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The surface modification of polyethylene terephthalate (PET) polymer films has been performed by irradiation
of extreme ultraviolet photons to investigate the effect of surface structuring on wettability control. For biomedical
engineering applications, surface structuring and wettability control of PET films could enhance the polymer
biocompatibility by promoting cell adhesion and consequently proliferation. The PET films are irradiated with
laser plasma extreme ultraviolet source based on double stream gas puff target under different environments. The
extreme ultraviolet modified PET film surfaces are characterized by atomic force microscopy and WCA goniometer.
The extreme ultraviolet surface modification resulted in the formation of nano- and microstructuring on the polymer
surfaces. The surface structuring consequently increased WCA making the PET surfaces more hydrophobic. The
results demonstrate the direct relationship between surface roughness and hydrophobicity for extreme ultraviolet

modified PET samples.
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1. Introduction

PET is widely used in various biomedical engineering
applications. The PET films are used for fabrication of
scaffolds and vascular grafts, and also used for tissue re-
placement surgery [1-3]. The surface roughness and wet-
tability often needed to be modified for enhancement in
biocompatibility of PET surfaces [3]. However the con-
ventional surface modification tools alter the bulk ma-
terial mechanical properties [4]. Recent advancements
in the laboratory scale laser produced plasma sources
provide opportunities to exploit soft X-ray and extreme
ultraviolet regions for applications in biomedical engi-
neering [5-9]. The surface structuring of polymers by
EUV photons by ablation mechanism has been demon-
strated previously. However a general ablation theory is
not yet available that could be used to model the phys-
ical and chemical modifications induced by EUV abla-
tion [10]. This study is an attempt to correlate the EUV
induced surface structuring of PET samples with sub-
sequent changes in wettability. This correlation would
allow the fine tuning of surface wettability of polymer
samples (such as PET) for specific applications related to
biocompatibility control and artificial muscles in biomed-
ical engineering [11-13].
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In this study, the EUV surface modification of PET
films has been performed to characterize the EUV in-
duced modifications to surface roughness and wetting
behavior. The EUV photons have limited penetration
depth in polymers (up to 100 nm), therefore the surfaces
of PET films can be modified efficiently and the bulk
mechanical properties could remain intact [3]. The PET
surfaces were modified in the presence and absence of
reacting gas (nitrogen) to investigate the dominancy of
various processes that occurred during laser (in this case
EUV) ablation (such as selective ablation, functionaliza-
tion, and total ablation).

2. Materials and methods

The PET films obtained from Goodfellow Cambridge
Limited, United Kingdom were used for EUV surface
modification. The PET films were cut into 12 mm x
12 mm small pieces and irradiated with a laser-plasma
EUYV source based on a double-stream gas-puff target, ir-
radiated with the 3 ns/0.8 J Nd:YAG laser pulse at 10 Hz.
The laser target was constructed by using krypton and
xenon mixture as working gas and helium as confining
gas. The EUV photons emitted from laser plasma were
collected and delivered to polymer processing chamber
by gold plated grazing incidence ellipsoidal mirror. The
EUV radiations were focused onto an XY Z motorized
stage in the polymer processing chamber. The sample
stage was adjusted to position 3 mm downstream the
EUYV focal spot. The fluence of incoming EUV photons
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at this position was about 65 mJ/cm? [14]. The polymer
samples were mounted on the stage, kept at 3 mm dis-
tance from focal spot and irradiated with 20 or 30 EUV
pulses in raster scanning mode. The EUV irradiation was
performed in the presence of helium (non reactive) or ni-
trogen (reacting) environments in separate experiments.
The detailed arrangement and working of the source was
documented before [3, 6, 14].

Atomic force microscopy (AFM), supplied by NT-
MDT, Russia, investigated the morphological modifica-
tions induced by EUV surface structuring and the av-
erage surface roughness (S,) was calculated for each
sample. The water contact angles (WCA) of pristine
and EUV treated polymers were measured using the
static sessile drop method by employing KSV Instru-
ments CAM 100. The detailed procedure of AFM imag-
ing and WCA measurements of the EUV modified sur-
faces was documented before [6, 7, 14].

