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We report a study on effects of atmospheric pressure plasma treatment of poly(ethylene terephthalate)
PET surfaces. The atmospheric pressure plasma was generated using Diffuse Coplanar Surface Barrier
Discharge (DCSBD) in ambient air. The changes in wettability of PET surfaces were studied by water
contact angle measurement. The surface energy was calculated using van Oss—Chaudhury—Good model
from contact angles of water, ethylene and diiodomethane. The changes in surface chemistry after the
plasma treatment were studied by X-ray photoelectron spectroscopy (XPS). We also observed changes in
surface roughness investigated by Atomic force microscopy (AFM). We found that DCSBD plasma
treatment for 1 s led to decrease of water contact angle from 78.4° to 40.1°. The surface energy analysis
showed that water contact angle decrease is related to increase of polar part of surface energy. XPS
measurement confirmed that the plasma treatment led to increase of polar groups on PET surface which
explained the changes in surface energy. AFM investigation showed that plasma treatment led to an
increase of surface roughness, which could be a benefit for further processing of PET, because higher
roughness increases surface area, which can result into higher adhesion between PET and coatings.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

PET is widely used as an insulating material in the electrical
industry, packaging, protective or decorative coatings for its supe-
rior bulk properties, such as transparency, high strength-to-weight
ratio, thermal resistance, flexibility and robustness [1]. Nowadays
the most interesting is utilization of PET for optoelectronic appli-
cations including rollable displays, conformable photo-voltaic and
energy-efficient flexible solid-state lightning [2,3]. The growing
interest is in flexible panel displays and flexible organic solar cells
consisting of PET as a substrate and their production in roll-to-roll
line [4,5]. Unfortunately, the PET exhibits low surface energy which
can lead to low adhesion between PET and conductive coating, e.g.
ITO [2,6] or PEDOT:PSS [7]. Therefore the surface energy of PET
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must be increased and this process is usually called activation.
Many studies showed that a cold plasma treatment is an effective
tool for increasing the surface energy of PET. Cold plasma consists
of high energy electrons, low energy gas particles, low energy ions,
excited particles and long-lived metastable particles which can be
important for the treatment itself; however their contribution was
not explained sufficiently. Plasma also consists of photons in UV
and visible region, but the efficiency of UV irradiation on PET
wettability is low [8,9].

Most of the reported plasma sources are inconvenient for roll-
to-roll technology because they operate at low pressure [10—14].
Furthermore many atmospheric pressure plasma sources used for
surface treatment of PET are driven in noble gases [15—17] which
are expensive and their usage can significantly increase the cost of
final products. Therefore the plasma generated at low cost condi-
tions, i.e. driven in ambient air at atmospheric pressure, should be
used for example in roll-to-roll line.

In this work we report the study on treatment of PET surfaces by
Diffuse Coplanar Surface Barrier Discharge (DCSBD) which gener-
ates diffuse plasma of high power density in ambient air at atmo-
spheric pressure. Because of the specific arrangement of electrodes
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in coplanar configuration, the DCSBD can be easily introduced also
to roll-to-roll line [18]. The PET surfaces treated by DCSBD plasma
were investigated by water contact angle measurement to deter-
mine the surface energy and wettability. XPS was used to investi-
gate the changes in surface chemistry after the plasma treatment
and AFM to observe the changes in surface roughness.

2. Experimental
2.1. Materials and plasma treatments

In this study a 50 um thick biaxially oriented PET surfaces of
crystallinity about 30—40% (ES301250, Goodfellow, UK) were
treated by atmospheric pressure plasma. Prior to plasma treatment
the PET foil was cut into pieces of dimensions about 5 cm x 5 cm.
The atmospheric pressure ambient air plasma was generated by
DCSBD plasma source [19]. The principle of DCSBD plasma is based
on a coplanar DBD where comb-shape electrodes are embedded in
a dielectric. The diffuse plasma is generated in thin 0.3 mm thick
flat layer on alumina ceramic which designates the DCSBD to be
used especially for treatment of flat surfaces [20]. The DCSBD
electrode system was powered by AC HV source of frequency
approx. 14 kHz and voltage approx. 20 kV peak-to-peak and the
total power in plasma during the experiments was 400 W. The
power was monitored via oscilloscope measurements using
method described in [21]. The area of generated plasma of DCSBD is
170 cm?, thus the surface energy density and volume energy
density at power of 400 W are approximately 2 W cm~2 and
80 W cm~3, respectively. The DCSBD plasma is described in detail
[18,22—24]. The plasma treatment was performed in dynamic
treatment mode described in [22] and the distance between the
treated PET surface and DCSBD ceramic was 0.3 mm.

