- \
v
A4

http://pubs.acs.org/journal/acsodf

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @
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ABSTRACT: Herein, we have characterized in depth the effect of femtosecond (fs)-laser writing on various polydimethylsiloxane
(PDMS)-based composites. The study combines systematic and nanoscale characterizations for the PDMS blends that include
various photoinitiators (organic and inorganic agents) before and after fs-laser writing. The results exhibit that the photoinitiators
can dictate the mechanical properties of the PDMS, in which Young’s modulus of PDMS composites has higher elasticity. The study
illustrates a major improvement in refractive index change by 15 times higher in the case of PDMS/BP-Ge [benzophenone (BP)
allytriethylgermane] and Irgacure 184. Additional enhancement was achieved in the optical performance levels of the PDMS
composites (the PDMS composites of Irgacure 184/500, BP-Ge, and Ge-ATEG have a relative difference of less than 5% in
comparison with pristine PDMS), which are on par with glasses. This insightful study can guide future investigators in choosing
photoinitiators for particular applications in photonics and polymer chemistry.

1. INTRODUCTION

Lasers producing femtosecond (fs) laser pulses were first
developed in the 1980s. Fs laser pulses have had a very
significant impact on how we now view chemical reactions.

tions in many fields, from medicine to biology,s’6 and in the
technologies of information systems and telecommunications.”

Performed in the absence of chemical solvents and in an
ambient atmosphere, this method offers advantages in the
coating, painting, and surface protection industries and has
recently gained priority in these fields as an environmentally
friendly material.

Similarly, they have also made significant impacts in related
sciences such as biochemistry, biology, and physics. Scientific

curiosity keeps taking advantage of fs lasers, finding new
applications, and using these tools for solving new problems.

The ultrashort pulse width and extremely high-intensity peak
are some of the main exceptional characteristics. Comparing
these properties to traditional laser processing, which uses
longer pulse or continuous wave lasers, illustrates the
advantages of fs lasers."”” High precision and high quality in
micro- and nanofabrication are provided by the nonthermal
processes as rapid energy deposition in the material takes
place.””

Another major advantage of fs-direct writing is the reduction
in thermal effects, which is of high importance in processing
biomaterials. The aforementioned advantages provide applica-
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The refractive index is among the properties most
susceptible to be modified under the fs pulse, and this
modification is essential for waveguide fabrication, gratings,
and couplers.”*™'" The versatility of fs-laser writing was well
demonstrated from studies on the optical breakdown of the
dielectric material to the inscription of photonic structures
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such as waveguides, Bragg gratings, and diffractive optic
elements."'~"? Fs lasers were used to write directly onto
different materials, especially polymers,"*™"° including poly-
methyl methacrylate (PMMA)—polystyrene (PS), poly(vinyl
alcohol) (PVA), and poly(dimethylsiloxane) (PDMS). There
is increasing interest in the study of PDMS for several
engineering applications."”

PDMS is one of the widely used silicone elastomers for a
variety of microfluidic devices, including lab-on-a-chip (LOC)
applications.'® It offers many advantages, including good
flexibility, transparency, low cost, chemical inertness, ease of
material fabrication, and high chemical and thermal stability.
PDMS is also considered an emerging material for laser
w1riting.14 Owing to its stretchability, PDMS is a platform that
has recently gained interest in the field of fs writing for the
waveguide.” Laser processing of PDMS has also been
previously reported by some researchers'” who used a
Ti:sapphire fs-pulse laser for direct patterning of PDMS
stamps for microcontact printing, but there were certain
limitations on serial processing and the usage of specialized
lasers and positioning equipment. Various surface modifica-
tions of PDMS were achieved using a CO,-pulsed laser.'’

The researchers observed that laser treatment induced chain
ordering and porosity onto the PDMS surface, which resulted
in a super-hydrophobic surface using a 248-nm KrF laser and a
266-nm laser. Other researchers introduced UV photo-
sensitivity in PDMS using ultraviolet (UV) radiation, causing
a bleachinzg reaction that severely degrades the material
properties.”” Our approach is to obtain highly tunable
integrated optical devices by enhancing the fs photoinscription
response of the material without damaging the material
properties. It has been demonstrated that PDMS can be
laser-structured using direct writin& with appropriate photo-
initiators>"** and thermoinitiators.”> However, to the best of
our knowledge, the reported literature is focused only on the
surface of the materials and did not meet so far.”"**

