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Abstract

Polypropylene (PP) film surfaces were treated using air-based nonequilibrium
atmospheric pressure plasma jets generated with a twisted wires-cylindrical electrode
configuration. For comparison, PP samples were also processed with Ar plasma jets.
The flux of charged particles imparted to the polymer surface by the air plasma jet
greatly increased with decreases in both the gas flow rate and nozzle-to-sample distance,
which was not the case for the Ar plasma jet. Reducing the gas flow rate and the
nozzle-to-sample distance greatly enhanced the extent to which the surface was
rendered hydrophilic by the air plasma within a short treatment time of 1 min. This
enhanced effect is believed to originate from a high concentration of oxygen-based
functional polar groups (FPGs) containing C—O/C—OH and C=0/C=0—OH bonds
grafted onto the surface. The hydrophilic surfaces resulting from this process also
exhibited nanopore structures. The large number of oxygen-based FPGs produced by
the air plasma can be attributed primarily to oxygen radical ions impinging from the air
plasma on the surface. This can further be attributed secondarily to heat-induced
oxidation rather than the sticking of oxygen radicals and UV-induced oxidation from
the plasma. The nanoporous structure can also be ascribed to oxidation from UV

photogenerated holes.
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1. Introduction

Polypropylene (PP) is a polyolefin thermoplastic polymer composed of CH,=CH-—
CHs repeating units. PP and related materials are widely used for applications in various
fields within the electrical, automotive, and chemical industries [1-3]. Some examples
of these applications include lithium ion battery separators [1], automotive bodies [2]
and packaging films [3]. PP-related materials can exhibit exceptional properties and
have been widely researched [4—-10] as a result of various advantages, such as low cost,
easy processing, mechanical toughness, high chemical resistance, and high electrical
resistivity [11-15]. However, PP also has various disadvantages, including poor
wettability and inferior adhesive properties, which limit biomedical and biological
applications. These disadvantages originate from a lack of functional polar groups
(FPGs) containing O and N, such as carbonyl and amide moieties [16,17]. Grafting
stable FPGs onto the PP surface would therefore impart improved wettability and
adhesive properties.

Treatment using a nonequilibrium atmospheric pressure (AP) plasma jet is currently
the most promising technique for generating FPGs on polymer surfaces [18—21]. This
process can effectively modify the surface properties of the polymer without affecting
the bulk characteristics of the material. This treatment is also extremely attractive
because an AP plasma is readily generated without the vacuum components required to
produce a nonequilibrium low pressure plasma [22,23]. In addition, an AP plasma jet
induces minimal surface damage because it involves lower energy charged particles
[24,25].

There have been numerous reports concerning the modification of PP film surfaces
using nonequilibrium AP plasma jets [26—29]. As an example, Chen ef al. treated PP
film surfaces for 5 min using an Ar/O: plasma jet [30] and found that the contact angle

of the surface decreased from 100° to 20°. However, such long treatment times can be



problematic with regard to industrial applications. The same group also treated PP film
surfaces for 1 min with an Ar/O» plasma in conjunction with an allylamine (C3HsNH>)
monomer that contributed to the generation of enhanced hydrophilicity [30]. This
modification decreased the contact angle to 20°, although the use of an allylamine
monomer is undesirable in terms of cost and convenience.

A further advantage of air-based nonequilibrium AP plasma treatment is the use of
the ambient atmosphere as the discharge gas, and there have been many reports
concerning the modification of PP film surfaces with air plasma jets [31,32]. Akishev et
al. treated PP film surfaces with an air plasma jet generated using a pins-to-plate
discharge electrode configuration [31]. This apparatus comprised a single row of seven
pins grounded electrically and an anode plate powered by a direct high voltage current.
A flow of air was produced by a fan and directed perpendicular to the discharge current.
Jacobs et al. upgraded the pins-to-plate discharge electrode configuration for industrial
applications and demonstrated the in-line processing of PP films with samples mounted
on a rotating drum [32]. However, the air plasma jet generated in this device did not
greatly decrease the contact angle of PP film surfaces compared with the results
obtained using an Ar/O; plasma jet [30—32]. A more detailed understanding of the
interactions between PP film surfaces and particles/photons from the air plasma jet is
therefore required to further improve the poor wettability and adhesive properties of PP
films.

