REVIEW

W) Check for updates

OPTICAL

www.advopticalmat.de

Recent Advances in PDMS Optical Waveguides: Properties,

Fabrication, and Applications

Camila A. Zimmermann,* Koffi N. Amouzou, and Bora Ung*

Poly(dimethylsiloxane) (PDMS) has emerged as a promising polymer for
fabricating optical waveguides. Its optical transparency, stretchability,
flexibility, biocompatibility, and facile processing are a complement to
common optical materials that are more brittle and stiff such as fused silica,
polystyrene (PS), and poly(methyl methacrylate) (PMMA). Although PDMS is
not a new material, with its first synthesis dating back to the early twentieth
century, recent decades have seen an increased effort to expand its use in
optical waveguides beyond conventional rubber applications. This review
compiles established concepts and new advancements in PDMS science to
shed light on limitations and new opportunities to better harness PDMS’
potential for optical waveguiding. With the materials science tetrahedron in
mind (structure, properties, processing, and performance), this review
explores the state-of-the-art in PDMS waveguide technology and exposes
relevant basic concepts pertaining to its physicochemical properties. The goal
is to equip the photonics community with knowledge to further expand PDMS
waveguide technology. The review covers three main topics: PDMS’ key
properties (chemical, optical, thermal, and mechanical, besides biological and

material platform for the fabrication of
integrated optoelectronic circuits.!l Ac-
cording to the Integrated Photonic Systems
Roadmap - International (IPSR-I) program
on polymer materials, the commercializa-
tion of POWGs is expected to continuously
grow and gradually displace existing glass,
semiconductor and board-based tech-
nologies over the next decade.?l POWGs,
prepared from optically transparent poly-
mers, have gained great interest over the
years since they combine the advantages
of optical signal processing such as fast
response time, good sensitivity, reliability,
and a set of desired material proper-
ties. They are lightweight, cheap, easy to
shape, and depending on the choice of the
polymer may present high stretchability,
flexibility, and biocompatibility. All impor-
tant features for applications in wearable

environmental aspects); PDMS waveguide fabrication techniques (processing,
refractive index tuning, and post-processing); and its applications. The review
concludes with a discussion of current challenges and future prospects.

1. Introduction

The optical waveguide market has been valued at USD 8.41 bil-
lion in 2019 and is expected to grow at a compound annual
growth rate of 6.7% until 2027.11 Despite silica-based optical
waveguides making up 32.7% of this market in 2019, polymer
optical waveguides (POWGs) are also considered an important
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devices for motion detection,>” healthcare
monitoring,!®1% soft robotic actuation,!!!
therapeutical light delivery,'>3]  and
data communication,™ to cite a few.

In sensing applications, for example,
the typical stretchable sensors based on
changes in electrical response profit from
well-known materials and sensing mechanisms. On the other
hand, they require complex manufacturing processes in an at-
tempt to combine materials with dissimilar properties. They
are also sensitive to electromagnetic interference and may be
considered an electrical hazard due to current leakage. More-
over, the range of stretchability and flexibility is often limited
by the integrity of the electrical circuit.'**] In this sense, opti-
cal signals are not limited by the integrity of a conductive path,
which can also be dramatically disrupted by corrosion or a dy-
namic regime such as body motion. Although traditional silica
optical fibers offer lower light attenuation compared to polymer
alternatives,!'%!7] they require very high processing temperatures
(approx. 2000 °C),I*¥] and are not biocompatible.[**! Their stiff-
ness and brittleness make them incompatible with long-term ap-
plications that involve a wide range of mechanical deformation
and hinder their use in biomedical applications, be it attached to
the skin or implanted in the body. The mechanical incompatibil-
ity of silica fibers with biological tissues may cause severe reac-
tions and have unfortunate consequences on breakage causing
unwanted tissue damage as this material is neither resorbable
nor easy to recover by explantation.[19-21]
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Polystyrene (PS) and poly(methyl methacrylate) (PMMA) are
prominent polymeric materials employed in the fabrication
of optical waveguides, thanks to their high availability, cost-
effectiveness, and optical transparency.['?223] As thermoplastics,
PS and PMMA optical fibers can be readily produced via in-
dustrial melt processing techniques, such as extrusion and ther-
mal drawing, at processing temperatures ranging from 180 to
260 °C.1"7:3] Room-temperature processing of these polymers re-
quires the use of harsh solvents like toluene. Despite their lower
stiffness (elastic modulus) of 2.2-3.3 GPa compared to silica fiber
counterparts (73 GPa),[**! PS and PMMA fibers still demonstrate
insufficient stretchability with elongation at break between 1.2—
2.5% and 2.0-5.5%,1**] respectively, for applications involving
cyclicloading and large strains, thereby limiting their potential in
such contexts.[1®22] In this sense, poly(dimethylsiloxane) (PDMS)
has been considered a very promising candidate. PDMS-based
optical waveguides can overcome most of the drawbacks men-
tioned above. As a thermoset, its fabrication is possible at room
temperature, and curing at higher temperatures, when needed,
does not exceed 200 °C. The stretchability and flexibility provided
by PDMS give the waveguides the ability to conform well to differ-
ent geometrical surfaces and soft tissues, and withstand repeated
strain regimes, i.e., mechanical compliance, without mechanical
failure. It has been successfully implanted in vivo showing good
biocompatibility.?°] Additionally, this organo-inorganic polymer
combines a set of attractive properties such as high optical trans-
parency, good thermal and chemical stability, and tunable opti-
cal and mechanical properties, that will be revisited in this text.
In this context, the purpose of this review paper is to provide
a summary of the fundamental properties of PDMS as well as
the most recent advances in PDMS optical waveguides for the
photonics and optical sensing communities. This review focuses
on crosslinked PDMS rather than its liquid form. It is divided
into three major sections: properties, fabrication, and applica-
tions. The first section of this review summarizes several impor-
tant properties of PDMS that make it suitable for use as an opti-
cal waveguide. The second item discusses PDMS waveguide fab-
rication techniques, refractive index tuning methods, and post-
modification treatments. The third one focuses on recent ad-
vances in practical applications. Finally, a discussion of current
challenges and future outlook concludes this review.

2. PDMS Definition and Relevant Material
Properties

PDMS has grown in importance in a variety of fields. The
crosslinked material, with its rubber-like behavior and optical
transparency, has also found a place in optical waveguiding.
Among the many interesting properties of crosslinked PDMS,
this section covers the chemical, optical, thermal, and mechanical
properties, as well as some biological and environmental safety
aspects that we believe are critical for adequate material selection
and understanding its performance.

2.1. Chemical Structure and Properties
PDMS belongs to the class of polysiloxanes, also known as sil-

icone rubbers, whose polymer backbone is formed by silox-
ane bonds (Si-O-Si).?¢?’] For PDMS synthesis, dating back
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to a century ago, first silica is reduced to silicon which is
then used to prepare dimethyldichlorosilane. The hydrolysis of
dimethyldichlorosilane in the presence of excess water yields
very short cyclic and linear chains (oligomers). The two chem-
ical routes employed for polymerization and manufacture of
PDMS are: 1) condensation of linear chains in the presence
of acids or bases, and 2) ring-opening of cyclic siloxanes in
the presence of ionic initiators. Details on the polymeriza-
tion reactions and other polymerization routes can be found
elsewhere.[2628-30]

Non-crosslinked PDMS is usually found in liquid or paste
forms. To be used as an elastomeric waveguide, PDMS under-
goes a crosslinking reaction, i.e., curing, so that the polymer
chains are irreversibly linked to each other by covalent bonds.
The crosslinking reactions vary depending on the functional
groups present in the molecular structure of the prepolymer
(i-e., partially polymerized PDMS). Sylgard 184 (Dow Chemi-
cal), for instance, is a well-known commercial PDMS formu-
lation that has been extensively studied. This product is typi-
cally supplied as a two-part transparent fluid that undergoes an
addition-cure reaction. The so-called base (part A) is composed of
a siloxane prepolymer possessing vinyl end groups (—CH=CH,)
and a platinum-based catalyst (Pt). The curing agent (part B)
is a hydrosiloxane copolymer containing Si-H groups that re-
act with the vinyl groups present in part A resulting in a three-
dimensional polymer network.[*33] The chemical reaction be-
tween the two components is depicted in Figure 1 along with
a schematic representation of the molecular structures and the
crosslinked network.

