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Abstract. The medical-grade polydimethylsiloxane (PDMS) elastomer is a widely used
biomaterial in medicine and for preparation of high-tech devices because of its remarkable
properties. In this work, we present the experimental results on drilling holes on the PDMS
surface by using ultraviolet, visible or near-infrared ns-laser pulses and on studying the
changes of the chemical composition and structure inside the processed areas. The material in
the zone of the holes is studied by XRD, pu-Raman analyses and 3D laser microscopy in order
to obtain information on the influence of different processing laser parameters, as wavelength,
fluence and number of consecutive pulses on the material transformation and its modification.

1. Introduction

Polydimethilsiloxane (PDMS) belongs to the group of polymeric materials called silicones possessing
one common characteristic — the polymer backbone is composed by an alternate succession of Si and
O atoms joined together via strong, covalent inter-atomic bonds. The Si atoms are coupled to two
adjacent O atoms and two organic radicals. PDMS is among the most popular technical polymeric
materials due to its advantageous properties: mechanical flexibility and stability; non-toxicity;
permeability to gasses; chemical and biological inertness; high dielectric constant and breakdown
field; optical transparency in the ultraviolet (UV) =+ visible (VIS) regions of the spectra; high
biocompatibility and biostability; very hydrophaobic; simple and inexpensive fabrication.

PDMS has been widely used in the fabrication of various micro-electro-mechanical systems
(MEMS) [1-6] and flexible microelectrode arrays for monitoring and/or stimulation of neural activity
[8-10]. The hydrophilic, hydrophobic recovery and surface energy of the material have been studied
[11]. Furthermore, the cytotoxicity and antibacterial activity of the material has also been assessed; the
results obtained revealed that the PDMS surface modifications performed do not affect the material’s
biocompatibility, but decrease their hydrophobic character and bacterial adhesion. Thus, the
modification or structure formation on the surface of the PDMS is of great importance and growing
research interest.
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The use of laser radiation offers a useful approach to processing and selective surface
functionalization of the PDMS material. In particular, ns-laser pulses (e.g., KrF, ArF and F,) have
been applied to the fabrication of optical elements [12], modification of optical properties [13] and
surface processing or functionalization [2, 8, 10]. KrF excimer laser processing of flexible silicone
rubber has been used to photo-decompose its surface or to change the surface relief [2, 8, 14, 15].
Information on the changes of the PDMS structures fabricated by ns-laser pulses has been typically
obtained by p-Raman measurements [8]. Laser irradiation can obviously induce breaking of the
chemical bonds, but it can also be used in the ablation mode to micro- or nano-structuring the polymer
surface, thus enhancing the adhesion of a metal [14, 15].

Nowadays, UV and VIS fs- or ns-laser irradiation of the PDMS-elastomer under ambient
conditions has been proven to be an easy and powerful method for surface micromachining in order to
fabricate tracks and structures with surface activation without altering its bulk properties [16-18].
Samples of the PDMS elastomer processed by UV, VIS and NIR fs- and ns-laser pulses have been
investigated [14-18]. A limited number of laser processed areas has been viewed by SEM and optical
microscopy. Selective Pt or Ni metallization of the laser-processed traces have been produced
successfully via electro-less plating. The metallization process is not sensitive to the time interval after
the laser treatment. The DC resistance has been measured to be as low as 0.5 /mm [17].The present
paper reports the results on the changes in the PDMS elastomer properties inside the holes produced as
a result of multi-pulse ns-laser ablation at the wavelengths of 266, 355, 532 and 1064 nm. The laser
fluence and number of consecutive pulses were varied. The laser-processed areas were studied by laser
microscopy, XRD and p-Raman spectroscopy. The as-processed areas were successfully metallized by
Ni via electro-less plating.