Recently, we reported the photosensitization of PDMS to
enhance the fs photoinscription response of the material
without significantly damaging the mechanical properties,
which is the key to obtaining highly tunable integrated optical
devices.”* Enhanced photosensitivity was also reported by
Panusa et al.”’ using phenylacetylene as a photosensitizing
agent. This procedure requires several steps that have time-
dependency on the sample size and the chemical agent.
Furthermore, the induction of Nd:YAG lasers for structuring
PDMS has been reported by Graubner et al.>® The authors
analyzed ablation products and brought out pronounced
incubation behavior. Further analysis revealed increased
surface roughness following the local chemical transformation
of the PDMS surface. These studies concentrated exclusively
on the surface area of PDMS and noted a weakness in the
surface roughness. Although many studies describing laser-
irradiated polymers have been published, a clean ablation
process and mechanism are yet to be achieved, as important
changes in undoped PDMS continue to be reported post-
irradiation.' ">

Despite the abundant literature reports, no comments on the
mechanical properties of fs-exposed PDMS or the origin of the
refractive index change have been presented, which raises
questions about the integrity of the material after inscription.
In this article, following and unlike our previous study that
presented the effect organo and organometallic initiators on
writing,”” here we report in detail the properties of our

materials before and after writing. This allows controlled
functionalization and homogenized concentrations of photo-
sensitive polymer composites.

There are numerous underexplored and unexplored areas
that are related to photosensitive PDMS. To the best of our
knowledge, no full characterization of the photosensitized
PDMS composite and its application for fs-laser writing have
been previously reported. However, this study fully concen-
trates on the optical, thermal, and structural characteristics of
the photosensitized PDMS composite. The main challenge in
this research is to acquire a transparent material that is suitable
for fs-laser writing. Previously, we reported the fabrication of
highly transparent composites of PDMS that have been
evaluated through careful selection of the concentration ratio
of the photosensitizer to PDMS and the choice of suitable
solvents to acquire suitable conditions for fabrication.””

The characteristics of these materials are measured by
Raman spectroscopy, thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), UV—vis spectroscopy,
powder X-ray diffraction (PXRD), Fourier transform infrared
spectroscopy, and scanning electron microscopy (SEM). We
also performed mechanical studies, namely, tensile tests
immediately before and after fs-laser writing. Furthermore, a
systematic study was performed on temperature-dependent
structural investigation of PDMS composites using Raman
spectroscopy, mechanical analysis (DMA), refractive index
change (RI change), and aging. The results of this research
show a significant enhancement in the RI change over our
initial trials in previous studies'* by allowing PDMS to reach
optical performance levels, similar to glass. This study presents
an in-depth interpretation of characteristics, and a systematic
comprehensive study is needed to acquire the desired
properties for potential LOC-based applications.

2. RESULTS AND DISCUSSION

2.1. UV—Vis (Transmittance or Absorbance) Charac-
terization. The transparency of the composites, as well as
unmodified PDMS and their optical transmission properties,
was assessed by UV—vis measurements as a means to
determine their potential fs writing performance (Figure 1).
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Figure 1. (a) UV—vis absorption spectra of the polymer composites
incorporating different photoinitiators. (b) In the visible range for a
transmittance spectrum of PDMS and PDMS blends. Note that all the
measured samples consist of 1 mm thickness.

Transparent polymers, such as PDMS, are often used in
combination with fs lasers because they allow for deep
penetration of the laser beam into the material. This is
important because fs lasers have very short pulse durations, on
the order of femtoseconds or attoseconds, and are capable of
delivering very high energy densities. To take advantage of
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these properties, the laser beam needs to be able to penetrate
deep into the material, which is facilitated by the transparency
of the polymer. Transparent polymers also allow for non-
destructive imaging of the material during and after the laser
treatment. This is useful for monitoring and characterizing the
structures formed on the surface of the polymer. Additionally,
since fs lasers also emit a large amount of heat, the transparent
polymer also helps to minimize heat-induced damage by
dissipating the heat quickly.””*°

In Figure la, the absorption peaks in the range of 240—276
nm correspond to the formation of ketones and radicals by the
photosensitizer. All UV—vis behaviors of the polymer
composites demonstrate the incorporation of the different
photoinitiators and are described in further detail (see
Supporting Information, for more details Figure S1). These
effects clearly suggest that the presence of the photoinitiator in
PDMS blends explains the changes in the transmission. In
addition, Figure 1b shows that the UV—vis transmission
spectra of the 1-mm-thick films are relatively unaffected in the
range of visible light (400—900 nm). Minor changes in the
transmission ranges between 92—95 and 86—88% are observed
for organic and inorganic photoinitiators, respectively. The
PDMS composites of Irgacure 184/500, BP-Ge, and Ge-ATEG
have a relative difference of less than 5% in comparison with
pristine PDMS. In contrast, higher differences were found for
the remaining composites, as illustrated in Figure 1. These
differences in transmission values can be caused by scattering
and Fresnel reflection at interfaces. It is worth noting that as
UV—vis spectroscopy provides only qualitative information
about the PDMS structures, additional characterization was
performed.