The crosslinking reaction shown in Figure 1 happens at room
temperature and can be accelerated by heat. Deviations from the
ideal base-to-curing agent ratio (stoichiometry) in a formulation
can lead to incomplete crosslinking, resulting in dangling poly-
mer chains and an increased amount of non-crosslinked PDMS
(sol fraction). This impacts the crosslink density, which, in turn,
affects crosslink-density-dependent properties such as the elastic
modulus,?¥ as explained in more detail later. After curing, the
extractable sol fraction has been experimentally determined to
be less than 3 wt% reaching up to 30 wt% depending on the mix-
ing ratio and curing mechanism.[**** Other crosslinking mech-
anisms include free-radical curing of vinyl-terminated PDMS
with organic peroxides and condensation reactions of PDMS
containing end-groups such as silanol (Si~OH) and acetoxy (-
OCOCH,). The curing process of acetoxy-terminated PDMS is
controlled by the moisture content present in the environment
and water diffusion through the material.[*}! The generated by-
products comprise volatile ketones, alcohols, and carboxylic acids
like acetic acid.[28-394344] Both peroxide and Pt-cured systems are
prone to yellowing.3%4] The addition-cure reaction has been pre-
ferred over other curing mechanisms due to the absence of by-
products, negligible shrinkage, and better control of the curing
kinetics and network architecture.[26:28.294446] Recent efforts in
preparing thermoplastic and self-healing PDMS have also in-
troduced the transesterification reactions and other innovative
crosslinking routes.’®#-5%1 Geniomer (Wacker Chemie), for ex-
ample, are commercial PDMS-urea copolymers that render ther-
moplastic processability to PDMS.I>'># One should note that the
final choice of a PDMS formulation is not solely based on the
curing mechanism but also on specific application requirements
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Figure 1. Chemical structure representation of (top) PDMS base prepolymer, curing agent copolymer, and the PDMS repeating unit, (middle) of the
extended molecular structure of the components, and (bottom) a schematic drawing of the same components and the resulting polymer network.

such as faster curing, no yellowing, enhanced mechanical prop-
erties, etc.

The presence of certain chemical groups in the PDMS chem-
ical structure plays an important role in waveguiding within the
visible and infrared ranges as they can be a source of intrin-
sic absorption loss. Figure 2a presents the absorbance spectra of
various commercial PDMS reported in the literature. Figure 2b
shows the absorbance evolution with curing time of PDMS Syl-
gard 184 (Dow Corning, USA) prepared at a 10:1 weight ratio and
cured at 21 + 1 °C in the dark. Data were collected with a UV-
vis spectrophotometer (Cary Bio-300, Variant) in quartz cuvettes
(pathlength of 1 cm).

As depicted in Figure 2a, the PDMS absorbance spectra are
very consistent, in the visible range, with no absorbance peaks.
The vibration modes of the methyl side groups (-CH,) and
their overtones are the source of absorption in the near-infrared
range, as shown in Figure 2a, and must be taken into account
during light source selection.[1*3657:6] Meanwhile, z—z* and
n—7x* electronic transitions characteristic of vinyl (or carbonyl
groups in condensation curing reactions) are typically observed
in the ultraviolet range. These electronic transitions can gen-
erate an extended tail in the blue part of the visible spectrum
(Figure 2a,b), leading to considerable loss as light travels along
longer distances.[**! Similarly, changing the mixing ratio between
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Figure 2. a) UV-NIR absorbance spectra of commercial Pt-cured PDMS: MED 4860 (NusSil),[°] QSil 216 (Quantum Silicones),[>®] LS-6941 (NuSi),[>¢]
Elastosil RT 601 (Wacker Chemie AG),I>7] Sylgard 184 (Dow Corning),[56°859] respectively. b) UV-vis absorbance spectra evolution of PDMS 10:1 as a

function of curing time at room temperature, 10 mm-thick. For reference, the
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visible range is highlighted in the background.
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components and the catalyst concentration may result in addi-
tional attenuation as the content of reactive chemical groups is
changed.’7->%! In this sense, Figure 2b shows that no significant
changes in the PDMS absorbance spectra are observed in the vis-
ible range with time whereas the peak at 265 nm decreases as
the curing process evolves and the concentration of vinyl groups
decreases due to crosslinking.

Crosslinked PDMS is a hydrophobic polymer and insolu-
ble in water. It presents a very low surface free energy (20.7—
24 mN m™!) and a static water contact angle larger than 92°,
regardless of the mixing ratio.l®*%) Such surface properties are
assigned to the nonpolar methyl side groups that arrange them-
selves around the polar Si-O backbone (Figure 1) and ensure its
long-term stability in water and water-filming resistance.[26-2863]
Regarding its exposure to aqueous environments, its contact with
a variety of diluted acidic and alkaline aqueous solutions has
shown no significant swelling which allows PDMS waveguides to
be used in these environments.3*l However, other components
such as silica or salts may be part of PDMS composition greatly
increasing its water uptake.[°¢”] Moreover, PDMS is prone to dis-
solution in corrosive and concentrated mediums such as sulfuric
acid, trifluoroacetic acid, hydrofluoric acid, dipropylamine, potas-
sium hydroxide (KOH, 183 g L~! at 55 °C), and tetrabutylammo-
nium fluoride (TBAF) solutions.[3#626869]

The mixing ratio between base and curing agent plays a role
on PDMS chemical resistance to organic solvents. It is generally
accepted that an increase in crosslink density is accompanied by
a drop in the swelling ratio due to molecular mobility and free
volume reduction as demonstrated by Ramli et al.[*°l Notably, in
another study it has been found that at a mixing ratio of 2:1,
the swelling ratio in five different solvents was higher than at
the manufacturer’s recommended ratio of 10:1. The latter result
was associated with the formation of a rigid and fragile material
structurel® that would suggest a lower crosslink density. Mean-
while, at 20:1 mixing ratio, PDMS presented the highest swelling
ratio, when in contact with hexane and toluene.l’!l In general,
solvents with a total Hansen solubility parameter (8) closer to the
one of PDMS (between 15 and 16.9 MPa'/?) and lower polar sol-
ubility parameter contributions, are better swelling agents either
as liquids3#6179711 or vapors.l’273] The influence of raising the
temperature on the swelling extent can vary depending on the
solvent nature, increasing or decreasing it.”>! The swelling sus-
ceptibility of PDMS waveguides may limit their use in certain ap-
plications where dimensional stability is mandatory. Meanwhile,
it can also be exploited as a sensing mechanism through changes
in volume and optical properties, to detect and quantify organic
solvents.l”27+77] The incorporation of silica fillers can be used as
a strategy to reduce PDMS swelling ratio.”®!