2. Experimental

180 um thick medical grade PDMS-elastomer sheets (MED 4860) were irradiated by the fundamental
harmonic (NIR) (A = 1064 nm), and the 2™ (A = 532 nm), 3" (A = 355 nm) and 4™ (A = 266 nm)
harmonics of a Q-switched Nd:YAG laser (pulse duration of 15 ns and repetition rate of 10 Hz) in air
at ambient temperature. The samples were mounted on a microcontroller-driven, stepper-motor
operated X-Y table. The laser beam was focused by a lens with a focal length of 22 cm. The micro-
holes were produced without perforating the foil by up to 110 consecutive laser pulses. The laser
fluence was varied at the different wavelengths. The corresponding data of the laser processing
parameters are presented in table 1.

Table 1. Summary of the laser processing parameters.
Wavelength (nm) 266 355 532 1064

Laser Fluence (Jcm?)  01+1.0 1.0+25 35+50  8.0+13.0

The areas of the holes produced were viewed and their physical dimensions measured by a VK-
9700 K Color 3D Laser Microscope (KEYENCE, Japan). The crystalline properties were studied by
an XRD — ULTIMA 1V X-Ray Diffractometer (RIGAKU, Japan), while the chemical modifications
were analyzed at different points of the holes by a u-Raman Spectrometer — RMS-310 (Photon Design,
Japan) with laser excitation at 532 nm. The spectrometer has a resolution of 0.2 cm™ and image
dimension <1 pm® Additionally, continuous trenches with dimension of 12x3 mm?® and different
depths were prepared at various laser fluences in order to investigate the laser-processed area by 1°
grazing incidence XRD.

3. Results and discussions

3.1. XRD analyses
The results from the XRD analyses are presented in figure 1. Figure 1 a) depicts the XRD spectrum of
the non-processed PDMS. The spectrum is similar to that reported in reference [11].
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As itis illustrated in figure 1 b), all diffraction patterns are similar, presenting two diffraction halos:
a first and larger one located at around 12.3° and a second, smaller and broader one, at 22.2°. These
results indicate that the microstructure of the samples is amorphous and that the ns-laser processing
does not change the bulk properties of the base material. Additionally, the intensity of the material
treated by UV (A = 355 nm) ns-laser pulses has about twice as high intensity compared to the other
wavelengths applied, which is probably related to the better ordering of the material processed.
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3.2. Color microscope views of the holes
The laser produced micro holes were viewed by a 3D color laser microscope — figure 2 a) — c).
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Figure 2. a), b) and c) show photographs and profiles of some of the holes produced by a
ns-laser: a) 266 nm, 110 pulses; b) 532 nm, 33 pulses; ¢) 1064 nm, 33 pulses.

Due to the multimode structure of the laser beam, the holes’ profiles are not uniform. This leads to
the production of holes with an inhomogeneous structure, especially in the cases of a higher number of
consecutive incident pulses. The peculiarities of the properties at different points of the areas
processed resulted from the different energy density inside the laser beam, i.e. the existence of some
“hot” spots. These differences were clearly expressed in the Raman studies. It is worth noting that
when producing tracks by a ns-laser, the quality of the tracks was better due to the equalization of the
processing after overlapping of a large number of the pulses (> 30) during the slow movement of the
X-Y table.



19th International Summer School on Vacuum, Electron and Ion Technologies (VEIT2015) IOP Publishing
Journal of Physics: Conference Series 700 (2016) 012023 doi:10.1088/1742-6596/700/1/012023

However, a further effort was needed in order to improve the quality of the laser-beam profile. In
this respect, a laser beam equalizer was introduced and the results will be the subject of further

investigations.