In the present study, we investigated the effects of the air-based nonequilibrium AP
plasma jet treatment of PP film surfaces, employing a new plasma jet device having a
twisted wires-cylindrical electrode configuration. This apparatus was developed by the
authors specifically to generate an air-based nonequilibrium AP plasma jet for the
present study, and differs from those previously reported in the literature [31,32]. For

the sake of comparison, PP film surfaces were also treated with an Ar nonequilibrium



AP plasma jet generated using the same electrode configuration. In these trials, the air
jet was supplied by an air compressor while the Ar jet was supplied by a high pressure
gas cylinder. The twisted wires were powered by a high voltage bipolar impulse supply
and the same voltages were applied to the air and Ar plasma jets. The present study
focused primarily on variations in the wettability, chemical composition and
morphology of the plasma-treated PP film surfaces. These changes in the PP film
surfaces were investigated while changing the air flow rate, the distance from the jet
nozzle to the PP film surface, and the plasma treatment time. Differences in the
characteristics of the PP film surfaces treated with the air and Ar plasma jets were also
assessed. Herein, we discuss and characterize the effects of air plasma jet treatment in
terms of the impacts of oxygen radicals, ultraviolet (UV) radiation and heat imparted by
the plasma. The present study emphasizes that the air plasma jet treatment of PP film
surfaces performed in conjunction with the newly-designed twisted wires-cylindrical
electrode configuration is a viable means of enhancing wettability and is competitive

with other plasma jet treatments.

2. Material and methods

The air plasma jet treatment of PP film surfaces was carried out employing the
plasma jet device shown in Fig. 1, which also provides a bottom view of the discharge
tube. This apparatus incorporated three differently shaped electrodes, having wire,
cylindrical and plate morphologies. The wire electrode was prepared by twisting four
tungsten wires, each 0.5 mm in diameter. This was necessary because, in the case that
the four wires were not twisted, the air plasma was not emitted from the nozzle in the
form of a jet. We suspect that a turbulent flow was induced by twisting the four wires,
but elucidating the details of the mechanisms by which the air plasma jet or the air

plasma plume were generated will require systematic investigations based on changing



the number of twisted wires. The wire electrode was placed in a glass tube with an inner
diameter of 3 mm and an outer diameter of 6 mm, such that the front edge of the
electrode was located | mm from the jet nozzle. The cylindrical electrode was made of
copper and was 50 mm in length and 0.1 mm in thickness. This electrode was
positioned outside the glass tube 10 mm from the jet nozzle and was electrically
grounded. The plate electrode was made of stainless steel and served as the sample
stage. This electrode was covered with a 2 mm thick layer of glass and was electrically
grounded. The distance from the jet nozzle to the sample stage or the sample surface
was varied from 1 to 5 mm. The air flow consisted of ambient air provided by a
compressor and the room temperature and relative humidity (RH) were 24 °C and
35%—40% RH, respectively. The air flow rate was varied from 3 to 10 I/min to produce
the plasma jet shown in Fig. 2(b). The length of the plasma plume was observed to
increase from approximately 5 to 8 mm as the air flow was increased. For comparison
purposes, an Ar plasma jet was also generated, as shown in Fig. 2(c), using 99.9 vol%
purity Ar supplied from a high pressure gas cylinder. The Ar flow rate was varied over
the same range as the air flow rate, although the length of the Ar plasma plume
remained relatively constant with increases in flow rate, at approximately 25 mm.

The wire electrode was powered by a 100 kHz bipolar impulse waveform generator
with a repetition frequency of 10 kHz (Tamaoki Electronics TE-HVP1010K300-NP), as
shown in Fig. 3(a). The voltage waveform was monitored using an oscilloscope (Agilent
DSO1024A) equipped with a high-voltage probe (Agilent N2771A). The maximum and
minimum values of the impulse voltage applied to the electrode were 7 and —10 kV,
respectively, and the root mean square (RMS) value of the applied impulse voltage was
2.7 kV. The waveforms of the discharge currents flowing into the cylindrical electrode
and the sample stage, Ic and /s, were monitored through 10 Q resistors, using the same

oscilloscope as employed in the high voltage measurements, as shown in Figs.



