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In the present report we compare two types of atmospheric pressure
radiofrequency cold plasma sources based on different discharge systems in terms of
their spectral properties and the induced modification of the surface properties of
various polymeric materials (PET and PE).
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1. INTRODUCTION

Polymeric materials are widely used in many commercial applications for
their features, like: mechanical resistance, flexibility, chemical inertness,
transparency, and the low price. Nevertheless, in some applications surface
properties, which are not intrinsic to polymers, like a good wettability, adhesion,
biocompatibility, are necessary. The surface properties can be improved by
miscellaneous surface treatments as: mechanical processing, chemical treatments,
flame exposure, heavy ions irradiations, and UV and laser light exposure. Such
treatments might have drawbacks like: too aggressive, low reproducible, the
physical and chemical effects on the surface are limited, low efficiency, high cost,
limited in practical use by special requirements and treatment conditions.
Alternative approaches, based on polymer surface exposure to plasmas [1, 2] can
overcome such drawbacks. Moreover, using cold atmospheric pressure plasmas [3,
4] can lead to polymer surface modification, improving adhesion and
hydrophilicity, without the use of vacuum systems peculiar to the common low
pressure discharges.
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In the present work we compare the modifications produced on polymeric
foils by two types of atmospheric pressure cold plasma sources, namely by a
dielectric barrier discharge (DBD) planar plasma jet and an axial plasma jet based
on a discharge with bare electrodes (DBE). Argon is used as feeding gas for both
sources, while the discharges are generated with radiofrequency (13.56 MHz)
power.

The plasma species which could be responsible for the modifications were
identified by optical emission spectroscopy (OES) and the plasma gas temperature
in the sources was deduced by fitting the experimental spectra of the OH radical
with computer generated spectra [5]. The effects of the plasma treatments on the
polymer surfaces were investigated by contact angle (CA) and adhesion test
techniques.

2. EXPERIMENTAL SET-UP AND OPERATION PARAMETERS

2.1. PLASMA JET SOURCES

The two atmospheric pressure plasma sources have been described in detail
in [6] for DBD and [7] for DBE. The configurations of the interelectrodic space for
the sources are shown schematically in Figure 1: a) DBD configuration, and b)
DBE configuration.

The DBD expanding plasma source is based on a plan-parallel discharge (gap
width of 1 mm) with a single dielectric barrier (ceramic plate), which defines
together with the grounded electrode and the lateral spacers a trapezoidal discharge
volume, larger at the gas insertion point and smaller at the plasma exit. In this
configuration the discharge fills the entire volume between the planar grounded
electrode and the dielectric barrier. A planar jet based on the expansion of the
discharge through a rectangular nozzle (dimensions of 1 mm x 5 mm) is obtained.

In the case of the DBE plasma source, the discharge is localized in the space
(denoted as discharge zone in the figure 1.b) delimited by the end of the uncovered
(bare) RF electrode and the nozzle plate. The ionized gas expands in the open
atmosphere as a jet of 1 mm diameter and up to 5 mm length (visually evaluated),
depending on the working parameters. In both cases the electrodes are cooled by
the working gas itself.

Both atmospheric pressure plasma jets were generated by means of RF (13.56
MHz) capacitive coupled discharges, using Ar as feeding gas (99.999 % purity).
The parameters of atmospheric pressure plasma jets operating in argon were set as
follows: RF power 14 W, argon flow 4500 sccm, and the distance between nozzle
and substrate was 2 mm. The scanning speed was 5 mm/sec, which corresponds to
an exposure of 0.2 sec/mm’ along the scanning path. The treatment of the
substrates was performed in open atmosphere.
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Fig. 1 — Sectional views of the discharge configurations for DBD (a) and DBE (b) plasma jet sources.

2.2. PLASMA INVESTIGATION

The plasma species were studied by optical emission spectroscopy (OES), in
the spectral range 200-1000 nm. The spectra were recorded with a set-up
consisting of a 0.5 m Bruker Spectrograph equipped with a 1024 x 255 pixels
Andor IDus CCD camera. For both DBD and DBE discharges, the OES
investigations were performed using the following acquisition parameters: 200 s
exposure time, entrance slit width 50 pm (0.04 nm spectral resolution). The
rotational temperature was determined from comparison of the experimental
spectra of OH radical with simulated ones.

2.3. PROCESSING PROCEDURE AND MATERIAL INVESTIGATIONS

Because both expanding plasma jets have small dimensions (few
millimeters), the samples treatment was performed by scanning their surfaces using
a computer controlled XY translation stage. During the treatment, the plasma
sources were fixed while the polymeric foils were moved. The samples were
placed on the table and scanned over an area of 10 mm x 10 mm.