2.2. Refractive Indices. The prism coupling technique was
used to determine the refractive indices”" for five wavelengths
(473, 632.8, 964, 1311, and 1552 nm) by using a Metricon
model 2010/M prism coupler.”” The detailed results are
available in Supporting Information Table S1. RI measure-
ments for polymer composites and pristine PDMS are
conducted before exposure to the fs laser. The results show
that with the increase in wavelength, the RI decreases slightly,
from approximately 1.4273 to 14104, as expected for a
transparent colorless material (normal dispersion) with a
significant variation only at 532 and 1538 nm. For example, the
highest refractive index at 532 nm is 1.4273 for the polymer
composite PDMS/BP-Ge and decreases with the increase in
wavelengths. As shown in Figure 2, there are no significant
differences in the RI values measured at 1538 nm for all the
composites except for PDMS/BP-Ge; the details are
summarized in the Supporting Information.

2.3. Measurements of the Refractive Index Change.
As shown in Figure 3a—e, physical characterization of the
polymer was performed, and the results revealed that the
highest RI change was 15 times larger than the best result
obtained with pure PDMS, indicating the successful incorpo-
ration of the photoinitiator into the polymer network. A
wavelength of 4 = 515 nm was used to influence the course of
the reaction during the writing, and this influence can be
adjusted by changing the writing speed, the number of passes,
and the repetition rate, as detailed in our previous report.”®
This enhancement indicates the successful incorporation of the
photoinitiators into the polymer network. Detailed measure-
ments are available in the Supporting Information.

2.4. Thermogravimetric Analysis (TGA). The thermal
properties of polymer composites are important in engineering
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Figure 2. Refractive index vs wavelength of the studied materials
before writing. A comparison between PDMS composites at five
different wavelengths (473, 632.8, 964, 1311, and 1552 nm) was
measured by the prism coupling method.

applications. It is essential to understand the thermal stability
of our materials before exposing the films to the fs laser to
avoid damaging the films. Fs-laser writing deposits a lot of
energy in a small local volume, which leads to an increase in
the local temperature. If the material has high thermal stability
without reaching the degradation limit, it can be considered a
good candidate for writing applications. Hence, the TGA of
pristine and doped PDMS heated up to 800 °C using a
constant heating rate of 10 °C min~' were analyzed in air/
nitrogen atmospheres. The decomposition was evaluated at
different percentages of weight loss (T sy and Tp,,) (Table
1). All the studied TGA traces of various polymer composites
under a stream of nitrogen are shown in Figure S2. Note that
the composites were also studied in an air atmosphere (Figure
4a) because they may have specific applications in an oxidative
environment. Moreover, we would like to emphasize that the
weight loss of the composites is influenced by the wt % and the
type of photoinitiator agent.

As observed in Figure 4a, the decomposition weight loss of
pristine and doped PDMS mostly occurred at temperatures
higher than 350 °C. The results show that all composites and
pristine PDMS display a high heat resistance, with only 1%
weight loss between 265 and 290 °C. The initial thermal
decomposition temperature (Tys.) is defined as the
temperature at which the mass loss of 5 wt % occurs, and it
was observed in the range of 390—406 °C in N, or in the range
of 363—391 °C when the air environment was used. The
observed thermal stabilities of various composites are high and
will therefore avoid degradation of the samples under fs lasers.

Notably, the degradation behavior of the composites in the
air begins at lower temperatures and has multiple degradation
steps, of which rapid decomposition was observed at
approximately around 581—646 °C. The residual weight loss
ranged between 23 and 51% in N,, whereas it is observed to be
40—67% in air. This is attributed to the difference in pyrolysis
characteristics of the different agents in the polymers. These
differences and similarities are even more visible in the
analyzed polymer DTG curves, as shown in Figure S3a,b. For
the pristine Sylgard-PDMS, decomposition occurred in two
steps, indicating that there is a chemical transition that can be
linked to the depolymerization of the PDMS chain through the
breaking of Si—O bonds.>® However, for the doped PDMS,
those steps did not occur, indicating that the material
undergoes direct decomposition. However, in the presence of
air, the thermal behavior of the pristine PDMS is completely
different, as shown in Figure 4a. The degradation of PDMS
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Figure 3. Fs-laser written waveguide. The corresponding refractive index profiles of (a) pristine PDMS with parameters: repetition rate 606 kHz, 8
passes, and 25 mm-s™'; (b) with parameters: 101 kHz, 8 passes, and 20 mm-s™"; (c) PDMS/BP with parameters: repetition rate 606 kHz, 2 passes,
5 mm-s™’, and a near-field optical micrograph of the cross-section of the waveguide; (d) PDMS/Irgacure 184 with parameters: repetition rate 101
kHz, 2 passes, 5 mm-s~', and a near-field optical micrograph of the cross-section of the waveguide; and (e) PDMS/BP + Ge(ATEG) with
parameters: repetition rate 606 kHz, 8 passes, 15 mm-s~}, and a near-field optical micrograph of the cross-section of the waveguide.