3(b)—3(e). There were numerous filaments in the current waveforms of /c and /s for 3
and 10 I/min air plasma jets. The number of filaments with high currents for 3 I/min air
plasma jet was seen to be larger. A detailed comparison between the discharge currents
is shown in Fig. 4. The RMS values of Ic and /s in Fig. 4 were estimated from the
current waveforms based on the square root of the mean square of the current waveform
over a single cycle. This estimation was performed five times and the estimated values
were obtained by averaging the resulting data. In the case of the air plasma jet, the RMS
value of Ic decreased from 220 to 200 mA as the gas flow rate increased from 3 to 10
/min (see Fig. 4(a)) regardless of the nozzle-to-sample distance. An increase in the air
flow will suppress increases in the temperature of the electrode, and so reduce increases
in the gas temperature [33]. This effect, in turn, lowers the density of the air plasma
generated by interactions between electrons and gas molecules, thus decreasing the
RMS value of Ic. This is based on the fact that increasing the gas temperature increases
the kinetic energy of gas molecules, which activates ionization of gas molecules and
increases the plasma density [34,35]. In contrast, the RMS value of /s was smaller than
that of /c and decreased as the nozzle-to-sample distance increased from 1 to 5 mm (see
Fig. 4(b)). At a nozzle-to-sample distance of 1 mm, the RMS value of Is greatly
decreased, from 100 to 75 mA, as the gas flow rate increased, for the same reasons as
provided above to explain the change in Ic. Conversely, the RMS value of Is at a
nozzle-to-sample distance of 3 mm was slightly decreased by increasing the gas flow
rate, while the RMS value of Is at a nozzle-to-sample distance of 5 mm was only
minimally decreased upon increasing the gas flow rate. In the case of the Ar plasma jet,
the RMS values of Ic and Is were similar, as shown in Figs. 4(c) and 4(d), and were both
smaller than those obtained using the air plasma jet. In addition, the RMS value of Ic
changed very little as the gas flow rate and the nozzle-to-sample distance were

increased, while the RMS value of /s did not depend on the nozzle-to-sample distance



but decreased as the gas flow rate increased. Comparing the RMS values of Is
associated with the air and Ar plasma jets suggests that the flux of charged particles in
the air plasma jet impinging on the sample surface greatly increased with decreases in
both the gas flow rate and nozzle-to-sample distance. This change was much greater
than that observed when using the Ar plasma jet.

Figure 5 demonstrates that the air and Ar plasma jets generated different emission
spectra, based on data acquired using a spectrometer (Ocean optics USB4000) over the
wavelength range of 200-900 nm with a resolution of 0.225 nm. These emission spectra
were collected using an optical fiber 0.6 mm in diameter, placed 1 mm from the jet
nozzle. The exposure time was 3 s. The emission spectrum generated by the air plasma
jet contained peaks in the UV region between 300 and 400 nm and in the visible region
between 750 and 800 nm. The peaks in the UV region are attributed to the emission of
the N> second positive system, involving transitions from the upper C°II, state to the
lower BT, state, 2P(v”,v’), where v and v’ are the vibrational quantum numbers of the
upper and lower states, respectively [36—38]. Specifically, the peaks at UV wavelengths
of 298, 316, 337, 358 and 380 nm (corresponding to photon energies of 3.2-4.2 eV)
correspond to 2P(2,0), 2P(1,0), 2P(0,0), 2P(0,1) and 2P(0,2) transitions, respectively.
The majority of the peaks observed in the visible region are attributed to the emission of
the N first positive system, involving transitions from the upper B°Il, state to the lower
A3Zu+ state, 1P(v”,v’) [36,39,40]. The remaining peak in the visible region, at 777 nm,
is ascribed to emissions from excited oxygen atoms or radicals, OI [41,42]. In contrast,
the emission spectrum of the Ar plasma jet was observed to contain no peaks in the UV
region and peaks only in the visible range from 700 to 800 nm. The most intense peaks
resulted from the emission of excited Ar atoms, Arl [42], while the other, less intense
peak is attributed to emissions from excited oxygen atoms or radicals, OI [42]. These

results were not changed while varying the gas flow rate. Magnifying the Ar plasma



spectrum in the UV region does show some peaks (see the inset to Fig. 5(b)) that are
consistent with those reported in the literature [43,44] but much less intense. This
discrepancy may be related to the turbulent flow induced by twisting the four wires, but
the cause will need to be investigated in more detail in future work. However, the
intensity of light emitted from the Ar plasma jet was larger than that of light emitted
from the air plasma jet, as shown in Fig. 5. Specifically, the intensities of UV and OI
peaks emitted from the Ar plasma jet were approximately 10 and 300 times larger,
respectively.