2.2. Optical Properties

PDMS has interesting optical properties so that it has been in-
creasingly used in optical systems (adaptive lenses, tilting mir-
rors), sensing and photonics devices, microelectromechanical
systems etc. PDMS is a transparent material with high transmit-
tance (>90%) over a wide wavelength range beginning around
300 nm and extending up to 1100 nm in the NIR.>>7280 [t
retains its transparency even when filled with large amounts
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of silica fillers, which are commonly used to improve me-
chanical properties,!®18] zirconium dioxide (ZrO,),®*] or doped
with germanium.!8#) PDMS with temperature-dependent opti-
cal transparency has been fabricated by embedding paraffin and
beeswax,!86#”] which may be an alternative to fine-tuning the sen-
sitivity of PDMS waveguides to a specific temperature operating
range. Additionally, PDMS has shown a glass-like autofluores-
cence response when excited with lasers in the visible range. The
low autofluorescence signal makes it a potential candidate for use
in laser-induced fluorescence sensing.[®8

Aside from the required refractive index (RI) contrast between
the core and cladding for light-guiding by total internal reflection
(TIR), the RI is a key property in the calculation of waveguide pa-
rameters such as numerical aperture, mode dispersion, and Fres-
nel losses. The dimensionless RI is the real part of the complex
refractive index, n* = # + ik, whose imaginary component « is the
absorption index, also known as the extinction coefficient. The RI
correlates with the chemical structure of polymers, more specifi-
cally with their molar polarizability and molar volume (i.e., mate-
rial density). The polarizability of a molecule is the tendency of an
electron cloud to form dipoles when it interacts with the electrical
field of an electromagnetic wave (i.e., light). In that regard, math-
ematical models have been developed to estimate the RI value
from the molar refraction group contribution.[®! Meanwhile, the
extinction coefficient estimates the absorption loss during light
propagation in a waveguide and can be obtained using a com-
bination of ellipsometry and ray tracing methods.l°*!l Figure 3
depicts the PDMS RI and extinction coeflicient spectra in the vis-
ible and infrared ranges.

In the wavelength range of 400-2000 nm, the refractive in-
dex of PDMS is found to be between 1.45 and 1.37, as shown
in Figure 3a which confirms its dispersive nature. Variations in
RI of PDMS are to be expected between formulations from differ-
ent brands, as well as when processing parameters such as cur-
ing agentamount or curing temperature are changed.[9:9.77:90-92]
Section 3.2 goes into detail about how to tune the PDMS RI us-
ing the aforementioned strategies among others. In the infrared
region, Figure 3b, PDMS RI ranges from 0.9 to 2, with anoma-
lous dispersion regions around 3370 and from 6970 to 12710
nm, with minimum at 8940 nm and maximum at 12708 nm.!*"]
The anomalous dispersion typically occurs near vibrational and
rotational resonance frequencies in the infrared and is charac-
terized by a sharp RI variation with wavelength, as shown in
Figure 3b. Because the phase velocity of light at such frequen-
cies can be faster than the velocity of light in free space, it can
result in values less than one.??! In fact, the PDMS extinction
coefficient spectra (Figure 3d) presented peaks of high intensity
in the same infrared range, which have been assigned to the
vibration modes of CH;, Si—-O-Si backbone, and Si-C whereas
the extinction coefficient peaks in the near-infrared region
(Figure 3c) have been attributed to various vibration modes of
the methyl groups (CH,).57°%%1 Furthermore, chromatic disper-
sion in PDMS optical waveguides, resulting from the wavelength-
dependent RI, is evident in reported modal propagation con-
stants of —137 psenm~lekm™! at 850 nm and —47 psenm~lekm™!
at 1300 nm.[*!

Figure 4 displays a comparative plot of propagation loss, pri-
marily assessed using the cutback technique, for various PDMS
formulations, including Sylgard 184 prepared under different
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Figure 3. a) Plot of commercial PDMS refractive indices: Elastosil RT 601 (Wacker Chemie AG),[*1 QSil 216 (Quantum Silicones),[*® LS-6941 (NusSil),[°¢]
RTV 615 (GE Silicones),[7’] Sylgard 184 (Dow Corning),[367792] respectively, and PDMS (Dow Corning).[*!l b—d) The refractive index and extinction
coefficient plots of PDMS (Dow Corning) prepared at 10:1 Base-to-curing-agent ratio. Data extracted from ref. [90,91]. For reference, the visible range is

highlighted in the background.

conditions, as well as UV-curable, phenyl-substituted, and ther-
moplastic PDMS formulations.

As shown in Figure 4, light attenuation in PDMS can vary
widely in the visible range, where it’s been mostly investigated,
owing to different methodologies adopted for sample prepara-
tion and testing. Meanwhile, propagation losses in the NIR have
yet to be measured. Although major trends are not clearly dis-
played in Figure 4, Sharma et al., for example, found a signifi-
cant difference in light attenuation at 660 nm after curing PDMS

10:1 at 200 °C for 22 min vs 37 min at 125 °C (Figure 4, 2B).
Changing the mixing ratio of Sylgard 184 away from the rec-
ommended 10:1 base-to-curing-agent ratio resulted in higher at-
tenuation values (Figure 4, 2B vs 3B), and the standard devia-
tion and thus, data variability, appeared to increase with the in-
crease in the base-to-curing-agent ratio.** Partial or complete
substitution of methyl groups in the PDMS backbone for other
functional groups (Figure 4, conditions 5 and 6) have an effect
not only on propagation losses but also on absorption losses.

1600 - @ Sylgard 184 10:1 % 4Q 5V 4P
= Sylgard 184 10:1 high T
1400 - Sylgard 184 5:1 57 5T n
€ Other PDMS formulations 5V.
£.1200 Phenyl-substituted PDMS *
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Figure 4. Plot of propagation loss for different wavelengths. Data points are identified by a combination of the category number and a corresponding
letter from the reference. Category 1 PDMS Sylgard 184 prepared at 10:1 and cured at room or near-room temperatures (22-37 °C): A at 25 °C for 24 h,[®]
B at 23 °C for 96 h,[°*] C at 37 °C for 48 h,[%5] D at 22 °C for 23 days.[°] Category 2 PDMS Sylgard 184 prepared at 10:1 and cured at high temperatures
(60280 °C): B at 75 °C for 2.5 h, 125 °C for 37 min, and 200°C for 22 min,[®*] E at 80 °C for 40 min,[’] F at 75 °C for 45 min,[%7] G at 80°C for 2 h,[8]
H at 80°C for 2 h.[% | at 150°C for 1 h.I'% | at 60°C for 4 h.['9" K at 70°C for 1 h,[84] L at 150°C for 2 h,['02] M at 280°C for 2 5.[2%] Category 3 PDMS
Sylgard 184 prepared at 5:1 and cured at high temperatures (65-125 °C): N at 80°C for 40 min,[®] B at 125 °C for 37 min,[®*] O at 65 °C for 2 h.[%2]
Category 4 Other PDMS formulations: P Elastosil RT 601 (Wacker Chemie),['%] Q QSil 216 (Quantum Silicones),['% R LS-6941 (NusSil).l'%] Category
5 Phenyl-substituted PDMS: S OE-6550 (Dow Corning),['?] T LS-6943 (NusSil),[™! G OE-43 (Gelest),[®®] U LS-6257 (NusSil),l'% V LS-6943 (NusSil).[197]
Category 6 Thermoplastic Geniomer: W Geniomer 100 (Wacker),[°2] X Geniomer 200 (Wacker),[>3! and Y Geniomer 100, 175 and 100-HDS (Wacker).[>1]
Category 7 UV-curable PDMS: C KER-4690 (Shin-Etsu).[*%]
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For example, a decrease in absorption losses from 0.67 dBecm ™

to 0.39 and 0.35 dBecm™' has been reported for phenyl and
fluoro substituents at 1550 nm, respectively,!®] compared to
non-substituted PDMS. On the contrary, the same substituents
caused an increase from <0.01 to 0.22 and 0.05 dB cm™ at
633 nm.[60.108]

With regard to thermal effects on optical properties, PDMS is
known for showing a large decrease in RI as the temperature
increases, with a negative thermo-optic coefficient ranging be-
tween —3.6 X 107 and —4.5 x 10~* K~1.[*1%] Thig feature has
been used to devise optical fiber temperature sensors!'%-111l and
polarization-tunable filters!'!?] with outstanding performance.
Furthermore, the RI of phenyl-substituted PDMS has been found
to be remarkably stable after being subjected to test condi-
tions that replicate typical printed circuit board (PCB) fabrica-
tion steps such as lamination, soldering, dry and damp heat,
and thermal shock.**] When tested using similar protocols, the
insertion loss of PDMS waveguides ranged between 0.02 and
0.07 dB cm~1.1#113-115] Tt should be noted, however, that PDMS
temperature stability is highly dependent on proper curing, as
failure to do so results in a partially cured material that is more
sensitive to post-processing steps involving high temperatures.