Table 1. Summary of the TGA Results for All Blends under N, and Air and DSC of the Polymer Composites of PDMS“

TGA (°C)* 5 wt %

polymer composite N, air N,
pristine PDMS 406 383 S3
PDMS/ATEG 398 377 72
PDMS/BP 400 362 72
PDMS/BP-ATEG 400 375 5SS
PDMS/IRG.184 391 364 71
PDMS/IRG.500 3758 35§ 63
PDMS/IRG.1173 378 382 59
PDMS/IRG2959 382 364 S0
PDMS/zirconite 399 380 39
PDMS/TiO, 393 362 36
PDMS/(MACMTG) 2% 400 375 77

total wt 9%°

DSC
air Toax (°C)¢ weight lost ng (°C) AC?] gt K!
67 581 —123.1 0.167
68 583 —122.5 0.170
65 628 —123.3 0.157
S0 615 —123.0 0.184
44 596 —122.5 0.170
47 655 —-121.6 0.151
67 586 —122.7 0.180
40 570 —122.8 0.180
52 646 —123.7 0.157
53 586 —123.1 0.130
50 613 —122.7 0.135

“(a, b, ¢, d) Obtained by TGA under a 25 mL/min stream nitrogen atmosphere with a constant heating ramp of 10 °C/ min. (c) T, is extracted
from the first derivative of the TGA, which gives the maximum degradation temperature. (d, ¢) Obtained by DSC under a helium atmosphere with

a heating rate of 10 K/min.
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Figure 4. (a) TGA curves of the polymer composites in air. All
measurements were done under a 25 mL min™" stream of air, and the
samples were heated up to 800 °C, at a heating rate of 10 °C min™".
(b) DSC curves of the polymer composites and their corresponding
T, thermal events.

32343

starts at lower temperatures, and more than one stage of
degradation can be identified. This observation means that the
pristine PDMS polymer chains were modified by crosslinking
with doped agents. This result could be ascribed to the
formation of the radical and oxidation of the agents and
contribute to the faster initial decomposition temperature in
air. It can be concluded that the initial and final temperatures
of the decomposition of all samples are different. These
thermal events indicate that the effect of the fs laser will vary
between the different composites and should be taken into
consideration during the parameter writing.

2.5. Differential Scanning Calorimetry (DSC). Figure 4b
shows thermograms from the DSC measurements of the
polymer composites in the presence of different photo-
sensitizers. The measured glass transition temperatures (T})
showed no significant difference in the T, temperatures for
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Figure 5. SEM images of (a) and (b) PDMS/BP + Ge composite cross-sections showing the laser-inscribed waveguides. (c) EDS mapping of the
composite’s cross-section. A higher concentration of carbon and oxygen is noticeable at the waveguides.

Sylgard-PDMS and the composites. The results indicate that
the introduction of a photosensitizer does not change the glass
transition temperatures. Crystallization and melting events
were not clearly observed for Sylgard-PDMS, as shown in
Figure 4b. The heat capacity, C,, associated with the T, was
found to be in the range of 0.151—0.184 J ¢~! K™ with no
significant changes, AC,, among the polymer composites
(Table 1). In the glassy state, the process requires a great
degree of cooperativity between the chain segments, which is
associated with a large energy barrier in the early stages of the
transition. In this case, lowering the energy barrier can be
achieved by increasing the temperature.

2.6. Analysis Based on Powder X-ray Diffraction
(PXRD). To study the effect of the radicals on the
photosensitized PDMS structure, we conducted PXRD (see
the SI) before and after laser writing. The samples were studied
using the EVA package (Bruker), in which the calculated
crystallinity index functionality is incorporated into the
software. The PDMS structure is a semi-crystalline material
that has a prominent amorphous phase. To enhance the
reactivity of the PDMS, the pristine samples were blended with
various organic and inorganic molecules. These molecules were
first tested to study whether the crystallinity of the materials
was affected before exposure to writing (as fabricated). Note
that all the composites were treated similarly and were
thermally cured. Our goal is to find a suitable photoinitiator-
based composite for fs-laser writing.

Initially, we studied organic molecules such as benzophe-
none (BP) that have a direct influence on the crystallinity of
the structure (Table S2). The PDMS in this blend loses
crystallinity (Figure S4); however, when switching from BP to
IRG 184, amorphization was improved slightly. Other
photoinitiator agents such as IRG 1173 and IRG 2959 did
not improve the amorphization of the PDMS any further.

