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Sustainment of long-scale surface-wave plasma (SWP) at pressures below 1Pa is investigated for the application of the SWP as an assisting
plasma source for roll-to-roll sputter deposition. A modified microwave coupler (MMC) for easier surface-wave propagation is proposed, on the
basis of the concept of the power direction alignment of the slot antenna and surface-wave propagation. The superiority of the MMC-SWP over
conventional SWPs is shown at a sustainment pressure as low as 0.6 Pa and an electron density as high as 3 x 10'” m=3. A polymer film is treated
with the MMC-SWP at a low pressure of 0.6 Pa, and surface modification at a low pressure is proved using Ar plasma. These results show the
availability of the MMC-SWP as the surface treatment plasma source that is compatible with sputter deposition in the same processing chamber.

© 2016 The Japan Society of Applied Physics

1. Introduction

Recently, highly functional polymer-based films for printable
electronics or flexible electronics have been given attention,
and development of a surface treatment process for adhesion
improvement or contaminant removal has become an impor-
tant issue. As a surface treatment technique, wet processing
has been reported to be effective.” However, this technique is
not suitable from an environmental viewpoint because of
the consequential need for liquid waste treatment. As one of
the surface treatment processes, plasma surface treatments
using reduced pressures,”® atmospheric pressure,®'V or ion
beams'?"'> have been reported, but the process throughput
is not sufficient for high-speed roll-to-roll sputter deposition,
and an alternative high-density plasma is desired. As a
candidate to solve such an issue, a surface-wave plasma
(SWP) source, i.e., a microwave plasma source with no
magnetic field, is attractive. So far, the plasma production
mechanism of the SWP has been extensively studied,'¢->"
and on the basis of these studies, its beneficial properties such
as high plasma density, low ion-induce damage, and appli-
cability to large areas’'~?” have been clarified with their
deposition and etching process applications.”®3! Further-
more, the SWP has been applied to surface modification of
non-heat-resistant polymer films.*>=** However, recent film
processes require pretreatment of the film surface immedi-
ately before sputter deposition without exposure of the film
surface to atmosphere. This means that the plasma source for
the pre-treatment should be in the same roll-to-roll processing
chamber for sputter deposition and the pre-treatment plasma
source should be maintained at the same pressure as that of
the sputtering process (<1Pa). The SWP, however, is diff-
icult to sustain at low pressures (<1 Pa). So far, many studies
of microwave plasmas combined with a sputtering process
have been reported,?—3® but most of the plasma sources are
used as an ECR plasma source assisted by the magnetic field
of the sputter target. Some studies without using a magnetic
field have been reported, but the lowest sustainable pressure
is higher than sputter deposition pressures and SWPs that
are maintained at low pressures, which are compatible with
sputter deposition, have never been reported.

In this study, a one-dimensionally long SWP that can be
sustained at low pressures (<1Pa) is examined. For low-
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pressure plasma sustainment, a modified microwave coupler
(MMC) is introduced into the SWP source. The properties
of the MMC-SWP, such as minimum sustainment pressure
or electron density, are reported in comparison with those of
conventional SWPs. As an example of MMC-SWP applica-
tions, polymer surface modification is presented.

2. Modified microwave coupler for low-pressure SWP
sustainment

For the sustainment of the SWP, an important point is the
direction of microwave propagation. The SWP is based on
the surface-wave propagation along the plasma-dielectric
interface, which enables the distribution of microwave power
along the dielectric—plasma interface and the production of a
large-area SWP. From the viewpoint of plasma sustainment,
the microwave electric field in the transverse-magnetic mode
(TM-mode) SW accelerates electrons toward the plasma
perpendicularly to the dielectric surface.”” In general, the
microwave power from a waveguide is usually coupled to
the plasma through the slot antenna, i.e., a small rectangular
narrow-gap hole opened to the waveguide. The direction
of the microwave power radiation from the slot antenna
is perpendicular to the slot surface; this means that the
arrangement of the slot antenna and the dielectric plate is a
critical issue for easier microwave coupling to the plasma.
In conventional SWPs, slot antennas are arranged on the
back surface of a dielectric plate, as shown in Fig. 1(a), and
the microwave is radiated from the slot antennas to the direc-
tion perpendicular to the dielectric surface, i.e., perpendicular
to the direction of SWP propagation. This means that, for
the sustainment of the SWP, high plasma densities that
deflect the microwave power direction by 90° are required,
suggesting difficulty in sustaining plasma at low pressures.
To improve the microwave coupling and low-pressure
sustainment, we modified the slot-dielectric configuration;
the slot antenna is placed on the side wall of the dielectric
plate, as shown in Fig. 1(b). Hereafter, we call this configura-
tion as the MMC. In the case of the MMC-SWP, the power
radiation from the slot is parallel to the dielectric surface and
a much easier sustainment of the surface-wave is expected.
To verify this concept, a numerical simulation is carried
out using the electromagnetic wave simulation software MW-
Studio. Schematics of the simulation models of the conven-