Mechanical strain can cause the PDMS dipole density to
change locally, affecting the RI and other optical properties. In
this regard, Park et al. evaluated the optical and mechanical prop-
erties of thin PDMS films (10-70 um) on glass when subjected
to flat-punched indentation using experimental data and a fi-
nite element simulation."'®! The authors discovered that the RI
of PDMS films increased with increasing load, with a signifi-
cant difference between the bulk and bottom surface values due
to variations in the material's local density. The bulk RI was
estimated to reach 1.476, whereas the bottom surface reached
only 1.435 due to stress-strain distribution through the film.
They also found that the thinner the film, the more the RI be-
comes sensitive to mechanical stress. In another study involv-
ing compressive forces, the effect of compression up to a rela-
tive strain of —0.5 showed that PDMS RI reached 0.5 at 1500
nm, while the transmittance at 1700 nm decreased by a factor
of three.l'””] On the other hand, a negligible RI change (400 to
850 nm) for strains up to 50% has been reported for PDMS
films under tensile forces.['*®! Such stress-induced variations in
RI must be considered when designing waveguides that will be
subjected to compressive forces and exploited in the develop-
ment of strain sensors. Although crosslinked PDMS is consid-
ered an isotropic material, under mechanical stress, its RI can
change for perpendicular and parallel-polarized light, which is
known as stress- or strain-induced birefringence. Theoretically,
the stress-optical coefficient (C,) for uniaxial tension in elas-
tomers can be directly expressed by the ratio between birefrin-
gence and the retractive stress, C, = Az/o. The stress-optical
coefficient is considered independent of the crosslinking den-
sity, slightly dependent on temperature,!®! and varies nonlin-
early in bimodal PDMS networks as a function of the short-chain
fraction.['’) In compression and tension, PDMS optical birefrin-
gence has been measured in the order of 10~ to 10~* in the visi-
ble and NIR ranges.['"7119-122] In, tensile tests, reported C, values
range from 0.77 x 10~ MPa™! to 2.65 X 10~* MPa~1{7089.119.121]
which can be used in the development of displacement
sensors.
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2.3. Thermal Properties

Knowing the transition temperatures is key for PDMS opti-
cal waveguide design and for long-term material stability. The
glass transition temperature (T,) is defined as the tempera-
ture at which a material cools from the melt going from a
rubbery to a hardened glassy behavior while the amorphous
molecular arrangement of the liquid state is preserved. Melt-
ing and crystallization temperatures, T,, and T., respectively, are
related to polymers whose chains can rearrange themselves in
crystalline domains. T, is the temperature at which the crys-
talline domains melt upon heating, whereas T, is the tempera-
ture at which crystals are formed upon cooling.?*! These tem-
peratures are typically a range rather than a discrete value.
They are influenced by many factors, including polymer mo-
lar mass, presence of fillers or impurities, testing methods,
thermal history, crosslinking degree, and so on, as depicted in
Figure 5a.[2446123-126] With regard to PDMS, the highly flexible
siloxane backbone, relatively weak intermolecular interactions,
and small size of the methyl groups result in very low transi-
tion temperatures (Figure 5a). Average values of neat crosslinked
PDMS are found close to —120 °C for T, while T,, and T, are
~—45 °C and —90 °C, respectively.[12>124127-129] At room temper-
ature, crosslinked PDMS is essentially amorphous with some
semi-crystalline domains. Therefore, PDMS has no stable crys-
tals to act as scattering centers during optical waveguiding.[12%13]
Depending on their chemical nature, composition, and concen-
tration, certain metal alkoxides can elevate the glass transition
temperature (T,) to higher, yet still sub-ambient, levels.!'**1*%]
Fumed silica (FS),'?)] nanosilical'?*! and carbon nanofibers
(CF)131) appear to have little effect on T, as well as other fillers
that weakly interact with PDMS. Meanwhile, crosslink nature
and density may shift T,, by up to 20 °C.['?’]

The energy required to break apart a siloxane bond is estimated
at 444 k] mol~', whereas the carbon-carbon bond energy, typical
of organic polymer backbones, is about 346 k] mol~'.[1°] As a re-
sult, crosslinked PDMS presents negligible weight loss (<0.4%)
below 200 °C and no significant variation in the thermogravimet-
ric behavior up to 150 °C when prepared at varied crosslinking
degrees under either inert (i.e., He, Ar, or N,) or oxidative (e.g.,
O, and air) atmospheres, Figure 5b.323546129.132133,135-137] If the
temperature is further increased up to 900 °C, a series of de-
composition reactions take place, yielding a ceramic material in
the absence of oxygen or, otherwise, char.32137:138] The thermal
degradation products include silicon-based oligomers and cyclic
species, formaldehyde, water, hydrogen, methane, ethylene, and
carbon monoxide.l3%35:126.135.138] [nterestingly, above 150 °C in an
inert atmosphere, a lower mass loss has been observed at a 10:1
base-to-curing-agent volume ratio than at increased amounts of
curing agent, Figure 5b. This thermal behavior was explained by
the lower thermal stability of the curing agent compared to the
base still present after curing for a few days.3?!

Based on the aforementioned transition temperatures and
the thermal stability data for crosslinked PDMS, it is expected
that PDMS waveguides will remain operational over a wide
temperature range, i.e., —45 °C < T < 150 °C. It is notewor-
thy that these values are related to pristine PDMS. The pres-
ence of impurities!'?>12¢ and fillers!'3*!37] may dislocate the on-
set of thermal degradation as well as the transition temperatures
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Figure 5. a) Differential scanning calorimetry thermogram of various crosslinked PDMS: 5k PDMS (5000 gemol~" end-linked PDMS, United Chemical
Technologies), heating and cooling rates of 5 Kemin~' in N,.['?’] Sylgard 186 (Dow Corning) and Sylgard 186 + 4wt% CF (Carbon nanofibers PR-19-
XT-PS, Pyrograf Products), at 10 K min~" in N,.["3'l 88k PDMS (87 600 gemol~", Dow Corning) + 40 pph FS (Fumed silica Aerosil R972, Degussa),
at 10 Kemin~! N,.[123] Elastosil LR 3040/30 and Elastosil RT 625 (Both from Wacker Chemie) and Elastosil RT 625 + 35 phr TiO, (R420, Sachtleben
Chemie), at 10 Kemin~" in air.3?] For reference, the T,, (=50 to —40 °C) and T, (=95 to —70 °C) ranges are highlighted in gray. b) Thermogravimetric
analysis (TGA) thermograms: Sylgard 184 (Dow Corning) at Base-to-curing-agent ratios of 10:1, 10:3, and 10:5 at 10 K min~" in argon.3?] DMS-V35
(Gelest Inc.), Elastosil RT 625 and Powersil XLR 630 (Both from Wacker Chemie), Powersil XLR 630 + 16 wt% TiO, (Hombitec RM130F, Sachtleben
Chemie), at 5 Ksmin~1 in N,.['*3*] Sylgard 186 and Sylgard 186 + 4wt% CF, at 10 Ksmin~' in N,.["*1] Silanol-terminated PDMS (18 000 gemol~', United
Chemical Technologies), at 10 Kemin~" in N,.["**] Elastosil RT 625 and Elastosil LR 3040/30, at 10 K min~" in air."32] Sylgard 184 at 10:1 mixing ratio,

at 10 Kemin~" in air.['?°] Reference dashed gray line at 150 °C.