3.3. Raman spectroscopy inside the holes

The p-Raman spectra taken from the center or periphery of the holes are presented in figure 3 a) - d).
Figure 3 a) — ¢) correspond, respectively, to the pictures given in figure 2 a) - ¢). In addition, figure 3 €)
depicts the spectrum of the native PDMS given as a comparison. It clearly shows that the appearance
of a crystalline Si peak is observed for all laser wavelengths applied. The intensity of the crystalline Si
peak increases with the laser fluence and the number of consecutive pulses. The spectra in figure 3 a) — d)
illustrate a well-defined change of the chemical composition regardless of the laser wavelength used
for processing. An extra peak at ~512 + 520 cm™, assigned to crystalline silicon (c-Si), is observed
after ns-laser processing. Simultaneously, the intensity of the Si-O-Si peak at 488 cm™, typical for the
native PDMS, decreases. Probably, this is a consequence of the reduction of the Si-O-Si bonds by
breaking of the Si-O bond and, as a result, Si crystallites are formed. Also, the intensities of the Si-O-Si
symmetric stretching at 488 cm™, the Si-CH; symmetric rocking at 685 cm™, the Si-C symmetric
stretching at 709 cm™, the CH; asymmetric rocking, the +Si-C asymmetric stretching at 787 cm™, and
the CH; symmetric rocking at 859 cm™ modes decrease, which could contribute to the c-Si formation

as well.
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Figure 3. p-Raman spectra of the holes as in Fig. 2: a) 266 nm — at a point inside the hole
produced; b) 355 nm — at a point inside the hole produced; ¢) 532 nm — at the center of the hole;
d) 1064 nm — at the center of the hole. e) the spectrum of the native (non-processed) PDMS.

Two wide peaks in the ranges of 1320 + 1336 cm™ and 1590 + 1615 cm™ are observed in the
Raman spectra of some points of the areas treated with both UV lights, which are well expressed at
number of pulses > 33. These two peaks are much weaker when the PDMS is irradiated by VIS and
NIR wavelengths. In some cases, the high signal of these peaks’ tails hinders the expression of the
other Raman features. When the peak of crystalline Si is well expressed, these two peaks are almost
hidden (figure 3 a)).

As it is known, the amorphous carbon contains a mixture of sp?, sp? and sp’ sites. The Raman
spectrum taken by VIS excitation contains two peaks — D and G modes, which appear at ~ 1360 and
1560 cm™ [19]. These peaks dominate, because the sp sites have cross-sections much higher than that
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of the sp®. However, in the case of a high number of sp® sites (which are related to the diamond phase)
the D peak appears at 1332 cm™. It is worth noting that the position of the D peak could be extended in
the range between 1300 and 1350 cm™ if the phase is mixed with the hexagonal and cubic diamond
[20]. Usually, this peak is broadened and lowered because of the phonon confinement at VIS
excitation. It has also been shown that carbon materials, which contain simultaneously sp” and sp®
phases, reveal a shift of the G band over the 1600 cm™ [19, 21]. Hence, it could be concluded that the
laser treated areas of PDMS, especially by both UV wavelengths, contain a significant fraction of sp®
carbon bonds.

The micro-Raman analysis also showed that local chemical modifications (i.e. silicone
decomposition) occurred after the laser processing of the PDMS, irrespective of the corresponding
wavelengths used. This behavior is due to the rather significant influence of the laser fluence and/or
the number of the pulses rather than that of the wavelength. The formation of inorganic products like
Si and C is responsible for the chemical activation of the surface, which is expected to influence
significantly the nucleation and the growing rate of the metal layer (Ni or Pt) during the following
process of metallization.

6. Conclusions

Results on processing of a medical grade PDMS elastomer by UV, VIS and NIR ns-laser pulses are
presented. A change of the chemical composition of the areas processed (holes) is observed and
compared to the non-processed material. An XRD study of the laser-processed PDMS material at NIR,
VIS and UV lights is conducted for the first time. The results obtained can be summarized as follows:
i) no crystalline phases caused by laser treatment are observed in the XRD spectra; very broad “peaks”
are related to the amorphous phases of the material; ii) for all wavelengths, the appearance of a
crystalline Si peak is observed in the p-Raman spectra; its intensity increases with the laser fluence
and the number of pulses; iii) amorphous carbon containing sp” and sp® sites is formed during the laser
activation of the surface; iv) the local chemical decomposition is a complex function of the laser
fluence, the number of the pulses (incubation) and the wavelength; v) the quality of the laser beam is
found to be very important for the processing and functionalization of the PDMS surface for further
metallization.
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