Notably, a mixture of BP and IRG 184—namely, IRG 500—
also did not affect the crystallinity of the structure. Therefore,
the trend in the photoinitiator agents of organic molecules on
PDMS can be categorized as follows: IRG 184 > BP > IRG
1173 > IRG 500 > IRG 2959. In contrast, we have studied the
influence of inorganic additives on the PDMS, and we found
that using TiO, has a greater effect on the structure compared
with ZrO,. However, the addition of TiO, and ZrO, resulted
in aggregation into the PDMS thin films, which reduces the
transparency of the desired composites. Unlike TiO, and ZrO,
agents, the use of a liquid agent such as the germanium
complex achieves a direct reorganization of the PDMS
crystallinity and preserves transparency.

As mentioned above, the original PDMS control loses
crystallinity when a photoinitiator is used; however, we were
interested in probing whether we could write on the film using
an fs laser (515 nm), in which we found that the laser engraves
the film as deep as 400 ym. In those materials, we initiated the
photosynthesis by mixing the PDMS with BP, IRG 184, and/or
the Ge complex; the results are organized in Table S3. The
addition of 3%—4% BP (we did not exceed the addition of 4%
as it results in decreased transparency of the film) results in a
slight increase in amorphization owing to the reactivity of BP
as a type II photoinitiator (Figure SS). The use of IRG 184,
which is considered a type I photoinitiator, decreases even
further the crystallinity in comparison with pristine PDMS.
IRG 184 consists of two reactive radical sites on the molecule
that can readily react with the PDMS functionalities.
Alternatively, the blend Ge complex with IRG 184 in PDMS
led to almost no change in amorphization. The reason for the
low reactivity is the presence of two photoinitiators (type I)
competing on the radical sites. In contrast, the addition of
approximately 2% of the Ge complex, which is used as a
cleaving agent, decreases the crystallinity by 7%. A pronounced
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Figure 6. AFM of the PDMS/BP + Ge composite. (a) Cross-section topography created during the cryo-fracture, and (b) its respective phase
image. (c) Higher magnification of the central section of a waveguide shows the presence of particles of ca. 30—40 nm. (d) Phase image of (c).

amorphization degree was obtained when the Ge agent and BP
blended with PDMS. A noticeable increase in amorphization
was obtained by using BP/ATEG mixed with PDMS, with an
increase of 11%. The presence of both the Ge complex and BP
type II photoinitiator generated competition for reacting with
the PDMS radicals on the allyl functionalities and H-atoms.

2.7. Scanning Electron Microscopy (SEM) and Atomic
Force Microscopy (AFM). Selected samples for SEM and
atomic force microscopy (AFM) were prepared by excising the
inscribed waveguides from the rest of the PDMS. The samples
were then immersed in liquid nitrogen for a few minutes. Once
thermalized, the samples were cryo-fractured inside liquid
nitrogen. The surface of the fracture was recovered and
mounted on SEM stubs using silver epoxy conductive glue.
Furthermore, a Pt—Pd thin film was sputtered on the fractured
surfaces to avoid excessive charging. Electron microscopy
(Quanta 3D FEG, FEI) was used to image the fractured
surface and identify the waveguide’s relief after the fracture. In
addition, X-ray energy-dispersive spectroscopy (EDS) was
employed to identify and image the distribution of the
elements at the cross-section.

AFM images were acquired in a Nanoscope V (Bruker)
scanning probe microscope, operating in the tapping mode

with a silicon tip (Bruker), whose resonance frequency was
close to 300 kHz. The mounted samples for AFM imaging
required no further preparation after cross-sectioning in liquid
nitrogen. The height and phase images were acquired directly
from the surface of the fracture, ie, the waveguide’s cross-
section. The images were processed using the Gwydion SPM
analysis software.

The SEM images of the cryo-fracture of the sample PDMS/
BP-Ge show the cross-section of the laser-inscribed waveguides
(Figure Sa). The PDMS matrix displays a classical conchoidal
fracture characteristic of glassy materials, while 10 parallel
waveguides can be noticed aligned vertically. The cross-section
of the waveguides has an average length of 18.0 + 0.5 ym, an
average maximum width of 1.0 + 0.15 um, and a periodicity
value of 52 + 02 um. A higher magnification of the
waveguide’s cross-section (Figure Sb) demonstrates that the
fracture of the waveguide differs from the PDMS matrix, with
the waveguide having a grainy appearance.