The materials subject to investigation with the plasma jets were polymeric
foils made from polyethylene terephthalate (PET) and polyethylene (PE), both
provided by DuPont. The modification of wettability and adhesion of polymeric
foils (PET and PE) was evaluated by water contact angle measurements and scotch
tape tests. For water contact angle measuring it was used a CAM101 optical system
(KSV Instrument Ltd) in room environment. The contact angles between the
polymeric surface and liquid (in our case was distillated water) have been
measured after placing 1pl liquid drops on the surface. The error of contact angle
measurements was +/- 0.1° degrees. The 3M Brand Scotch tape test is a measuring
technique suitable for evaluation of adhesion of coating films after plasma
treatment. Details about the procedure used to test the adhesion of polymeric foils
have been presented elsewhere [4].
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3. RESULTS AND DISCUSSIONS

3.1. OPTICAL EMISSION SPECTROSCOPY

Figure 2 presents the spectra of the DBD (a) and DBE (b) atmospheric
pressure plasma sources, recorded at the nozzle exit and at 2 mm distance from it.
The emission was investigated in spectral range 200-1000 nm to include the OH,
NH, and N, molecular bands and Arl, OI atomic lines. The spectra for both sources
indicate the presence of Ar, O lines and of N, (SPS C3Hu—>B3Hg), OH 3064 A
system ( 42X+ — X *IT), and NH 3360 A (4°T1 — X >3 ) molecular bands. The
presence of molecules like OH, NH and N, may be due to impurities in the gas, or
due plasma mixing with the ambient atmosphere. The molecular bands in spectra
were identified using the reference [8]. A strong emission of the excited feeding
gas (Arl) and a weaker emission of impurities (OH, N,, NH, OI) can be observed
for both sources.
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Fig. 2 — Spectra of the plasma jets: a) DBD and b) DBE
(up: in the nozzle; bottom: at 2 mm distance from nozzle).

From the spectra of the two atmospheric pressure plasma sources (Figure 2,
bottom) recorded at 2 mm distance from nozzle it can be observed that in the case
of the DBD source the atomic Ar and O lines are almost missing, while for the
DBE plasma source they are still present. The OH intensities are much larger for
the DBE plasma jet. The presence of OH molecules in the spectra recorded for both
plasma sources can be associated to changes in surface wettability, because these
radicals are highly polar groups.
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3.2. DETERMINATION OF THE PLASMA SOURCES TEMPERATURE

The estimation of the gas temperature by approximating it with the rotational
temperature is a well known technique [9]; in the case of atmospheric pressure
plasmas, the fast collisional relaxations make this approximation more pertinent.
For gas temperature evaluation are used with good results the emission bands of
radiative species like N,, OH, NO and CN [10]. In the present work, the gas
temperature was evaluated using the spectra of the OH impurity (A*X"-XII); the
rotational temperature was determined by fitting the experimental spectra with
simulated ones. An example of such a fit is shown in Figure 3.

Simulated spectra of the two types of sources show almost the same values of
rotational temperature: 390 K for a dielectric barrier discharge planar plasma jet,
and 380 K for an axial plasma jet based on a discharge with bare electrodes. The
obtained values show that both sources generate cold plasmas, which can be used
for polymers surface modification without thermal damage.
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Fig. 3 — Example of recorded and simulated spectra for the OH molecular bands for DBD
(a) and DBE (b) plasma jets.

3.3. CONTACT ANGLE

The variation of the contact angles with the number of scans, for PET and PE
foils, are presented in Figure 4(a). The contact angles decrease significantly with
the number of plasma jet scans for both types of plasma sources.

The value of the contact angle for untreated samples of PET is 85°, while for
PE is 92°. For both plasma sources and both materials it is observed a noticeable
decrease in contact angle, even after a single scan. The lowest contact angles were
obtained for PET (19°) and PE (34°) after DBD plasma treatment. It results that the
DBD plasma source is more efficient in changing the surfaces wetability, in
comparison to the DBE plasma source.
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3.4. ADHESION TEST

The adhesion of plasma treated samples (PET and PE) is considered to be
improved if the necessary force for detachment of the scotch tape increases with
the number of scans. The dependence of the detachment force upon the number of
scans is presented in Figure 5. It can be observed that the degree of adhesion
increases even after the first scan.

The increase of the force necessary to detach the scotch tape from treated
surfaces compared with untreated ones, after 50 scans, is 88% for DBD-PET,
456% for DBD-PE, 44% for DBE-PET and 152% for DBE-PE.

The increase of the detachment force is due both to surface activation by
plasma-induced chemistry and to increase in the area of contact with the roughened
surface.
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Fig. 4 — The variation of the contact angle for PE, and PET, vs. number of scans (a). The force values
necessary for detachment of scotch tape (Scotch 3M® - MagicTM Tape) as function
of number of scans (b).

The changes of wetability and adherence of the polymers foils, observed after
plasma treatment, are correlated to each other: the decrease of the contact angle
corresponds to an increase of adhesion. According to the presented OES
measurements this might be due to plasma O and OH radicals reaction with the
polymer surface. Such as, O etching can be responsible for the surface roughening,
while attachment of OH groups modifies the surface chemistry. That does not
exclude the possible contribution of other species or of the UV radiation generated
by the discharges, which was not possible to evaluate in the present work.
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4. CONCLUSIONS

The determination of gas temperatures in the plasma jets was performed by
fitting the measured optical emission spectra with the simulated spectra of OH
radical; low and relatively similar values were obtained for both DBD and DBE
plasma sources working under identical experimental conditions. The cold
character of the DBE and DBD plasma jets was thus demonstrated, opening the
possibility for treatment of materials sensitive to thermal damage (as polymers).
Surface modification of polymeric materials with these two different cold plasma
jets was performed. The contact angle measurements show a significant
improvement of the wettability of the treated surfaces even after 1 sec/mm’
exposure values. The adherence of polymeric treated materials is improved
substantially (up to 3 times) by plasma treatment. The treatment effect, both
regarding the hydrophilic enhancement and the adherence, is more pronounced for
the DBD plasma source.
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