The specimens used were PP monolayer films with a thickness of 80 um and a
melting point of 142 °C, supplied by the Toppan TDK Label Co., Ltd., Japan. These
specimens were cut into small samples 10 x 10 mm? in size. Prior to the plasma jet
treatments, the samples were ultrasonically cleaned in methanol, ethanol and deionized
water for 15 min to remove contamination from the surfaces. Subsequently, the samples
were dried with N> gas. These samples were subjected to plasma treatment times of 1, 2,
3 or 5 min. At a flow rate of 3 I/min and a nozzle-to-sample distance of 1 mm, a hole
was burned through the sample when applying the air plasma jet for 5 min. For this
reason, the wettability of this sample could not be assessed.

Changes in surface wettability were assessed by determining the static contact
angles of 2 pl portions of deionized water dropped onto the surface, using a contact
angle meter (Kyowa Interface Science CA-V200, Japan). The contact angle of the
untreated PP film surface was 100°, indicating a hydrophobic surface. This
measurement was performed three times for each plasma jet treatment and the three
replicate values were averaged. Variations in the chemical composition of each
plasma-treated surface were analyzed using X-ray photoelectron spectroscopy (XPS,
Ulvac-Phi PHI500), based on assessing C 1s, O 1s and N 1s peaks with Al Ka radiation

(1486.6 eV). Surface morphological changes were observed by scanning electron



microscopy (SEM, JEOL JSM-6390).

3. Results
3.1. Wettability changes

The air plasma treatment markedly affected the contact angle at the PP film surfaces,
as is evident from Figs. 6(a)—6(c). Figure 6(a) plots the contact angle values as
functions of treatment time for various flow rates at a nozzle-to-sample distance of 1
mm. The contact angle at zero treatment time corresponds to that of the untreated PP
film surface. Interestingly, the change in the contact angle at a high flow rate of 10 I/min
differs from that at lower rates of 3 and 5 1/min. The contact angle of the surface treated
at a high flow rate decreased to 50° over a short treatment time of 1 min, but there were
almost no further changes on increasing the treatment time from 1 to 5 min. The results
obtained at the high rate were also constant even as the nozzle-to-sample distance was
increased from 1 to 5 mm, as shown in Figs. 6(b) and 6(c). These results indicate that
the plasma treatment with a high flow rate did not sufficiently enhance the PP surface
hydrophilicity, regardless of the nozzle-to-sample distance.

In contrast, the contact angle of the surface treated using the low flow rates
markedly decreased as the treatment time was prolonged, up to a specific time at which
it plateaued. It is noteworthy that, at a low flow rate of 3 I/min, the contact angle
drastically decreased to 20° over a short treatment time of 1 min. It is therefore evident
that air plasma treatment in conjunction with a lower flow rate significantly enhances
the hydrophilicity of the PP over a short treatment time. However, as demonstrated in
Figs. 6(b) and 6(c), the contact angle did not decrease in the same manner over short
treatment times as the nozzle-to-sample distance was increased. In particular, at a
nozzle-to-sample distance of 5 mm, the contact angle did not become sufficiently small.

These data suggest that an air plasma treatment employing a lower flow rate does not
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enhance hydrophilicity as the nozzle-to-sample distance increases. The effects of both
the nozzle-to-sample distance and the flow rate on contact angle are in agreement with
the trends observed for the /s RMS values. That is, the contact angle is correlated with
the RMS value of /s for the air plasma.

The contact angle results obtained using the Ar plasma greatly differed from those
obtained with the air plasma, as shown in Fig. 6(d). When using the Ar plasma, the
contact angle decreased to 48—58° over a short treatment time of 1 min regardless of
changes in the gas flow rate and was only minimally affected by increases in treatment
time. The same trend was also observed even at long nozzle-to-sample distances of 3
and 5 mm. Thus, the air plasma effectively enhanced the hydrophilicity of the PP at
lower flow rates and nozzle-to-sample distances, while the Ar plasma behaved quite
differently.