© 2016 The Japan Society of Applied Physics
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Fig. 1. (Color online) Schematic of microwave power coupling
configurations for (a) conventional SWP and (b) SWP with modified
microwave coupler.
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Fig. 2. (Color online) Modeled structure for the numerical simulation.
(a) Conventional SWP and (b) MMC-SWP.

tional SWP and MMC-SWP are shown in Figs. 2(a) and 2(b),
respectively. In this simulation, one rectangular slot antenna
with the same size as that shown in the figure (35 x 5mm?,
2mm in thickness) is set at the end of a waveguide (109.2 X
54.6mm? in cross section). Supposing a quartz plate, a 20 X
20 cm? dielectric plate with a thickness of 1 cm and a relative
permittivity (e;) of 3.7 is attached to the slot antenna at
two different configurations, i.e., from the back side of the
dielectric (conventional SWP) and from the sidewall of the
dielectric (MMC-SWP). Then, a plasma space (20 x 20 x 10
cm?®) with electron densities from 2 to 6 X 10m™ and a
collision frequency of 4.0 x 10’ Hz is placed adjacent to the
dielectric plate. A wave packet of 2.45 GHz microwave is
injected into the waveguide, and the response of the elec-
tromagnetic wave inside the modeled space is calculated
using a finite integration (FI) simulation method. After the
Fourier transform of the time-domain simulated result,
2.45 GHz continuous wave (CW) propagation in the modeled
space is obtained.

Figure 3 shows a contour map of electric field amplitude
at the dielectric—plasma interface at an electron density of
3.8 x 10"m™3, which is slightly higher than the surface-
wave resonance density (3.5 X 10" m~3 for f= 2.45 GHz and
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10cm

Fig. 3. (Color online) Spatial profile of simulated microwave electric field
at the position of plasma—quartz interface. (a) Conventional SWP and

(b) SWP with modified microwave coupler. The electron density is

3.8x 107 m™3.

& = 3.7). The input power into the waveguide is supposed to
be a unit value of 1 W. The electric field at an arbitrary input
power can be obtained considering that the electric field is
proportional to the square root of the input power. In both
cases of conventional SWP and MMC-SWP, the maximum
electric fields are almost the same (~1kV/m at an input
power of 1W). From the viewpoint of wave propagation,
however, the electric field is quite different depending on
the slot configuration. In the case of conventional SWP, the
electric field is localized in the vicinity of the slot. In the case
of MMC-SWP, wave propagation along the interface in the
y-direction is clearly observed.

It has been reported that the SWP is sustained by the high-
energy electrons injected into the plasma perpendicular to the
dielectric surface. Such high-energy electrons are produced
by a strong electric field in the vicinity of the plasma bound-
ary where the permittivity of the plasma is close to zero, i.e.,
the plasma oscillation frequency is 2.45 GHz. This means that
the microwave electric field perpendicular to the dielectric
surface plays an important role in the sustainment of the
SWP. On the basis of this plasma sustainment mechanism,
the component of the perpendicular microwave electric field
with respect to the absolute electric field is investigated in
both case of conventional SWP and MMC-SWP. Figure 4
shows the ratio of the squared perpendicular electric field
component (Egem) to the total field energy (|E|?) as a function
of electron density. Here, both E;em and |E|? are obtained as
average values along the y-axis. In both cases of conventional
and modified SWPs, the perpendicular field energy compo-
nent monotonically decreases with decreasing electron
density. In the case of conventional SWPs, the perpendicular
field energy component decreases almost down to zero at an
electron density of 4 X 10" m™3. In the case of MMC-SWP,
however, the perpendicular component remains even below
the surface-wave resonant density of 3.5 x 10! m~>, suggest-
ing the sustainment of the hybrid-mode SWP.*? The simula-
tion result suggests that the position of the slot with respect

© 2016 The Japan Society of Applied Physics
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Fig. 4. (Color online) Ratio of perpendicular electric field component to
absolute electric field component averaged along y-axis as a function of
electron density. (a) Conventional SWP and (b) SWP with modified
microwave coupler.
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Fig. 5. (Color online) Schematic of experimental set up for

(a) conventional SWP and (b) SWP with modified microwave coupler.

to the dielectric plate has a very important role in the
sustainment of an SWP and that the plasma can be sustained
at lower pressures using the MMC-SWP.