2.2. Surface analyses

The DSA30 (Kriiss GmbH, Germany) was used to measure the
profiles of sessile droplets on PET surfaces 5 s after their deposition.
The DSA 1.92 software was used to determine the 2 pl sessile
droplets contact angles of distilled water, ethylene and diiodo-
methane. In total 20 measurements per each liquid were used to
calculate the free surface energy of PET using van
Oss—Chaudhury—Good acid—base approach [25]. In this approach,
the total surface energy vy represents the sum of two distinct
components: the polar y*® (acid—base) and dispersive y™W
(Lifshitz—van der Waals). The polar part is given by doubled mean
of geometrical value of acid (y*) and base (y~) interactions.

The durability of wettability after the plasma treatment was
investigated for PET samples treated in plasma for 1 s and 10 s. After
the plasma treatment the samples were stored in dark place
exposed to ambient air at temperature 24 °C. The surface energy
was calculated for contact angles taken 3 h, 6 h, 12 h, 24 h, 48 h,
72 h, 144 h and 288 h after the plasma treatment.

XPS measurements were performed with the hemispherical
analyser Phoibos 100 (Specs GmbH, Germany) at take-off angle 90°
and the spectra were referenced to the peak of aliphatic C—C bonds at
285.0 eV. The XR-50 (Specs GmbH, Germany) non-monochromatic
X-ray source with a spectral line Al Ko (photon energy 1486.6 eV)
was used to induce the electron emission. The elemental composition
was calculated from survey spectra. Relative sensitivity factor used for
O1s peak was 2.93 (and RSF = 1.00 in case of C1s). The electron flood
gun was not used for charge compensation. C1s and O1s high reso-
lution spectra were recorded to obtain the information on the
bonding of the Cand O species. The program CasaXPS was used for the
computer processing of the spectra. The Shirley background shape
was used and the components used for the peak deconvolutions were

mixed Gauss—Lorentzian lines (70% Gaussian and 30% Lorentzian).
The transportation time of sample after the plasma treatment to XPS
load-lock chamber was approx. 5 min.

The Veeco Nanoscope Illa (Veeco Instruments Inc. US) was used
to investigate the average surface roughness Ra and RMS surface
roughness from 5 um x 5 um scans before and after the plasma
treatment.

3. Results and discussion
3.1. Surface energy

The DCSBD plasma treatment of PET surface resulted in decrease
of water contact angle. In Fig. 1 is shown the dependence of water
contact angle on plasma treatment time. The water contact angle of
untreated PET surface was 78.4° which is in good agreement with
[26]. The plasma treatment for 1 s,3 s, 5 s and 10 s led to decrease of
water contact angle to 40.1°, 38.6°, 36.3° and 36.2°, respectively.
Fig. 2 shows total surface energy of PET with respect to plasma
treatment time. The total surface energy v calculated for untreated
PET surface was 50.6 m] m~2 and after plasma treatment for 1s,3 s,
5sand 10 s increased to 70.6 mj m 2, 72.4mJ m~2,73.7 mj m~2 and
73.8 m] m~2, respectively. Since the water contact angle and surface
energy is related to wettability, from the Figs. 1 and 2 is apparent
that the highest change in wettability, i.e. change of water contact
angle and surface energy, was achieved after plasma treatment for
1 s. Prolonging the plasma treatment time had only minimal effect
on water contact angle or surface energy. Since water is liquid of
polar character the decrease of water contact angle is related only
to polar part of the surface energy y"E. Fig. 2 shows also the
components of total surface energy v, the polar y*B and dispersive
v components. It is apparent that the polar component of surface
energy vP contributes more to total surface energy than dispersive
component y™W. Therefore it is clear that the plasma treatment
predominantly led to increase of polar part of surface energy. Since
the standard deviations of the surface energy values were
approximately 1 mJ m~2 the error bars in Fig. 2 are not shown.

