10 m/min) was constructed and the APMLP
was placed on the scanning stage. The distance between
the PET samples and the slot was 1.5 mm. To examine the
surface treatment uniformity of this plasma source, PET
films (width: 2 cm, length: 5 cm, and thickness: 100 µm)
were placed at equal distances of 10 cm both in z and x
axes as shown in Fig. 8. In the experiment, the slot width
was 0.12 mm, whereas the input power was 900 W. Pure
Ar at a flow rate of 28 slm was introduced into the waveg-
uide from 16 gas inlets through a gas manifold behind the
waveguide. This design improves gas flow uniformity and
the process uniformity along the longitudinal direction of
the slot. Samples were scanned in the x-axis at a scanning
speed of 2 m/min.

Figure 9 shows the water contact angle of the PET
film after Ar plasma treatment. The water contact angle is
around 45◦ and is almost uniform both in x and z axes. It
is known that the water contact angle decreases with the
process time and saturates to a minimum value after a cer-
tain process time. We have confirmed that the initial and
saturated water contact angles are 74±2◦ and 35±2◦ in our
plasma source, respectively. The results of Fig. 9 show that
the water contact angle is not saturated at a scanning speed
of 2 m/min in the x-axis. This shows that the uniformity is
not obtained by the saturation of the contact angle but by
the uniformity of the plasma. Furthermore, the plasma is
temporally stable and spatially uniform in the x and z axes,
respectively. This result indicates the potential of APMLP
in two-dimensional large-area surface treatment.

To evaluate the hydrophilic treatment with respect to
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Fig. 8 Schematic image of (a) experimental setup for surface
treatment of large surface area, and (b) substrate scanning
stage.

Fig. 9 Water contact angle of the PET film after Ar plasma treat-
ment.

the treatment time by plasma irradiation, information on
plasma-irradiation width is required. When the distance
between the slot and the substrate is around 1.5 mm, it is
observed that plasma effusing from the slot tends to spread
out to x direction. We have measured the spread plasma
using a digital still camera through a glass substrate and
have estimated the spread width in the x direction to be
around 0.8 mm in FWHM. From the scanning speed and
the plasma width in the x direction, the treatment time is
obtained. Figure 10 shows the water contact angle as a
function of the treatment time, where treatment time is var-
ied by changing the scanning speed of the stage. As the
treatment time increases, the water contact angle mono-
tonically decreases and reaches its saturated value (35◦) at
treatment times above 50 ms. So far various surface treat-
ment experiments were reported [27–32] and the present
result shows fairly high treatment speed compared with
previous results. It should also be noted that the APMLP
can be used in wide-area surface treatment, in contrast with

Fig. 10 Water contact angle of the PET film as a function of the
treatment time.

previous reports in which APP was used in the treatment
of small surface areas.

The following mechanisms for hydrophilization of the
film surface have been proposed. The first is that the sur-
face intermolecular bonds are cleaved by irradiation with
charged particles, reactive species derived from ambient
air and ultraviolet rays from plasma, and hydrophilic func-
tional groups such as OH, CO, and COOH, are formed to
increase hydrophilicity. The second is that the surface area
is increased by the surface roughness due to plasma irra-
diation, which improves the adhesiveness with water. In
the experiment, the distance between sample slots is set to
1.5 mm. Other experiments revealed that there is a strong
dependence on the distance and the hydrophilicity is fur-
ther improved by adding a small amount of molecular gas
to Ar gas. Since the surface of the treated sample has not
been analyzed, the details are not clear, but we consider
that the reactive species are uniformly transported over a
long length from the plasma to the PET film and contribute
to improving hydrophilicity, because reactive species are
easily deactivated in the atmosphere due to the short mean
free path.

5. Conclusion
Spatial uniformity of an atmospheric-pressure mi-

crowave line plasma is evaluated from surface hydrophilic-
ity treatment of PET film as well as observation of optical
emission from the plasma. Prior to the experiments, the
structure of the waveguide-based plasma source is opti-
mized using a three-dimensional electromagnetic simula-
tion to suppress standing-wave generation for the unifor-
mity of plasma production. The spatial distribution in the
longitudinal direction of the plasma is investigated by op-
erating the microscope parallel to the slot. The emission
intensity is slightly high at the upstream side of the mi-
crowave power flow. However, the difference of the emis-
sion intensity at z = −30 cm and z = +30 cm is within
6%. It is confirmed that one-dimensional uniform plasma
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is produced along the slot with a length of 60 cm. To
demonstrate the potential of the APMLP for use in the sur-
face treatment of large surface areas, PET film is irradiated
with the Ar plasma to improve the surface wettability. Uni-
form distribution is obtained in 40 cm with very high-speed
processing.
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