to lower or higher values. Moreover, when PDMS is exposed to
high temperatures for extended periods, especially above 90 °C
for hundreds of hours, the mechanical properties can degrade
due to thermal oxidation.['**] The low thermal conductivity (be-
tween 0.18 and 0.64 W m™ K') of PDMS combined with
a high coefficient of thermal expansion (ranging from 210 to
330 um m~1 K~1)1B3L140-192] cannot be disregarded in applications
that require high heat dissipation and dimensional stability. For
comparison, the thermal conductivity and the coefficient of ther-
mal expansion of fused silica (SiO,), which is used to fabricate sil-
ica optical fibers, are close to 1.4 W m™! K- and 0.4 ym m~! K1,
respectively.?*143] PDMS thermal expansion can be minimized
by increasing the curing temperaturel'*!l or adding fillers such
as silica nanoparticles!®’l and carbon nanofibers.[**!] A reduction
in optical transparency may be expected in the latter case. For
instance, 5% and 20 wt% of added silica fillers reduced transmit-
tance by 10% and 70%, respectively.*"]

Recently, the thermal stability of a benzophenone-doped
PDMS waveguide prepared at a mixing ratio of 20:1 has been
investigated. The waveguide presented good thermomechani-
cal stability over five transverse compression cycles (loading of
150 mm Hg) at room temperature and at 38 °C, demonstrat-
ing its feasibility for optical pressure sensing applications.! In
another study, no significant changes in the normalized opti-
cal transmission of air-clad PDMS waveguides were detected
from 30 to 45 °C.[%* Further, a linear increase in optical loss of
0.22 + 0.01 dB m~! °C~! was reported for air-clad PDMS waveg-
uides tested from room temperature (i.e., 23 °C) to 70 °C. This
temperature-dependent loss was ascribed to the PDMS’ thermo-
optic coefficient and a mismatch in thermo-mechanical proper-
ties of the materials at the input/output connecting points.[¢l

Adv. Optical Mater. 2024, 2401975 2401975 (7 Of45)

2.4. Mechanical Properties

Mechanical properties are equally important in selecting a ma-
terial that is well aligned with in-service performance require-
ments in order to avoid premature failure due to fatigue, safety
issues, or to promote appropriate cell growth.[1*#143] For PDMS
waveguides, this means knowing the maximum strength, stiff-
ness, and mechanical compliance to dynamic loading regimes at
various conditions, as well as other mechanical responses. Table 1
displays selected PDMS mechanical properties, with Sylgard 184
(Dow Corning) serving as the main PDMS representative. For the
most extensively researched properties, the typical, lowest, and
highest values are displayed. The information in Table 1 is not ex-
haustive because the versatility of PDMS allows the preparation
of waveguides with a wide range of mechanical properties, from
brittle to hyperplastic.l®*] Furthermore, by combining the appro-
priate fillers, curing conditions, mixing ratio, and crosslinking
chemistry, these properties can be tailored for a wide range of
applications.

Because of its rubber-like mechanical behavior above T,
crosslinked PDMS is often referred to as rubber or elastomer.
For temperatures below T,, PDMS stiffens, with increased hard-
ness and compressive strength,['* and no longer behaves like
an elastomer. An elastomer is defined as a polymer that can
deform reversibly when subjected to mechanical force so as
to return to its original shape and dimensions.’!l The same
characteristics responsible for the very low transition tempera-
tures, namely a flexible backbone, weak intermolecular forces,
and small side groups, explain the PDMS elastic response to
mechanical strain. The longer Si-O bond length and Si-O-Si
bond angle of 1.64 A and 143°, respectively, shown in Figure 6,
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Table 1. Mechanical properties of crosslinked PDMS.

Mechanical property Range of response Refs.
Tensile strength at break Typical values: 1-5 [8,39,41,62,77,
[MPa] 131,146-149]
Lowest: 0.082 [82]
Highest: ~10-13 [62,64,94,150]

Elongation at break [%] Typical values: 100-200 [6,8,9,37,39,77,78,82,

94,144,148,149,

151-155]
Lowest: 20 [64]
Highest: 1864 [47]

Tensile modulus of
elasticity [MPa]

Typical values: 1-3 [8,39,41,59,64,77,80,

94,131,144,147,149,

152,154-162]
Lowest: 0.02 [37,47]
Highest: 16 [44]
Shear modulus [MPa] 0.25-0.60 [59,147,158,163]
Compressive strength at ~3-83 [144,147,164,165]
break [MPa]
Compression at break [%] ~55-94 [144,164,166]
Compressive modulus of 0.17-4 [59,144,164-169]
elasticity [MPa]
Poisson’s ratio ~0.5 [64,141,170]

(dimensionless)

Hardness (Shore A) Typical values: 20-60 [41,46,131,140,142,

146,147,154]
Lowest: ~2.5 [47]
Highest: 73 [44,151]
Tear strength [kN m~"] 0.1-80 [41,151,171-173]
Impact strength [J m™] 21.2-461 (Bimodal [40]
networks)

account for the PDMS chains’ remarkable flexibility, with rota-
tion energy around a (CH;), Si~O bond of 3.3 k] mol~'. In com-
parison, the typical C-C bonds found in many polymers’ back-
bones have a bond length of 1.54 A with an angle of #110° and a
rotation energy around a H,C-CH, bond of 13.8 k] mol~1.126.28]

www.advopticalmat.de

As a result, the compact random molecular coils can easily ro-
tate and gradually adopt more linear conformations under ten-
sile strain, as shown in Figure 6 (right). The full extension of the
polymer chains denotes the elastic response limit (Figure 6, blue
dashed line). At higher strains, molecular entanglement, com-
plex network chain relaxation, and a limited free volume produce
non-linear viscoelastic behavior that differs from the ideal linear
elastic response observed in a stress-strain plot.l'’4l When the ap-
plied strain force is removed, the extended chains spontaneously
revert to their higher entropic state. Crosslinks are essential in
this process in order to avoid chain slippage, which leads to irre-
versible plastic deformation.[?17#] The three mechanical proper-
ties most commonly reported for PDMS are elongation at break,
tensile strength at break, and modulus of elasticity, as illustrated
in Figure 6 (left). Table S1 (Supporting Information) contains ad-
ditional tensile test results.