The presented results on water contact angle and surface energy
of PET after the plasma treatment differ from those presented by
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Fig. 1. Contact angle of PET surfaces as a function of plasma treatment time and
storage time.
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Fig. 2. Surface energy of PET surfaces as a function of plasma treatment time.

authors using ambient air plasma generated by different DBD’s. For
example in [26,27] an atmospheric planar DBD air plasma source
was used to modify PET surfaces. Similarly to our observations, it
was found that plasma treatment leads to decrease of water contact
angle and increase of surface energy of PET. However, the
comparison of energetic efficiency shows that effectiveness of
DCSBD plasma is significantly higher. In order to achieve a decrease
of water contact angle from 78° to approximately 40° after plasma
treatment for 1 s, a power density in planar DBD was 30 W cm ™2
whereas DCSBD operated with power density 2 W cm~2 and yiel-
ded similar values of water contact angles on PET after the plasma
treatment compared to [26,27]. The explanation of such high
difference in efficiency consists in advantageous technique of
DCSBD plasma generation. Whereas the plasma in planar DBD is
generated in volume between electrodes of inter-electrode gap
2 mm, the plasma in DCSBD is generated in thin 0.3 mm layer,
therefore the energy losses are significantly lower. Furthermore
since the DCSBD plasma is generated on the dielectric surface and is
not limited by the width of inter-electrode gap, the thickness of the
sample treated by DCSBD is unlimited. Therefore is apparent that
treatment of the PET surfaces is energetically much efficient by
plasma generated using DBD in coplanar configuration rather than
in volume configuration.

The surface changes observed after the plasma treatment were
not stable when samples were stored in ambient atmosphere. In
Fig.1is shown the development of water contact angle with respect
to storage time for two different samples treated by plasma for 1 s
and 10 s. The exposure of the PET surface to ambient air after the
plasma treatment led to increase of water contact angle. The water
contact angle increase was relatively fast and in first 6 h the water
contact angle for samples treated in plasma for 1 s and 10 s
increased from 40 1° to 54.6° and from 36.2° to 51.2°, respectively.
Nevertheless the rate of hydrophobic recovery observed in 6 h after
the plasma treatment was high, 12 days of ambient air exposure led
only to small increase of water contact angle which is shown in
Fig. 1. Further ageing for 90 days of the plasma treated PET surface
for 10 s led to further increase of contact angle to 55.6° (not shown
in Fig. 1). Since the water contact angle achieved immediately after
the plasma treatment for samples treated in plasma for 1 s and 10 s
was similar, only benefit of longer plasma treatment was higher
stability of the surface modification and lower rate of surface
hydrophobic recovery. Since the water contact angle of untreated
PET was 78.4°, these results show that the DCSBD plasma treatment
led to permanent changes on the surface.
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Fig. 3. Surface energy of PET surfaces as a function of storage time.

The development of surface energy during the exposure of plasma
treated PET surfaces to ambient air was also investigated. In Fig. 2 is
shown the decrease of the surface energy when treated samples were
exposed to ambient air for 3 days. The Fig. 3 shows the overall
decrease of the surface energy for samples treated by plasma for 1 s
and 10 s. As was expected from the water contact angle analysis the
highest decrease due to ageing was observed for polar component of
the surface energy y"&. Comparison of plasma treated samples for 1's
and 10 s showed that hydrophobic recovery of both components of
surface energy v*B and Y™ is slower for sample treated in plasma for
10 s. The surface energy analysis also confirms that the major benefit
of longer treatment time is higher stability of the surface achieved by
plasma treatment. The observed phenomenon of PET surface wetta-
bility degradation achieved after the plasma treatment is in agree-
ment with the findings reported elsewhere [27—29].