EDS mapping allows the identification of the chemical
elements while showing their spatial distribution. Although the
mapping has not been acquired to quantify the elements, the
signal intensity qualitatively reflects their local concentration.
The mapping presented in Figure S suggests that the
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Figure 7. (a) Raman spectroscopy of Sylgard-PDMS pristine sample writing grating parameters (repetition rate 606 kHz, 8 passes, and 25 mm-s™")
at different temperatures in three regions. (b) Raman spectroscopy of PDMS blended with the BP sample with parameters: repetition rate 606 kHz,

two passes, and 5 mm-s™" at different temperatures in three regions.

composition of the waveguides differs slightly from the matrix
one. Carbon and oxygen signals are more intense at the region
of the waveguide’s cross-section, suggesting that this region
presents a higher concentration of these atoms. Indeed, an
EDS profile extracted from a line crossing multiple laser
inscriptions demonstrates that they present a higher carbon
and oxygen content and are slightly deficient in silicon than the
PDMS matrix (Figure S, bottom left). The germanium content
appears to be unaffected by the laser inscription; however, the
low concentration of the Ge atoms in the composite
approaches the detection limit in EDS. Thus, from these
data, it is unclear whether the germanium concentration is
locally affected by the laser inscription.

The waveguides were imaged by AFM (Figure 6), where
both topographical and phase images were recorded for
PDMS/BP + Ge. The waveguide relief created during the cryo-
fracture is approximately 300 nm in relation to the surrounding
PDMS surface, and the grainy structure observed in SEM
images is also present in topographical images. Therefore, the
origin of the small particles present within the waveguide is the
sample itself rather than some imaging artifact. Figure 6¢c
depicts a higher magnification of the central section of a
waveguide. Particles of ca. 30—40 nm are ubiquitous inside the
zone affected by the laser inscription. The phase images
(Figure 6b,d) suggest that the waveguides present a stiffer
mechanical response than the PDMS matrix, corroborating the
results presented in Section 2.9 “Tensile Test”. Rather than the
particles, the phase image suggests that the major source of a
mechanical phase shift, i.e., a local increase in the stiffness is
the medium surrounding them.

2.8. Variable-Temperature Raman (VT-Raman). The
chemical compositions of fs-laser writing on PDMS elastomeric
composites were investigated by Raman spectroscopy to probe
the structural changes upon heating. Owing to the photo-
sensitivity and the generation of radicals, all samples had a high
fluorescence background; therefore, the relative intensities
between the different spectra of the same samples were
calculated. A typical Raman spectrum presented in Figure 7a
shows the following vibrational modes of the pristine PDMS
elastomer material for Si—, C—, O,, and H, bonds; these
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include specific characteristics of various chemical stretches
such as 488 cm™ (Si—O—Si(ym wretching); 685 cm™' (Si—
CH3(sym rocking)); 707 Cm_l (Si_C(sym stretchin ))) 787 Cm_l
(CH3(asym rocking) and Si_C(asym stretching)/j 858 cm™!
(CH3(sym rocking))3 1262 cm™ (CHS(sym bending))} 1411 cm™
(CH3(as bending))i 2909 cm™! (CH3(sym stretching))} and 2970
cm™! £H3(asym stretching)). These assignments are in good
agreement with those found in the literature.”* The Raman
and IR spectra of the selected composites are shown in the SIL

Next, we studied the effect of temperature on the grating
PDMS samples, mainly in selected three spectroscopic regions
for clarity. The intensity of the bands was mostly attributed to
C-Si—-C, Si—0-S§i, and Si—C,) bonds in the PDMS
control. Note that the intensity of these stretches increases
with the increase in temperature. In contrast, the intensity of
the CH3£Sym rocking) i the following peaks 68S, 707, 858, and
787 cm™ was decreasing, and it can be related to the breaking
of the Si—CHj;, Si—C, and CH; bonds. The shoulder at 685
cm™! assigned to Si—CHj(gym rocking) disappears after heating to
70 °C; this can be related to the formation of the
microcrystalline Si—C bonds. Another decrease in the intensity
was observed in the second and the third selected regions from
1200—2600, 2800—3000 cm™" assigned for CHj(sym bending) 2nd
Si—CHj(ym and asym stretches)y T€spectively, as the temperature
increased. To summarize, the temperature has a direct effect
on the rocking stretches and leads to a weak decrease in the
intensity as bonds are breaking, whereas the other stretches
exhibit a slight increase in the intensity owing to the formation
of new bonds. The resulting details of all described samples
and their assignments of the bands and intensities are given in
the SI.