The contact angles of PP film surfaces treated using air plasma jets generated with
the proposed twisted wires-cylindrical electrode configuration and with the pins-to-plate
electrode configuration reported in the literature were compared [31,32]. The former
configuration greatly decreased the contact angle, to 20°, while the latter configuration
gave a higher value of 36° [31,32]. This contact angle obtained in the present study is
equal to that obtained using an Ar/O; plasma jet as reported in the literature [30] and to
that induced by an allylamine monomer-assisted Ar/O> plasma jet [30]. We also
compared the treatment times required to produce a contact angle of 20° using the air
plasma jet generated with the proposed electrode configuration to that reported for other
plasma jets. We found that the required treatment time at a low gas flow rate of 3 I/min
in the present study, 1 min, is shorter than the span of 5 min required for an Ar/O2
plasma jet and comparable to that for an allylamine monomer—assisted Ar/O2 plasma jet
[30]. These comparisons indicate that air plasma jet treatment using a low flow rate

together with the proposed twisted wires-cylindrical electrode configuration is an
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effective means of enhancing the hydrophilicity of PP film surfaces over a short

treatment time of 1 min.

3.2. Chemical composition changes

The air plasma treatment significantly modified the chemical compositions of the PP
film surfaces as compared with the results obtained from the Ar plasma treatment (see
Fig. 7). Figure 7(a) shows the C 1s region of the XPS spectrum for the untreated PP film
surface, while Figs. 7(b) and 7(c) present the C 1s spectral regions for the surfaces
treated for 1 min with air plasma jets at gas flow rates of 3 and 10 1/min and Fig. 7(d)
provides the same data for a 3 1/min Ar plasma-treated surface. The samples subjected
to the air plasma produced two peaks at binding energies of 285.0 and 289.3 eV
regardless of the gas flow rate. In the case of Ar plasma treatment, a peak appeared at a
binding energy of 285.0 eV, which was similar to that produced by the untreated PP film
surface. The differences between the spectra can be emphasized by deconvolution of the
spectra into three pseudo-Voigt functions: C1, C2 and C3. The C1 function is associated
with C—C/C=C/C-H bonds at a binding energy of 285.0 eV [30,45,46]. The C2 function
is attributed to C—O/C—OH bonds at a binding energy of 286.5 eV [45,46], while the C3
function is associated with C=0/C=0-OH bonds at a binding energy of 289.3 eV
[45,46].

Figure 7(e) provides a detailed comparison of the chemical compositions of treated
surfaces obtained from the peak deconvolution analysis. The untreated surface
contained 1% oxygen-based FPGs with C—O/C—OH bonds. Following the air plasma
treatment, the proportion of these FPGs increased, to 44% and 60%, as the gas flow rate
decreased from 10 to 3 1/min. The 60% oxygen-based FPGs were composed of 40%
C—0O/C—OH bonds and 20% C=0/C=0—OH bonds. After the Ar plasma treatment, only

27% oxygen-based FPGs were grafted onto the surface. The 60% proportion of
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oxygen-based FPGs obtained using the 3 1/min air plasma jet is high compared with
reports in the literature [30]. In prior work, 40% FPGs composed of 25% oxygen
species and 15% nitrogen species were grafted using an Ar/O> plasma jet with the
assistance of an allylamine monomer. Thus, an air plasma jet treatment with a low gas
flow rate is a more efficient approach to introducing high concentrations of
oxygen-based FPGs in a short treatment time of 1 min.

The O 1s spectra of the air and Ar plasma-treated surfaces do not show two peaks
but do exhibit chemical shifts to higher binding energies compared with the untreated
PP film surface. The chemical shift values induced by the air and Ar plasma jets were
approximately 1 and 0.2 eV, respectively. These data indicate that a larger number of
O=C bonds that have a binding energy of 533.7 eV [47] were grafted by the air plasma
jet, in addition to more O—C bonds associated with a binding energy of 532.4 eV [47],
as compared with the Ar plasma jet. The O 1s peak deconvolution results in Figs. 8(a),
8(b) and 8(c) allow estimations of the proportions of O=C and O—C bonds in the treated
surfaces (see Fig. 8(d)). The resulting ratios are consistent with those estimated from the
C Is peak data in Fig. 7(e). Only the Ar plasma-treated surface produced a N 1s peak.
However, the ratio of the integrated intensities of the N 1s and C 1s peaks was
determined to be 0.05, which is much smaller than the O 1s to C 1s ratio of 0.4. This
finding suggests that neither the air nor the Ar plasma treatments grafted a large number

of nitrogen species onto the surface.