3.2. Surface chemistry

The XPS was used to investigate the chemical state of PET
surfaces before and after the plasma treatment. The comparison of
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Fig. 4. XPS survey spectra of a) untreated PET surface and PET surface treated by
plasma for b) 1 s and c) for 10 s.
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Table 1

Elemental composition of PET surfaces treated by plasma for various times.
Sample designation Cls [%] N1s [%] O1s [%] o/C
Theoretical 714 0 28.6 0.40
Untreated 71 1 28 0.39
1 s plasma 62 2 36 0.58
3 s plasma 58 2 39 0.67
5 s plasma 57 3 40 0.70
10 s plasma 60 1 39 0.65
1 s plasma after 3 days 63 2 34 0.54
1 s plasma after 10 days 65 2 32 0.49
10 s plasma after 3 days 63 1 36 0.57

survey spectra for untreated PET and PET treated by plasma for 1 s
and for 10 s are shown in Fig. 4. The results in Fig. 4 show that PET
surfaces contain carbon, oxygen and small amount of nitrogen and
differ only in O/C ratio. The Table 1 summarizes the results of
concentrations of carbon, oxygen and nitrogen obtained from
survey spectra of untreated PET surface and PET surfaces treated by
plasma for 15,3 s, 5 s and 10 s. It can be seen that concentration of
elements found on untreated PET correlates with the theoretical
concentrations of PET. The results in Table 1 show that plasma
treatment for 1 s led to decrease of carbon concentration on PET
surface from 71 at% to 62 at.%. Prolonging the plasma treatment
time had no additional significant effect on carbon concentration
and it remained at 60 at.% after plasma treatment for 10 s. The
plasma treatment for 1 s led to increase of oxygen concentration on
PET surface from 28 at.% to 36 at.%. Similarly as development of
carbon concentration for longer treatment times was negligible,
prolonging the plasma treatment time had no significant influence
on the oxygen concentration which remained at 39 at.% after the
plasma treatment for 10 s. The Table 1 also shows that small
amount of nitrogen was found on the PET before and after plasma
treatment. However, the concentrations were found small and
within the XPS accuracy therefore no conclusion can be made. The
Table 1 contains also the O/C ratio which corresponds well with the
wettability of the PET surface. The comparison of the data between
Table 1, Figs. 1 and 2 shows that increase of O/C ratio on PET surfaces
after the plasma treatment was accompanied by decrease of water
contact angle and increase of surface energy. To explain the
correlation between wettability and O/C ration, the C1s and O1ls
high-resolution peaks were studied.
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Fig. 5. XPS C1s high resolution peak of a) untreated PET surface and PET surface
treated by plasma for b) 1 s and c) for 10 s.

Table 2
Concentrations of molecular functionalities of PET surfaces treated by plasma for
various times.

Concentration [%]

Cls O1ls
C-C,C-H C-0 0-C=0 C-O0 C=0
285 eV 286.5eV 288.9eV 533.5eV 531.9eV
Untreated 59 24 18 56 44
1 s plasma 48 27 25 70 30
3 s plasma 46 26 28 73 27
5 s plasma 42 28 31 76 24
10 s plasma 43 24 33 80 20
1 s plasma after 3 days 48 29 23 62 38
1 s plasma after 10 days 50 27 23 64 36
10 s plasma after 3 days 49 27 25 64 36

The Cl1s peak was deconvoluted into three components as is
shown in Fig. 5. The components at binding energies (C1) 285 eV,
(C2) 286.5 eV and (C3) 288.9 eV were attributed to (C1) C—C or
C—H, (C2) C—0 and (C3) 0—C=0 or O—C—O0OH bonds, respectively
[30—32]. After the plasma treatment for 1 s the component (C1)
decreased from 59% to 48%. The concentration of component (C2)
and (C3) increased after plasma treatment for 1 s from 24% to 28%
and from 18% to 25%, respectively. This increase is probably related
to formation of oxygen-containing groups on PET surfaces. The
analysis of C1s peak of PET surfaces treated by plasma for various
times is shown in Table 2. The results in Table 2 show that pro-
longing the plasma treatment time led to decrease of component
(C1) and it remained at 43% after plasma treatment for 10 s. The
concentration of (C2) varied with respect to plasma treatment time,
however the differences were small and no regular trend was
observed. The reason for this occurrence is probably a result of Cl1s
deconvolution uncertainty. Whereas some authors deconvoluted
C1s peak of PET into four different components [16], other authors
used three components [27,30]. We used deconvolution into three
components because the XPS had no monochromator and the close
components would be hardly distinguished, and moreover, the
deconvolution of Cls into four components showed multiple
mathematically correct results. This approach has an obvious
limitation when Cls is interpreted, but on the other hand the
deconvolution had only one mathematically correct result.
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Fig. 6. XPS O1s high resolution peak of a) untreated PET surface and PET surface
treated by plasma for b) 1 s and c) 10 s.
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Table 3
The RMS and Ra roughness values of PET surface modified by plasma for various
times.