The tensile strength at break is sometimes referred to as ul-
timate strength or the maximum tensile strength. One should
note, however, that ultimate strength is the maximum stress
observed in a stress-strain curve and even though both terms
generally coincide in elastomers, ultimate strength is not nec-
essarily related to the fracture point. The modulus of elasticity,
also known as Young’s modulus, elastic modulus or stiffness, is
the slope calculated in the linear region of a stress-strain curve,
Figure 6. PDMS, like many other elastomers, often does not
present a clearly identifiable linear regime because the modulus
of elasticity varies with strain. In such cases, alternatively, the se-
cant modulus is used. It is taken as the slope of a secant between
the origin and any point arbitrarily chosen on the stress-strain
curve and reported together with the chosen stress or strain, for
example at 100% (e;4).>*'7°! Equivalent properties can also be
measured in compression mode. The results depend on test-
ing temperature, sample preparation and crosslinking chemistry
which will be discussed in the following paragraphs. PDMS ex-
hibits minimal sensitivity to strain rate, demonstrating a neg-
ligible effect on its mechanical properties in both tension and
compression.['>138] Studies have shown a variation in elastic
modulus of around 2% with strain rate from 0.0025 to 0.1 s~11#]
and even when the strain rate increases by a factor of 100, from
0.003 to 0.333 s71, the average variation in elastic modulus re-
mains a modest 10%.(15]

Failure
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Figure 6. Representative stress-strain plot for PDMS (left) and schematic representation of crosslinked PDMS chains at an initial coiled unstressed state

and at an elongated state during elastic deformation (right).
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To demonstrate the effect of crosslinking chemistry on the me-
chanical properties, peroxide-cured PDMS has been compared to
a PDMS cured by platinum-addition crosslinking mechanism,
both cured under the same curing parameters.[**l The former
has shown higher elongation at break, modulus of elasticity,
and hardness.[*#11] Residual peroxide, however, can be activated
during processes that involve heat, such as sterilization cycles
(e.g., 120 °C for 30 min) or thermal aging, leading to a degra-
dation of some mechanical properties and inferior long-term
stability compared to addition-cured systems.[*11] Additionally,
other studies involving different PDMS curing systems!*’] and
from different manufacturers!*'1*°! have shown a wide range of
mechanical responses. Changes in hardness!’*!l and in elastic
modulus!®076177] of addition-cured PDMS have been observed
with time or when the samples were subjected to thermal cycles,
such as thermal aging('*! and autoclave sterilization.[®?] For ex-
ample, the mechanical properties of PDMS prepared at 10:1 aged
over thousands of hours at room temperature tend to resemble
the ones of samples freshly prepared at higher temperatures or
curing times.['”%] The rate of stiffness progression varies depend-
ing on the sample preparation and testing methodology used. For
instance, Placet and Delobelle followed the evolution of PDMS
mechanical properties for 6.8 years aged at room temperature
using dynamic mechanical analysis, nano-indentation, and scan-
ning micro-deformation.'’®] Based on mathematical models de-
veloped to explain the evolution of the mechanical properties of
PDMS with time, the authors estimated an increase between 40%
and 50% in the elastic modulus for an infinite aging time. Hoft
et al. reported an increase in elastic modulus from 0.98 MPa at
day 0 to 1.2 MPa after 26 days and ~2.2 MPa on day 470, which
was associated with the progression of the crosslink over time, in-
creasing the chain density. Stiffness increased at a faster rate for
the first five days, then slowed but showed no signs of stabiliza-
tion after four weeks, when it reached stress levels approximately
25% higher.[158]

The parameters involved in sample preparation, i.e., mix-
ing ratio, curing time, and temperature, and their influence on
PDMS mechanical performance have been heavily researched
subjects in addition-cured systems. Changing the mixing ratio
is a common strategy to modify PDMS properties that are de-
pendent on the network structure and crosslinking degree.!*’]
For Sylgard 184, certain mechanical properties (e.g., elastic mod-
ulus, tensile strength at break) exhibit a nonlinear relation-
ship with curing agent concentration. These properties typi-
cally reach a peak when the recommended 10:1 base-to-curing
agent ratio is slightly exceeded before declining, as observed
in Figure 7a,b,d.[596494144.157.159.162179] For example, Sylgard pre-
pared at 6:1 and cured at 150 °C for 1.5 h, exhibited a de-
crease in elastic modulus of ~30% compared to PDMS pre-
pared at 10:1 and cured under the same conditions.!’>”] While a
moderate excess of curing agent ensures most chains are con-
nected at both ends,!'8 deviating from the stoichiometric ratio,
whether excess curing agent or base, can introduce imperfec-
tions like dangling and free chains into the 3D network!*}] be-
sides decreasing the crosslinking density.”*l This leads to com-
plex mechanical behavior and explains the observed nonlinear re-
lationship. Furthermore, tensile strength and elongation at break
are not only intrinsic material properties but are also signifi-
cantly influenced by fabrication conditions and imperfections

Adv. Optical Mater. 2024, 2401975 2401975 (9 of 45)
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like air bubbles, impurities, and improper curing.*}! For in-
stance, elongation at break generally decreases with higher cur-
ing agent amounts,*#144148.134] glthough one study found a min-
imum at an 8:1 ratio followed by an increase at higher concen-
trations (Figure 7¢).* A consistent reduction in elongation at
break at increasing concentrations of curing agent was only ob-
served after post-curing for 48 h at 165°C.[°" Tear strength!'7?]
and hardness!*! of PDMS formulations other than Sylgard 184
appear to follow the increase in curing agent concentration. How-
ever, more research on the effect of mixing ratio on these proper-
ties is necessary. Stress softening has been observed when PDMS
is prepared with an excess of curing agent (5:1), with hystere-
sis reduced or eliminated as the amount of base increases.[18164]
PDMS samples prepared at 5:1 and 10:1 mixing ratios exhibited
similar performance when subjected to 100 cycles of compressive
strain while the permanent set was higher and tended to stabilize
faster than at mixing ratio of 15:1.1164]

The mechanical properties of PDMS are significantly influ-
enced by the curing conditions. Specifically, elevated curing tem-
peratures and prolonged curing times result in increased hard-
ness and elastic modulus, accompanied by a decrease in elonga-
tion at break in tension.l*>!#:17.177] Rheological measurements
have demonstrated that higher curing temperatures yield stiffer
PDMS, as evidenced by a shear modulus increase from 0.65
to 1.25 MPa when the curing temperature was raised from 65
to 150 °C.[*?] Notably, the elastic modulus of freshly prepared
samples cured at room temperature is among the lowest, re-
gardless of the mixing ratio.**”] In this regard, adding a single
thermal post-treatment step has shown to increase the elastic
modulus,[#64132156] hesides ensuring a more complete cure,!*4]
and facilitate the removal of volatile compounds.>*! Optimal
post-curing conditions, such as 165 °C, can result in an excep-
tionally high tensile strength at break (10 MPa at 10:1 mixing
ratio).[**] Conversely, excessive curing agent (2:1 and 4:1)[¢4 or
prolonged exposure to temperatures above 90 °C for hundreds of
hours or above 200 °C for a couple of hours can lead to thermal
degradation and compromised mechanical properties.['3>150 In
compression, the influence of curing conditions on PDMS me-
chanical properties is sparse. In one case, the modulus of elastic-
ity increased slightly, > whereas, in another, the elastic modulus
and ultimate compressive strength reduced with increasing cur-
ing temperature.['*’]

Above the T,, (—40 °C), PDMS exhibits an increased stress and
elastic modulus with rising testing temperature,1*1! which is
considered a typical elastomer behavior.[2*1#] The entropy contri-
bution to the mechanical response explains the increase in elastic
modulus and stress with temperature in PDMS. When stretched,
the majority of the changes in length are caused by chains uncoil-
ing rather than bond stretching, which represents a decrease in
entropy. The chain motion becomes more chaotic, and the sys-
tem tends towards a more random state. As a result, more force
(larger stress) is required to achieve the same strain.["® Below
T,,, the elastic modulus decreases with rising temperature.[124
A permanent set of up to 20%, i.e., plastic deformation af-
ter stretching, has been reported depending on the testing
temperature.[183]