3.3. Morphological changes

As demonstrated by Fig. 9, the air plasma treatment also more significantly changed
the morphology of PP film surfaces as compared with the Ar plasma treatment. These
morphological variations stem from the semi-crystalline nature of the polymer, which

contained crystalline and amorphous lamellae [48]. In particular, portions of the
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amorphous lamellae can be preferentially deformed by plasma jet irradiation. In the case
of the 3 I/min air plasma jet, pronounced changes in surface morphology were evident
following a treatment time of 60 s, as shown in Figs. 9(a)—9(d). The morphology of the
surface treated for 2 s was similar to that of the untreated PP film surface, and this
similarity suggests that the surface treated for 2 s was relatively smooth. At a plasma
treatment time of 15 s, a large number of grain-like structures were formed together
with a smaller quantity of stripe-like structures on the treated surface. These
morphologies are likely related to the lamellar structure [48]. Upon extending the
plasma treatment time to 30 s, a greater number of stripe-like structures were clearly
observed to grow and, after 60 s, numerous nanopores with diameters less than 1 pm
were produced along a striped pattern. Thus, the air plasma treatment with a low gas
flow rate generated grainy, striped surface textures while forming nanopores as the
treatment time was lengthened.

In the case of the 10 I/min air plasma jet, a different trend was observed with regard
to the surface morphological changes (see Figs. 9(e)—9(h)). Here, the morphology of the
surface treated for 2 s was similar to that of the untreated PP film surface, as was also
observed following treatment with the 3 1/min air plasma jet. After processing for 15 s,
grainy and striped structures were formed on the surface, similar to those induced by the
3 I/min air plasma jet treatment after 30 s. These same mixed structures were also
obtained after lengthening the treatment time to 60 s. This result indicates that the air
plasma treatment in conjunction with high flow rates induces grainy, striped
morphologies without forming the nanopore structures at long treatment times. The
morphological change in the Ar plasma-treated surface differs from that of the air
plasma-treated surface, as can be seen in Figs. 9(1)—9(1). Even at a plasma treatment
time of 2 s, stripe-like structures were generated together with a small number of

grain-like structures on the treated surface regardless of the treatment time. Thus, the Ar
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plasma treatment produced surface morphological changes even after a very short

treatment time, but did not generate nanopore structures.

4. Discussion

Figures 6 and 7 demonstrate that the degrees of hydrophilicity induced by the air
and Ar plasma jets correlated closely with the concentrations of oxygen-based FPGs
grafted onto the sample surfaces. This correlation indicates that the hydrophilicity
produced by the 3 1/min air plasma jet at a nozzle-to-sample distance of 1 mm after 1
min can be attributed to the larger amount of FPGs generated under these conditions.
These new FPGs likely formed a hydrogen bond network with water molecules on the
polymer surface [49,50], thus enhancing the hydrophilicity of the material after a brief
treatment time. The larger number of oxygen-based FPGs grafted by the air plasma jet
at the low gas flow rate and the low nozzle-to-sample distance after a short treatment
time can be explained based on four key factors.

The first factor is the ability of the air plasma jet to impart a larger number of
oxygen radical ions to the PP film surface. This is supported from the fact that the air
plasma jet has the highest RMS /s value at the low gas flow rate and the low
nozzle-to-sample distance (Fig. 4). In general, O™ radical ions are generated in the air jet
through the dissociative attachment of oxygen molecules due to the impact of electrons:
e+ 02 = O + O [51,52], because air jet has 21% oxygen molecules. O>" and O3~
radical ions are also generated in the air jet through e + O — O," + 2e and O™ + O2
— 03" [51,52], and can decompose to oxygen atoms upon impacting with the surface
[53]. In particular, the number of oxygen radical ions from the air plasma jet is
considered to become the largest in the case of the highest RMS Is value. Thus, these
radical ions in the air plasma jet would imping on and react readily with carbon atoms

on the PP film surfaces, increasing the number of oxygen-based FPGs [54,55].
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The second factor is the ability of the air plasma to impart oxygen radicals to the PP
film surface, i.e., the sticking of oxygen radicals to the surface. This is confirmed by the
oxygen radical peak in the emission spectrum of the air plasma (Fig. 5). These radicals
are generated through the dissociation of oxygen molecules in the air jet and in the
ambient air due to the impact of electrons, via the reactions: e + O, > O+ O, e + O
—20+e,and e + O, — O + O" +2¢ [56,57]. These radicals are also generated through
the dissociation of oxygen molecules due to the impact of vibrationally excited nitrogen
molecules, as shown in Fig. 5, through the reaction N2 + O, —» O + O + N> [36,58]. As a
result, a large amount of oxygen radicals is present in the air plasma jet. These radicals
would react with carbon atoms on the PP film surfaces more readily than oxygen
molecules, thus forming a larger number of oxygen-based FPGs [54,55].