Sample designation RMS roughness [nm] Ra roughness [nm]

Untreated 1.87 +1.08 1.25 + 0.84
1 s plasma 6.92 + 1.92 5.35 + 1.61
3 s plasma 9.18 + 2.63 7.19 + 3.70
5 s plasma 832 +1.72 5.88 + 0.81
10 s plasma 10.40 + 0.55 6.90 + 0.50

Independently of the four or three component approach, all the
authors usually assign the C1s components with non zero chemical
shift to oxygen containing groups (zero chemical shift is related to
C—C bonds). In our approach of Cls interpretation we found the
component (C2) was not affected by the plasma treatment signifi-
cantly. The peaks related to C—N or O—C—N groups could also
contribute to (C2) or (C3), however, as the concentration of N was
small, and this contribution was neglected. The concentration of
component (C3) increased from 18% to 33% after the plasma
treatment for 10 s. As is shown in Table 2 the development of
concentration of (C3) is clearly increasing with respect to plasma
treatment time. The higher concentration of (C3) component
usually attributed to O—C=0 groups is related to decrease of water
contact angle shown in Fig. 1. The O—C=0 group has a polar
character and thus a higher concentration of these polar groups can
result in higher polar surface energy which was found after the
plasma treatment as Fig. 2 shows. Also the development of water
contact angle and (C3) component with respect to plasma treat-
ment time seems to be similar. However, (C3) component can also
have an origin in presence of 0—C—OH group which is discussed
below.

The O1s peak was deconvoluted into two components as is
shown in Fig. 6. The components at binding energies (01) 531.9 eV
and (02) 533.5 eV were attributed to (0O1) C=0 and (02) C-0O
bonds [30,33,34], respectively. After the plasma treatment for 1 s
the component (O1) decreased from 44% to 30% whereas concen-
tration of component (02) increased from 56% to 70%. The analysis
of O1s peak of PET surfaces treated in plasma for various times are
shown in Table 2. The results in Table 2 show that prolonging the

100 nm

Cc

100 nm

plasma treatment time led to decrease of component (01) and it
remained at 20% after plasma treatment for 10 s. The concentration
of component (02) increased to 80% after plasma treatment for 10 s.
This finding seems to be contradictory to the deconvolutions of the
C1s peak if only O—C=0 groups contribution to (C3) is considered.
From this point of view, an increase of (O1) related to C=0 would
be expected. However, O1s peak showed decrease of (O1) related to
C=0 and increase of (02) componetnt related to C—O. This can be
explained by a formation of C—OH groups after the plasma treat-
ment created on C atoms which are in neighbour positions to O
atoms in PET chain. A formation of C—OH yields 0—C—OH which
contributes only to (C3) component and (02) component. Therefore
an explanation considering a formation of the hydrophilic OH
groups brings Cls and O1s measurements to agreement, because
the main contribution to (C3) component of Cls peak is due to
O—C—OH groups. The ageing effect investigated by XPS (Table 2)
showed decrease (C3) component of C1s peak. The (C3) component
was ascribed to O—C—OH hydrophilic groups and decrease of their
concentration had effect on water contact angle and surface energy
as is shown in Figs. 1 and 3, respectively. The XPS observations are
in agreement with the surface hydrophobic recovery discussed in
Figs. 2 and 3. The PET surface treated by plasma for 1 s showed the
(C3) concentration of 25% and exposure of this surface to ambient
air (storage time) for 3 days decreased the (C3) concentration to
23%. The exposure to ambient air for 10 days had no additional
effect on (C3) intensity and remained at 23%.