For comparison, we have selected the PDMS/BP blend, as
shown in Figure 7b. All the selected organic and inorganic
photoinitiator-based PDMS materials are organized in the SI.
The results indicate an increase in the regions attributed to the
C-Si—C, Si—0-Si, and Si—C,,) bands in the PDMS and a
decrease in the intensity of the Si—CHj(gym rocking) @S expected.
Interestingly, the Si—CHjy,p,) at 2900 cm” exhibits no change
in intensity, and we hypothesized that the BP is reacting with
vinyl bonds rather than the CHj-functionalities during the
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radical reaction. Similar behavior to that of the BP composite
was observed in the case of IGR-184. However, switching to
PDMS/Ge, the same Si—CHj(gym rocking) Stretch did not show
any changes because the Ge complex has a C—CH; symmetric
deformation, and this also appeals to the composite of PDMS/
Ge + BP. It is worth mentioning that the Ge and Ge + BP-
based composites led to the formation of three new peaks that
were not assigned and require further investigation. In general,
we observed from Raman spectra that fs-laser writing causes
major deformation in the PDMS structure in all composites.
2.9. Tensile Test. The mechanical experiments were
performed on PDMS-Sylgard as a controller, and some
selected composites (PDMS/Ge, PDMS/BP-Ge, and PDMS/
IRG 184) before and after writing/grating were tested. The
experiments were performed in triplicates. Here, we report the
engineering stress, strain, and Young’s modulus as average
values and their corresponding standard deviations. The
samples before writing showed a lower Young’s modulus
with improved elongation at the break event displaying a
classical trend. Note that the chain extenders or the reactive
photoinitiators that react with both PDMS would create a
grafted composite, enhancing the elongation (Table 2). The

Table 2. Tensile Strength Values (MPa), Young’s Modulus
Values (GPa), and Elongation at Break (%) of PDMS
Compositions before Writing and after fs-Laser Writing

tensile strength  Young’s modulus elongation at

composites [MPa] GPa] break [%]
PDMS compositions before fs-laser writing
PDMS/ controller 2.1 + 0.6 6.51 + 1.61 76 + 2.3
PDMS/BP 0.6 + 0.08 1.19 + 0.03 66 + 9.4
PDMS/ATEG 042 + 0.2 0.8 + 0.17 60 + 21.4
PDMS/IRG 184 1.8 + 1.3 3.7 + 1.52 6S + 174
PDMS/BP + Ge 091 + 12 1.67 + 0.56 107 + 13.62
PDMS compositions after fs-laser writing
PDMS/controller 3.65 + 1.4 934 £ 1.77 90 + 25.29
PDMS/ATEG 0.1 + 0.06 0.79 + 1.17 22 + 10.08
PDMS/IGR 184 0.74 + 0.4 2.19 + 0.04 62 + 19.33
PDMS/BP + Ge 0.42 + 1.56 3.08 + 1.0 92 + 19.86

Young’s modulus displayed after writing was as expected for
PDMS/Ge and PDMS/IRG 184 led to the sacrifice of the
mechanical properties in tensile strength. The tensile strength
results are reported in Table 2. Note that a high elongation
represents an improvement in the impact property of the
material; otherwise, it shows brittleness.

2.10. Dynamical Study vs Temperature. The dynamic
study was performed in parallel with variable-temperature
Raman spectroscopy to observe any changes that may occur in
the structural and mechanical properties. In this study, we kept
a constant frequency of 1 Hz, in which storage and loss
modulus were calculated by TA Average Instruments (Figure
S10 and Table S9). The selected samples were measured over
the temperature range of 40—190 °C and at temperature
increments of 30 °C. All the samples behave similarly, but the
PDMS/BP composite shows a fluctuation in storage and loss
modulus with an increase in temperature of 100 °C. The
reason behind these fluctuations is the BP photoinitiator’s slow
radical formation and chemical reactivity.”> The chemical
reactivity of the BP was observed to stabilize above 100 °C, as
shown in the SI.

2.11. Kinetic Study of the Aging Process. To
understand the effect of aging on the studied materials after
fs-laser writing, we performed a kinetic study. Our aging
measurements were dependent on several writing parameters
reported previously by us,” such as a power range from 4 to 8
mW, a writing speed of 20 mm-s™}, a repetition rate in the
range of 101—606 kHz, 4, 0f S15 nm, a pulse width of 250
fs, number of passes 1—8, and focus lens (NA) of 0.01 and
0.25. These parameters can vary between photoinitiators
depending on their chemical sensitivity.

The pristine PDMS and selected samples were analyzed for
RI change at two different times: T, (starting testing time) and
T; (final testing time). In the case of the control, the main
observations were that there are no significant changes over
aging time and RI change, remain intact, and transparent.
Moreover, similar observations in comparison to the controller
were found in the blends of PDMS with BP, Ge, and IRG 184
at both repetition rates (101 and 606 kHz, see the SI). In
contrast, the PDMS/BP + Ge composite exhibits lower
tolerability when the sample was aged at a high repetition
rate of 606 kHz (Figure 8).