The third key factor is photo-oxidation [59—63] induced by UV photons emitted
from the air plasma jet. The air plasma jet was found to generate photons with energies
of 3.2—4.2 eV (see Fig. 5). Pure PP including no impurities does not absorb UV photons
with energies less than approximately 6 eV, because it has an optical band-gap energy of
approximately this value [63,64]. However, less energetic UV photons can be absorbed
by residual impurities, such as chromophoric, carbonyl and hydroperoxy groups
introduced during the fabrication process, traces of polymerization catalysts and charge
transfer complexes formed between PP and oxygen [63]. Because the surface of the
untreated PP film used in the present study was found to have 1% oxygen-based FPGs
(Fig. 7), UV photons emitted from the air plasma jet could have been absorbed. This
absorption would abstract hydrogen atoms from the surface CH,=CH—CH3 units to
produce polymeric macro radicals or alkyl radicals, P- (such as CH=CH-CHj3 or
CH>=C-CH3) [46—50]. These new species would react with oxygen radical ions and
oxygen radicals from the air plasma jet impinging on the surface to a greater extent than

with oxygen molecules, thus greatly increasing the amount of oxygen-based FPGs.
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The fourth key factor is a thermal oxidation effect [65—69] induced by heat from the
air plasma jet. Figure 10 summarizes the temporal changes in the temperatures of PP
film surfaces treated with air and Ar plasma jets, based on remote measurements using a
radiation thermometer (Horiba IT-545NH). In the case of the 3 I/min air plasma jet, the
sample temperature increased to 51 °C as the treatment time was lengthened to 1 min.
This value was higher than the 35 °C values for surfaces treated with 10 I/min air and 3
I/min Ar plasma jets. The higher temperature induced by the 3 I/min air plasma jet
resulted from the conductive heating caused by the higher flux of charged plasma
particles impinging on the sample (see Fig. 4). The higher sample temperature would be
expected to facilitate hydrogen abstraction from the PP film surface to generate P-
species [65—69], as in the case of UV-induced oxidation.

The morphological changes in the PP surfaces are also correlated with the
concentrations of oxygen-based FPGs, as demonstrated by Figs. 7 and 9. This
correlation confirms that the nanopore structures formed after 1 min exposure to the 3
I/min air plasma jet was related to the formation of a greater number of FPGs. These
FPGs will cause extensive chain scission through chemical reactions at the PP film
surface, thus emitting a larger quantity of volatile gases such as CO and CO> from the
surface [59—63,65—69], which in turn may contribute to forming nanopore structures.
Another effect that may contribute to the formation of nanopores is oxidation by UV
photogenerated holes, as has been discussed in reports regarding GaN [70] and AlGaN
[71] thin film surfaces treated with UV-assisted plasma. The optical band-gap energy of
PP irradiated with energetic Ar" ions is reported to decrease to 2.8 eV as the energy of
the Ar' ions increases to 50 keV [64]. This decrease is considered to be caused by the
introduction of point defects and the formation of amorphous carbon [64]. Therefore,
the present results suggest that photogenerated carriers can be produced in the damaged

PP surface via the impact of photons with energies greater than 2.8 eV, rather than 6 eV.
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When using the 3 I/min air plasma jet, charged plasma particles imparted to the surface
may have introduced a large number of point defects and have generated amorphous
carbon with the assistance of the above-discussed plasma-induced oxidation factors.
These combined effects would be expected to decrease the optical band-gap energy of
the PP film surface, such that holes were generated in the surface following the impact
of photons with energies in the range of 3.2—4.2 eV. These UV photogenerated holes
would promote extensive chain scission on the PP film surface through oxidative
reactions, to produce volatile gases such as CH> and CHs. This effect may also be
responsible for the formation of nanopores on the surface.