The thickness of PDMS thin films significantly impacts
their mechanical performance, which is a crucial considera-
tion for designing planar, ridge, and other waveguide structures.
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Figure 7. Plots of normalized a) tensile modulus of elasticity, b) tensile strength at break, c) elongation at break, and d) compressive modulus of elasticity
as a function of weight concentration of curing agent (upper scale: base-to-curing-agent mixing ratio in parts of base per part of curing agent). Reference
dashed gray line at 10:1 base-to-curing-agent ratio (9.1 wt% of curing agent). Lines are just a guide to the eye. Sylgard 184 (Dow Corning): Gaudiére
et al. (2012), cured at 65°C for 5 h, displacement rate of 5 mmemin~",[144] Seghir & Arscott (2015), cured at 100°C for 2 h, displacement rate of 0.5
mmes~1,[64] Sharma et al. (2023), cured at 125°C for 37 min, displacement rate of 100 mmemin=",194] Cruz-Félix et al. (2019), cured at 100°C for 30
min, displacement rate of 200 mmemin~' and 0.08 mmes~", for tensile and compression tests, respectively,[>®! Cho et al. (2021), cured at 80°C for 2 h,
displacement rate not informed,!'62] Kim et al. (2015), cured at 60°C for 12 h, displacement rate of 1 mmes~",[17°] Hocheng et al. (2010), cured at 85°C
for 1h, displacement rate of 4 mmemin=",[157] Khanafer et al. (2009), cured at 65°C for 12 h, displacement rate of 5 mmemin=",1'°] Fuard et al. (2008),
cured at 100°C for 3 days, displacement rate not informed,!'”’ Armani et al. (1999), cured at 90°C for 15 min, displacement rate not applicable,['81]
Sales et al. (2022), cured at ~25°C for 48 h, displacement rate of 500 mmemin~",[134] Kim et al. (2017), curing conditions not informed, displacement
rate of 1 mmemin~1,[8] Mata et al. (2005), cured at 100°C for 2 h, displacement rate not informed,[®?] Lee et al. (2016), cured at room temperature
for 48 h, displacement rate of 12 mmemin=1,1'%4] Sharfeddin et al. (2015), cured at 60 °C for 20-24 h, displacement rate not informed,!'®] Wang et al.
(2014), cured at 65°C for 1 h, displacement rate not applicable,!'®”] Carrillo et al. (2005), cured at room temperature for 2 weeks, displacement rate of

0.25 mmes~1.1182]

Notably, films with thicknesses below 200 pm exhibited a dra-
matic increase in elastic modulus and tensile strength at break,
accompanied by a decrease in elongation at break, as thick-
ness decreases.'>?] In contrast, a separate study found that
samples with thicknesses between 150 and 250 um displayed
a thickness-independent elastic modulus in monotonic ten-
sile testing. However, after 20 tensile loading cycles, thicker
samples showed a slightly higher elastic modulus, particularly
at strain levels of 110 and 130% besides a permanent set of up to
13% in the first cycle.'®!] Moreover, thinner films demonstrated
a higher elastic modulus and pronounced strain hardening in
compression,['1618] and were more prone to mechanical age-
ing, exhibiting significant changes in modulus of elasticity over
time.[17¢]

PDMS typically presents low tensile strength and an elonga-
tion at break rarely exceeding 200%, as shown in Table 1. In
this sense, the incorporation of fillers, also known as compound-
ing, has been used as a strategy to enhance PDMS mechani-
cal strength and hardness while also reducing its stickiness for

Adv. Optical Mater. 2024, 2401975 2401975 (10 of 45)

better handling.[28131186.187] Silica-based fillers are a commonly
used approach to tailor and improve PDMS mechanical prop-
erties and can be found in commercial formulations such as
Sylgard 184. The reinforcing effect has been explained by the
interaction of silanol groups (Si~OH) found on silica particles’
surface with the oxygen present in the PDMS backbone and
silanol end-groups.!?®2>37] Increasing the silica concentration or
its surface area tends to increase the tensile properties as more
silanol groups become available.['*”] Rajan et al.,[®] for example,
prepared silica-filled PDMS nanocomposites by in situ genera-
tion of silica particles. The tensile strength at break went from
0.082 MPa for neat PDMS to values between 0.538 and 0.831
MPa, which represents an increase of at least 656%. The elon-
gation at break increased in some cases and decreased in oth-
ers, depending on the synthesis parameters.[®? Elastic moduli at
least three times higher have been reported using commercial
silica,[”®! fumed silica, and mesoporous silica fillers.[®] The ex-
tent of improvement in tensile properties is dependent on the
degree of dispersion of the silica particles inside the PDMS.
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Figure 8. a) Plot of three sequential tensile loading-unloading cycles at progressive strains to demonstrate the stress softening effect. A reference loading
curve up to 300% strain is included. Data extracted from ref. [190]. b) Schematic representation of the microscopic structure of the silica-filled (SiO,)
PDMS before and after the first loading-unloading cycle. The hydrogen bonding between silanol groups on the silica surface and the oxygen of the PDMS
backbone is highlighted in the top left. The chain detachment from the silica particle surface at the bottom left represents the weakening of filler-PDMS

interactions.

Enhancing dispersion by means of processing methods!”®! or sur-
face treatment!'®] has led to smaller improvements.

Crosslinked bimodal networks with weight proportions of long
and short chains of 70:30 and 50:50 have been shown to be vi-
able alternatives for simultaneously improving elongation and
tensile strength at break.[”] The larger elongation is assigned to
the long chains effect on delaying the rupture nuclei spreading
thatleads to the material fracture. Meanwhile, short chains would
counteract this by limiting elongation to some extent due to their
length, resulting in higher tensile strength at break.[2640166] Fyr-
thermore, increasing the content of short chains to a certain ex-
tent has been shown to improve tear strength by a factor of 1.7
to 2.5 when compared to a monomodal unfilled network.[171-188]
Depending on the silica loading, the addition of silica fillers to
bimodal networks can have either a positive or negative rein-
forcement effect on tear strength. At a silica concentration of 17.2
wt%, for example, increasing the short chain content increased
tear strength by up to 3.5 times compared to a monomodal-filled
network. When the silica content reached 30.2 wt%, the trend
reversed. The number of silica filler’'s —OH groups interacting
chemically with the PDMS chains has been identified as the key
factor governing the enhancement of tear properties.[®! Further-
more, the impact strength and tensile strength at break of silica-
filled bimodal networks were found to be approximately three
times greater than those of unfilled networks.[*"!

However, filled PDMS may exhibit Mullins stress softening
in shear and tensile strain modes, resulting in changes in the
long-term mechanical performance when subjected to loading-
unloading cycles in service, as well as a dependence on mechan-
ical history.[37131190191] The Mullins effect is observed by a re-
duction in stress with subsequent cyclic loadings for the same
strain level. To reach the prior level of mechanical stress, the ma-
terial must be strained at a level greater than the previous time.
Once the previous strain level is passed, the stress increases as
a continuation of the first loading cycle,!3337:1>>190.91] a5 given in
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Figure 8a. Stress softening has been linked to a reduction in chain
entanglements and a weakening of filler-PDMS interactions (de-
tachment and slippage from the filler’s surface due to lim-
ited chain extensibility)!!8319-192] (Figure 8b). It is temperature-
independent after the first cycle and more pronounced in silica
with no surface treatment and poor dispersion.['83] This effect is
weakened after successive stretching, being the first cycle of the
largest hysteresis, due to reorganization and stabilization of the
material’s internal structure.[3>155183] Thus, pre-stretching or ap-
plying a second tensile strain perpendicular to the original strain
axis is recommended to achieve reproducibility,*”**! or to can-
cel the stress softening, respectively.['%°! For instance, PDMS pre-
sented a stable response over 220k cyclic uniaxial tensile strain up
to 30%, retaining around 95% of the initial stress value after 200
pre-conditioning cycles.['’3] The extent of static pre-stretching,
i.e., 60% or 120%, before testing appears to have some effect on
the elastic modulus of PDMS over time, decreasing as the pre-
stretch increases from 60% to 120%, particularly in highly filled
systems, which must also be considered during analysis.!17¢]