The effect of air exposure on the (C1) component of the PET was
also observed. The plasma treatment for 1 s and for 10 s had only
minor effect on the (C1) component. During the ageing of PET
treated by plasma for 10 s the (C1) component increased from 48%
to 50% in case of 10 s plasma treatment, which could be due to
carbon contaminants from the ambient atmosphere.

These observations on Cls peak showed that asymptotic
decrease of water contact angle (Fig. 1), which remained lower than
water contact angle of untreated PET even after 10 days of ageing,
can be explained by initial fast decrease of component (C3) which
remained constant when air exposure (storage time) was pro-
longed. The decrease of polar part of surface energy with respect to
storage time can be explained mainly by decrease of concentration
of polar groups on PET surface as the XPS measurement showed.

100 nm

Fig. 7. 3D AFM scans of 5 um x 5 pm area for a) untreated PET surface and PET surface treated by plasma for b) 1s,c)3 sand d) 5s.



2254 T. Homola et al. / Polymer Degradation and Stability 97 (2012) 2249—2254

3.3. Surface morphology

The surface morphology of PET surfaces treated by DCSBD
plasma was investigated by AFM on randomly selected positions
of 5 um x 5 pm areas. The changes in morphology were quantified
by root mean square (RMS) roughness and average roughness Ra.
The Table 3 shows the values of RMS and Ra roughness for
untreated PET and PET treated by plasma for 1s,3s,5 s and 10 s.
The untreated PET exhibits RMS roughness 1.87 nm and Ra
roughness 1.25 nm. The plasma treatment for 1 s led to increase of
the RMS roughness and Ra roughness to 6.92 nm and 5.35 nm,
respectively. Increase of the plasma treatment time led to higher
surface roughness as is shown in Table 3. The 3D AFM scans of
untreated PET and plasma treated PET for 1 s, 3 sand 5 s are shown
in Fig. 7. In our previous work [22] we found that DCSBD plasma
treatment of amorphous PMMA leads to lower surface roughness.
The degradation of the surface as is seen in Fig. 7 can be explained
by crystalline character of biaxially oriented PET which was about
30—40%. Ref. [35] shows that the plasma treatment of PET with
different crystallinity led to etching of predominantly amorphous
parts of PET whereas the crystalline regions remained unaffected.
Therefore the plasma treatment led to higher surface roughness
and since the etching rate of crystalline parts is slower than
etching rate of amorphous parts, the roughness can vary with
respect to plasma treatment times (see Table 3). The change in
surface roughness can lead to change in surface wettability [36].
The increase in roughness increased the area of the surface which
can be a benefit for further processing of PET, e.g. applying coating
which can results in higher adhesion between PET and coating due
to larger active area.

4. Conclusion

The study on effects of DCSBD plasma treatment on surface
properties of PET is presented in this paper. The DCSBD plasma
treatment for 1 s led to considerable decrease of water contact
angle from 78.4° to 40.1°. The comparison of results with other
DBD’s driven in ambient air showed considerable higher efficiency
of DCSBD plasma in order to decrease of water contact angle. This
was explained by high efficiency of plasma generated using
coplanar arrangement of electrodes in DCSBD. The surface energy
analysis via contact angle study of three liquids on PET surfaces
showed mainly increase of polar part of surface energy after the
plasma treatment. XPS measurements showed that plasma treat-
ment resulted in increased oxygen concentration on PET surfaces. A
detailed analysis of high resolution C1s and O1s peaks showed an
increase of oxygen-based polar groups, mainly C—OH present in
O—C—OH chains. The increased concentration of polar groups
observed by XPS correlated with surface energy measurements. We
found that the surface energy achieved by the plasma treatment
was not stable. However, permanent changes on surface energy
were observed. The partial hydrophobic recovery after plasma
treatment was confirmed by XPS measurements which showed
a decrease of hydrophilic polar group concentration with respect to
ambient air exposure time. The plasma treatment led to increase of
surface roughness which was explained by a crystalline character of
PET surfaces. The higher surface roughness could be also a benefit
of the plasma treatment because higher roughness leads to higher

surface area which can increase an adhesion between PET and
coating.
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