3. Experimental methods

To confirm the validity of the MMC-SWP concept, the
lowest sustainable pressures are compared between conven-
tional and MMC-SWPs. In the experiment, an aluminum
chamber (length, 1.2m; width, 0.7m; height, 0.6m) is
evacuated using a turbomolecular pump at base pressures
below 1073 Pa. Ar gas is introduced into the chamber through
a mass flow controller and the pressure is controlled at values
below 13Pa. Two types of SWP source, i.e., conventional
SWP and MMC-SWP, are compared, as shown in Fig. 3. In
the experiment of conventional SWP [Fig. 5(a)], the micro-
wave power (2.45 GHz, <1.6 kW) from 13 slots is coupled to
the plasma through a quartz dielectric plate (length, 368 mm;
width, 145 mm; thickness, 15mm) that is adjacent to the
slot plate. The dielectric plate works as a vacuum window
and also as the dielectric material that enables surface-wave
propagation along the dielectric surface. The origin of the
coordinates is set to be the surface of the quartz center, and
the x-, y-, and z-axes are defined as shown in the figure.
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Fig. 6. Langmuir probe measurement of electron density for conventional
SWP. (a) Power dependence and (b) pressure dependence.

The configuration of the modified microwave coupler is
shown in Fig. 5(b). In this SWP source, microwave radiation
is realized by four vacuum-sealed slot antennas that are
attached to the side wall of a quartz plate (length, 400 mm;
width, 60 mm; thickness, 20mm). In this configuration,
microwave power propagates along the quartz plate smoothly
and the plasma is produced in front of the quartz plate
surface. This plasma source is installed in a chamber similar
to that shown Fig. 5(a). The spatial profile of electron density
is measured by scanning a Langmuir probe (length, 5 mm;
diameter, 0.2 mm) at a bias voltage of 50 V. Electron density
is obtained from the saturation current supposing that the
same electron temperature is obtained at the center of the
target (x = 0). To confirm the performance of the new SWP
source, films of terpolymers of tetrafluoroethylene, hexa-
fluoropropylene, and vinylidene fluoride (THV) are treated
with the MMC-SWP and their surfaces before and after
the plasma treatment are analyzed by X-ray photoelectron
spectroscopy (XPS).

4. Results and discussion

Figure 6(a) shows the electron density of the conventional
SWP source as a function of microwave power at an Ar
pressure of 6Pa and a position of x =0cm, y =0cm, and
z=10cm. By reducing the microwave power, the electron
density monotonically decreases to 0.9 x 10'® m™ at a micro-
wave power of 1.0kW and plasma disappears at powers
lower than 1kW. Figure 6(b) shows electron density as a
function of Ar pressure at a microwave power of 1.2kW.
The electron density is measured at x = Ocm, y = 0cm, and
z=10cm. Except for the lowest Ar pressure of 2.5Pa, the
electron density monotonically increases with Ar pressure
decreasing to 3.5 Pa. Such dependence is qualitatively under-
stood as follows. As mentioned in Sect. 2, a strong micro-
wave electric field of the SW accelerates electrons perpen-
dicularly to the dielectric surface and these high-energy

© 2016 The Japan Society of Applied Physics
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Fig. 7. Langmuir probe measurement of electron density for MMC-SWP.
(a) Power dependence and (b) pressure dependence.

electrons pass through the plasma along the z-direction. The
kinetic energy of high-energy electrons decreases as the
electrons pass through the gas phase owing to their collisions
with Ar, resulting in the decreases in ionization efficiency
and electron density along the z-axis. With increasing Ar
pressure, the electron-energy decay length decreases and
plasma becomes localized in the vicinity of the dielectric
surface, resulting in the decrease in electron density at higher
pressures. The result indicating that the electron density at
a pressure of 2.5Pa is lower than that at 3.5Pa implies
the difficulty in plasma sustainment at pressures lower than
3.5 Pa with the conventional SWP source.