In the case of Ar plasma jet treatment, there are the two key factors for increasing
the number of the oxygen-based FPGs, i.e., the sticking of oxygen radicals and
UV-induced oxidation which are considered to be greater than those induced by the air
plasma jet (Fig. 5). However, the number of oxygen-based FPGs grafted by the Ar
plasma jet is not large compared with the air plasma jet (Figs. 7 and 8). This suggests
that the sticking of oxygen radicals and UV-induced oxidation do not contribute
significantly to increasing the number of oxygen-based FPGs. Thus, the large number of
oxygen-based FPGs produced by the air plasma jet can be attributed primarily to
oxygen radical ions impinging from the air plasma jet on the surface. This can further be

attributed secondarily to the heat-induced oxidation from the air plasma jet.

5. Conclusion

We have developed a new plasma jet device incorporating a twisted
wires-cylindrical electrode configuration that generates an air-based nonequilibrium AP
plasma jet. Using this device, we were able to clarify the effects of this plasma jet on the
characteristics of PP film surfaces by comparing specimens treated with air- and

Ar-based nonequilibrium AP plasma jets. The flux of charged particles imparted to the

18



sample surface by the air plasma jet was found to greatly increase with decreases in
both the gas flow rate and nozzle-to-sample distance, in contrast to the results obtained
using an Ar plasma jet. The hydrophilicity of a PP surface subjected to the air-based
plasma jet was improved over a short treatment time of 1 min by reducing the gas flow
rate and the nozzle-to-sample distance. This enhanced hydrophilicity can be attributed
to the formation of a high concentration of oxygen-based FPGs containing C—O/C—OH
and C=0/C=0—O0OH bonds on the polymer surface, such that 60% oxygen-based FPGs
were obtained. The surface morphology associated with the enhanced hydrophilicity
was found to be significantly different from those induced by other plasma jet
conditions. Specifically, a large number of nanopores with diameters less than 1 um
were produced along a striped pattern. The large number of oxygen-based FPGs grafted
during exposure to the air plasma jet over a short treatment time can be attributed
primarily to oxygen radical ions impinging from the air plasma jet on the surface. This
can further be attributed secondarily to the heat oxidation promoted by the plasma rather
than the sticking of oxygen radicals and UV-induced oxidation from the plasma. The
formation of nanopore structures can also be ascribed to oxidation from UV

photogenerated holes.
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Figure captions:
Fig. 1. Schematic drawing of air plasma jet device consisting of a twisted

wires-cylinder electrode configuration.

Fig. 2.  Photographs of (a) the setup before discharge, (b) air plasma jet discharge,

and (c) Ar plasma jet discharge.

Fig. 3. (a) Waveform of the voltage applied to the twisted wires and (b)—(e)
waveforms of discharge currents following into the cylinder electrode and the sample
stage, Ic and Is, for 3 and 10 1/min air plasma jets at a nozzle-to-sample distance of 1

mim.

Fig. 4. RMS discharge currents flowing into the cylinder electrode and the sample
stage, Ic and Is, for air and Ar plasma jets generated at various nozzle-to-sample

distances, as a function of gas flow rate.

Fig. 5. Comparison between the spectra of light emitted from (a) air and (b) Ar
plasma jets. The inset shows the Ar plasma spectrum magnified at the UV range of

280—400 nm in wavelength.

Fig. 6. Contact angles of PP film surfaces treated with air and Ar plasma jets, as a
function of treatment time. In each figure, the contact angle at zero treatment time

corresponds to that of untreated PP film surface.

Fig. 7. XPS spectra of C 1s regions of (a) untreated PP film surface, (b) 3 I/min air

plasma-treated surface, (c) 10 1/min air plasma-treated surface, and (d) 3 I/min Ar
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plasma-treated surface, at a treatment time of 1 min and a nozzle-to-sample distance of

I mm. (e) Comparison between chemical compositions of the plasma-treated surfaces.

Fig. 8. XPS spectra of O 1s regions of (a) 3 I/min air plasma-treated surface, (b) 10
I/min air plasma-treated surface, and (c¢) 3 1/min Ar plasma-treated surface, at a
nozzle-to-sample distance of 1 mm. (d) Comparison between the ratios of O=C to O-C

of the plasma-treated surfaces.

Fig. 9. SEM images of PP film surfaces treated with 3 and 10 1/min air plasma jets and

with 3 I/min Ar plasma jet at a nozzle-to-sample distance of 1 mm.

Fig. 10. Temperatures of PP film surfaces treated with air and Ar plasma jets, as a

function of treatment time.
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