3. Results and discussion

The topography and the surface roughness of the pris-
tine and EUV modified PET surfaces were investigated
by AFM. The PET samples were scanned at a distance of
1 mm from the edge of the EUV patterned area towards
the center of EUV trace. The PET surfaces modified with
EUYV irradiation demonstrated pronounced morphologi-
cal changes. The pristine PET sample was quite smooth.
S, of pure PET sample was 6.6 nm. The EUV irradia-
tion of PET sample with 20 and 30 pulses in the helium
environment resulted in the formation of pseudo-conical
shaped rippled structures. The surface roughness was
increased by EUV irradiation and the measured S, of
the PET surfaces irradiated with 20 and 30 EUV pulses
was 240 nm and 271 nm, respectively. The next exper-
iments were performed in the nitrogen environment. S,
measured was 215 nm and 234 nm for the PET sam-
ples irradiated with 20 and 30 EUV pulses, respectively.
The morphology was however moderately distinct from
the previous case as the pseudo-conical shaped structures
were more pronounced making discontinued wall type
elongated structures. The difference in the morphology
of two experimental conditions is due to the total fluence
accumulated by number of EUV pulses that reached PET
samples.

The material ablation depends upon various factors
such as wavelength, fluence, material sensitivity, heat ca-
pacity and number of shots irradiated on the surface [15].
If the fluence is near to ablation threshold, chemical mod-
ifications would be the dominating process. In case the
fluence cross ablation threshold values, the material ab-
lation would be the dominating process [16]. There-
fore after a single EUV shot, one would expect strong
chemical modifications and very small changes in mate-
rial surface morphology. The source used in this study
produced EUV photons with maximum intensity around
1041 nm wavelength corresponding to photon energy of
112 €V [3]. Therefore a single EUV photon was able to

break several bonds, as the energy of irradiating photons
was way above the binding energies of bonds in the poly-
mer chains such as C-C (3.6 ¢V), C-N (3.2 ¢V), C-O
(3.7¢V), N-N (1.7 ¢V) and C-F (5.0 €V). Therefore even
with a single shot with 65 mJ fluence, surface structur-
ing could be obtained but lower material ablation would
be expected. As observed from the experiments carried
out in this study, the increase in the surface roughness
of PET samples was higher in case of EUV irradiation
in the helium environment as compared to samples irra-
diated in the nitrogen environment. Lower increment in
the surface roughness could be attributed to the fact that
some amount of EUV photons consumed in the ionization
of nitrogen gas, thus lower fluence reached the polymer
samples. Consequently discontinued wall type structures
were obtained. In case of helium environment, the sam-
ples received relatively higher cumulative fluence as no
ionization was performed by the EUV photons and sub-
sequently higher ablation was obtained. This resulted in
formation of wall type rippled structures. The laser abla-
tion not only depend upon the wavelength and energy but
also depend upon the repetition rate, the accumulated
energy deposited onto the surface layer, and the time of
irradiation. Since the experiments were performed with
low number of pulses (two seconds and three seconds)
the morphology formed in both environments were mod-
erately distinct.

The WCA measurements were acquired to investigate
the effect of EUV irradiation on the EUV modified PET
surfaces. The WCA of pristine PET sample obtained
from Goodfellow UK was about 81.5°. The PET sam-
ples irradiated with 20 and 30 EUV in the helium en-
vironment exhibit increased WCA to 95° and 98°, re-
spectively. The WCA of PET samples irradiated with
20 and 30 EUV pulses in the nitrogen environment were
88° and 91°, respectively. The results are summarized
in Table I. S,and the wettability results are normalized
to 0-1 scale and presented in Fig. 1. Although the sur-
face roughness and wettability are two separate quanti-
ties with distinct units and scales, the normalization of
the results was performed to visualize the relationship
of these two properties by EUV irradiation in different
environment. Such graphical visualization would help to
understand the effect of EUV induced structuring on the
wettability of PET surfaces.

TABLE I

Summarized surface roughness and wettability results of
pure and EUV modified PET samples.

environment n Sa [nm] WCA [degrees]
pristine PET sample 6.6 81.5
Helium 20 240 95
30 271 98
20 215 88
Nit
rosen 30 234 91
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Fig. 1. Normalized S, and WCA of pristine and after

n EUV shots modified surfaces.

The EUV irradiation in the helium environment re-
sulted in dominancy of PET surface ablation, subse-
quently strong morphological modifications and high hy-
drophobicity was registered. The introduction of nitro-
gen gas reduced the EUV fluence at polymer processing
site due to absorption of EUV photons for nitrogen ion-
ization. Therefore the chemical modifications could be
the dominant process. The wall type surface structuring
of PET films could be interesting to use for fabrication
of lab-on-a-chip (LOC) devices for microfluidic applica-
tions.

4. Conclusion

The increment in the EUV pulses resulted in increment
of WCA in all experimental setups due to increase in the
surface roughness. However, the introduction of nitro-
gen atoms in the PET films tends to reduce the WCA,
that might be due to introduction of nitrogen containing
functional groups on polymer surface. Further studies on
chemical modifications will be performed to investigate
the effect of nitrogen incorporation into PET surfaces
with respect to surface morphology.
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