Next, a similar measurement is carried out with the MMC-
SWP. Figure 7(a) shows electron density as a function of
microwave power in the case of MMC-SWP. Measurement
conditions are the same as those shown in Fig. 6(a), i.e., the
probe position is x =0cm, y=0cm, and z = 10cm and the
Ar pressure is 6 Pa. As in the case of conventional SWP,
the electron density is almost proportional to the microwave
power, and an electron density of 5 x 10" m~2 is obtained at
a microwave power of 1.8 kW. It is notable that the plasma is
sustained even at a microwave power of 0.6 kW, at which
the plasma cannot be sustained by a conventional SWP. This
suggests the ease of producing the MMC-SWP, i.e., better
coupling of microwave power to the plasma. Figure 7(b)
shows the Ar pressure dependence of electron density at a
microwave power of 1.0kW. The probe position is x = 0 cm,
y=0cm, and z=10cm. As in the case of conventional
SWP, the electron density monotonically increases with
decreasing the Ar pressure and shows a peak. The peak
plasma density is obtained at an Ar pressure of 4 Pa, which is
similar to that of the conventional SWP. It is notable that
plasma is sustained at an Ar pressure of 0.7Pa with an
electron density of 5x 10'7m™3, although the microwave
power is lower than that of the conventional SWP [Fig. 6(b)].
The result shows the superior property of the MMC-SWP for
low-pressure plasma sustainment. Figure 8 shows a spatial
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Fig. 9. (Color online) C 1s XPS spectra of THV film before and after Ar
plasma treatment with and without RF bias.

profile of electron density along the x-axis at a microwave
power of 1.0kW and an Ar pressure of 6 Pa. The probe posi-
tion is y =0cm and z = 15cm. Although a slight variation
of electron density is observed along the x-axis, the density
deviation between z = +15cm is +12% at a mean electron
density of 2.3 x 10'”m™. With decreasing pressure, the
uniformity of the emission along the x-axis is almost the
same, although a slight decrease in the emission intensity
along the y-axis from the slot is observed. When considering
the use of MMC-SWP for roll-to-roll film process, the plasma
source requires a uniform electron density more than a wide
range of film widths. The result suggests the applicability of
the MMC-SWP for the pre-treatment of the roll-to-roll sputter
deposition system using the same processing chamber.
Finally, the polymer film is treated with the MMC-SWP
and the treatment performance is investigated. In the experi-
ment, a THV film sample is set 10 cm away from the quartz
plate (x=y =0, z=10cm) on a stage of 10 x 30cm’. The
Ar pressure and microwave power are 0.6Pa and 1.2kW,
respectively. Figure 9 shows the XPS spectra of C 1s before
and after the Ar plasma treatment using the MMC-SWP. The
result for the film sample treated at an RF bias power of
0.6 kW is also shown in Fig. 9. Samples are treated using the
MMC-SWP for 305, exposed to the atmosphere for transport,
and measured using the XPS system. Before the plasma
treatment, a strong peak originating from the CF, bond is
observed at a binding energy of 292eV. After the plasma
treatment, however, the CF, peak is suppressed and, instead,
increases in COOH, C-O, CN, and C=0 peaks at 284-290
eV are observed. Application of RF bias power further
decreases the CF, peak with a slight increase in the intensity

© 2016 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 55, 016203 (2016)

K. Sasai et al.

of the CN bond. The increase in O- or N-related peaks after
the plasma treatment indicates that the plasma-activated
surface produces these bonds during sample exposure to the
atmosphere.

5. Conclusions

For the development of a roll-to-roll processing system that
includes both plasma treatment and sputter deposition in the
same processing chamber, a high-density SWP source that
sustains plasma at low pressures below 1 Pa was investigated.
The MMC for easier surface-wave propagation was pro-
posed, on the basis of the concept of the power direction
alignment of the slot antenna and surface-wave propagation.
The superiority of the MMC-SWP over conventional SWPs
for low-pressure plasma sustainment was investigated by
numerical simulations and experiments. The MMC-SWP
source showed Ar plasma sustainment even at a pressure of
0.7 Pa with high electron density (5 x 10! m™3). A polymer
film (THV) was treated with the MMC-SWP at a low pres-
sure of 0.6 Pa, and surface modification at a low pressure was
proved using Ar plasma. These results show the applicability
of the MMC-SWP as the surface treatment plasma source that
is compatible with sputter deposition in the same processing
chamber.
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