In addition to the aging time, we conducted thermal aging as
an example of the PDMS/IRG 184 composite (Figures S19
and S20). Noteworthy, all the PDMS composites were
thermally exposed after fs-laser writing in order to verify
their thermal resilience. We placed the samples at a given
temperature for nearly 1 h in the oven, followed by slow
cooling under ambient conditions. Only then the measure-
ments were conducted in triplicates at each temperature. The
sample was tested at a temperature range between 40 °C and
190 °C involving two repetition rates (606 and 101 kHz). The
sample at the repetition rate of 101 kHz had a lower RI change
above 150 °C. In contrast, replacing the repetition rate with
606 kHz resulted in an even lower RI change above 130 °C.
This is expected owing to the use of higher power combined
with heat accumulation. Notably, both repetition rates have an
optimal RI change at 70 °C. We hypothesized that at this
specific temperature, we obtained the highest amorphization
degree that increases the flexibility of the polymer chains, thus
increasing the RI change, whereas at a higher temperature of
70 °C, the polymer begins to burn. Finally, we decided to
study the effect of three selected solvents on the writing shape
and morphology. The studied samples PDMS/BP + Ge and
PDMS/BP were soaked in acetone, isopropanol, and water for
periods of 1 and 24 h. Images of the samples before soaking,
when the samples were wet, and after drying were obtained
using a digital microscope. Water had minimal to no effect on
the shape or morphology of the samples. In contrast, both
acetone and isopropanol result in swelling of the samples
(images are shown in Figure S21).

3. CONCLUSIONS

In conclusion, this study represents a significant contribution
to the ongoing exploration of photosensitized PDMS and its
potential application for fs-laser writing. By investigating the
effects of fs-laser writing on the polymer structure, mechanical
properties, and optical characteristics, we have gained valuable
insights into the behavior and performance of PDMS under
different conditions. We demonstrated a significant advance-
ment in the refractive index change, achieving a remarkable 15-
fold improvement in the case of PDMS/BP-Ge (a composite
of benzophenone (BP) and allytriethylgermane). Furthermore,
the optical performance levels of the PDMS composites,
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including Irgacure 184/500, BP-Ge, and Ge-ATEG, show a
relative difference of less than 5% when compared to pristine
PDMS, placing them on par with glass materials. Also, the
polymer composites (e.g, PDMS/IRG 184 composite) were
stable and transparent over the aging time, with no significant
changes in RI change. The fs-induced RI change varied with
the repetition rate, showing a lower RI change at an aging
temperature above 150 °C for 101 kHz and an even lower RI
change above 130 °C for 606 kHz due to higher power and
heat accumulation.

These findings highlight the potential of specific photo-
initiators, such as BP-Ge, to greatly enhance the refractive
index change and optical properties of PDMS. One of the key
aspects of our research was the careful selection of organic and
inorganic photoinitiators, which played a crucial role in
generating radical initiations within the polymer backbone.
The fundamental characteristics of PDMS and its response to
temperature variations, refractive index changes, and aging
were thoroughly investigated. The outcome of these
observations shows that the selection of a photoinitiator is
crucial and can be adjusted according to the desired chemical,
mechanical, and photonic properties of PDMS but is also
significant as parameters of fs-laser writing.
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4. MATERIALS AND METHODS

Composites were prepared according to our previously
reported fabrication method.”® Typically, the PDMS prepol-
ymer containing divinyl-end groups (Sylgard-184: base ma-
terial) was mixed at a high speed with 2—4% (w/w) of a
photosensitizing agent and subsequently ultrasonicated for 15
min. To blend, a curing agent, containing Si—H functional
groups, and a platinum catalyst were added in a ratio of 10:1
(w/w), and the mixture was sonicated for a further 1—2 min.

The blend was kept under a vacuum for 30 min to remove
the air bubbles produced during the mixing process. The
bubble-free liquid PDMS composites were then poured into a
designed mold of § X 2 cm* with a depth of 1 mm, which was
finally placed in an oven at 80 °C for 2 h. The set molds were
removed, and the flexible films were allowed to cool to room
temperature. The transparency of the films was observed
visually and further studied by UV—vis spectroscopy before
performing any laser-based writing, as shown in Figure 9.
Samples were rejected if they showed the presence of
aggregation, crystallization, or any signs of degraded
mechanical quality.
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Figure 9. Schematic route for the fabrication of photosynthesized PDMS composites of the various [A (organometallics) and B (organics)]
photoinitiators incorporated in PDMS. (a) Transparent film, (b) fs-laser writing scheme, (c) written sample side by side, and (d) analysis figure.

4.1. Femtosecond Writing. Based on our previous
;7% we wrote our inscription using a 250 fs laser at a
wavelength of 515 nm, thus yielding a multiphoton absorption
process in order to cross the bandgap. The repetition rate of
the laser was changed from 101 to 606 kHz using a pulse
picker to ensure that the pulse energy is conserved, and the
intensity of the laser is 6.8x10'> W/cm?*° while the writing
speed was varied from 1 to 40 mm/s. The number of passes
used to induce the RI change was changed from 1 to 8. The
parameters were employed on every sample to map the RI
change. The pulse energy was kept constant at 6.6 nJ and was
measured using an Olympus microscope lens with a numerical
aperture (NA) of 0.4.
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