In terms of hysteresis, it is the difference in stress (Ao) be-
tween loading and unloading in the same cycle, as depicted in
Figure 8a, third cycle. This means that some of the energy used
to deform the material mechanically is lost, and less energy is re-
quired to return to the initial state. The hysteresis effect is caused
by changes in the material’s free volume,['%}] chain relaxation, in-
ternal friction, and, most importantly, stress softening.['*] In this
regard, a study involving eight different commercial addition-
cured silicones and their blends for five loading cycles at vary-
ing strain levels found very little hysteresis.[*!l Other studies
that focused solely on Sylgard 184 (10:1) found no hysteresis
or stress-softening effects at strain levels below 70%.[3915:158.161]
It has been suggested that a combination of low filler content,
high molar mass, and crosslinking density may limit the ex-
tent of the stress softening.®! Although stress softening has
been thought to be permanent,['°! a nanoparticle-filled PDMS
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showed complete recovery at room temperature 17 h after shear
loading.["! The authors discovered in the same study that in-
sufficient rest periods between cycles can significantly alter the
shape of stress-strain hysteresis. The type of filler, crosslinking
agents, and temperature are believed to affect stress-softening re-
covery as well.[91]

In contrast to stress softening, filled PDMS networks have
exhibited strain hardening, characterized by an increase in
elastic modulus and compressive strength at break, under dy-
namic compressive loadings,['*1%] and in thin films subjected to
indentation.['®] This phenomenon has been observed regardless
of the mixing ratio, with the extent of strain hardening stabiliz-
ing more rapidly as the amount of curing agent increases, likely
due to chain alignment."**) However, when exposed to physiolog-
ical conditions, mimicked by immersion in phosphate-buffered
saline, PDMS undergoes a significant decrease in compressive
stress, from ~25 MPa to 3 MPa, after 1 million cycles.'®] Ad-
ditionally, addition-cured PDMS demonstrated a minimal stress
relaxation under continuous tensile or compressive loadings,
reaching a steady state within 200 seconds in one study.*>! For
longer testing periods, however, Ghosh et al. reported a 23%
stress relaxation under compression after 168 hours of contin-
uous loading, although the specific compressive load was not
specified.[?>1]

Finally, crosslinked PDMS is considered an incompressible
material given that its average Poisson’s ratio has been found
close to 0.5[1*1170] implying that deformation causes no change
in volume. It is an important parameter used in mechanical be-
havior simulations as well as true stress-strain curve calculations.
In this sense, Zhang et al. demonstrated that the volume con-
sistency assumption typically adopted in those calculations, is
only true over a small range of true axial strain (<10%).'5%] The
ratio between transverse and axial strain deviates from the ex-
pected linear behavior as the true axial strain increases, indicating
a deviation of incompressibility at large strains for Sylgard 184
cured at 10:1 Base-to-curing-agent ratio. As a result, this assump-
tion would benefit from further careful evaluation in the future.
Nonetheless, the curing temperature appears to have little effect
on the Poisson’s ratios, with variations of around 0.001 when
cured at temperatures ranging from 60 to 135 °C.I"1] Changing
the mixing ratio and/or including a post-curing step resulted in
an average Poisson’s ratio of 0.5 + 0.05.1%] The bulk modulus,
another parameter also related to incompressibility, however, ap-
pears to increase with higher amounts of curing agent.[18]

As demonstrated in this subsection, considerable effort has
been expended in understanding and predicting PDMS mechan-
ical properties over short and long timescales, as well as their
dependence on a variety of physicochemical parameters. Even
so, mechanical testing is still often required for fabricated PDMS
waveguides, owing to small variations in mechanical properties
that can significantly affect the optical performance, sensitivity,
reproducibility, and recovery when in service.

2.5. Biological Safety and Biocompatibility
The biological safety of PDMS is unquestionably an important

feature for those who envision PDMS usage in such a field. The
biological safety aspects have been extensively investigated over
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many decades.¢2%1 However, most of these results have been

derived from studies using PDMS fluids, i.e., non-crosslinked
PDMS of low and high molar masses, that were then extrapo-
lated to the solid crosslinked polymer. The rationale behind this is
that crosslinked PDMS shares the same chemical structure and
is even safer in some cases. For instance, crosslinked PDMS is
unlikely to be absorbed into the skin or from the intestinal tract
due to the large molar mass and the 3D network.[197:19%:200]

The Cosmetic Ingredient Review (CIR) Expert Panel and the
United States Food and Drug Administration (FDA) have classi-
fied non-crosslinked PDMS as a safe material for use in cosmet-
ics. Nowadays, PDMS is used in a wide array of everyday prod-
ucts, including cosmetics, food, and medical implants. PDMS is
typically present in cosmetic formulations at a concentration of
about 25%, but can reach 80% in some hair preparations.l®”]
It has also been used in chronic implantations such as uro-
logical surgical therapy, injected into the eyeball as a vitreous
substitute,['] bioscaffolds for tissue engineering,!?°!l and breast
implants.[202:203]

PDMS biocompatibility refers to the absence of adverse ef-
fects generated when in contact with living tissues and body flu-
ids. Taking into account the numerous review reports on the
subjectl196:197:199.200.204.205] 45 wel] as the information available on
safety datasheets,[29627] the following general remarks about
PDMS biological safety can be made:

i. Oral and dermal absorption in clinical and animal
studies have shown no PDMS absorption nor acute
toxicity.[197199.200.204]

ii. Its ingestion has no adverse effects; it is rapidly excreted un-
changed in the feces. An acceptable daily intake for PDMS
of 17 mg kg™ body weight has been established by the Eu-
ropean Food Safety Authority for compounds with a molar
mass > 6800 g mol~1.1204]

iii. Short-term dermal exposure (levels varying between 6 and
79% of PDMS fluids) demonstrated no adverse reactions, no
sensitization, and only minimal skin irritation.[197:199:200]

iv. Inacute and short-term inhalation studies, no adverse effects
were observed. Excessive exposure may, however, irritate the
nose and the throat.[197:19.200]

v. May cause temporary minimal to mild eye irritation
because of its hydrophobic nature, which affects eye
lubrication.[197:199.200]

vi. There is no evidence of carcinogenicity (cancer inducer), ter-
atogenicity (defects in embryo or fetus), reproductive toxicity
(infertility), mutagenicity (genetic mutation), specific-target-
organ-systemic toxicity, or aspiration hazard.[197:199200204] No
cytotoxicity has been observed for in vitro test.!'73]

When used in chronic implants or injected into the body, it is
widely assumed that PDMS poses no risk to the immune sys-
tem. However, its biosafety and biocompatibility have recently
been debated with regard to systemic responses, such as au-
toimmune/inflammatory syndrome induced by adjuvants (i.e.,
ASIA), lymphoma, breast cancer, and rheumatic diseases follow-
ing PDMS breast implants.[2032052%8] The likelihood and severity
of systemic reactions following implantation or injection appear
to be higher in some patients and have been found to be depen-
dent on the type of implant or injection, location, tissue,[196:202]
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and surface roughness.?”] Nonetheless, the quality of evidence
has been deemed low in systematic literature reviews on the
subject.[19628] Recently, the long-term implantation (46 weeks)
biocompatibility and stability in mice brain tissue of PDMS opti-
cal waveguides has been evaluated with positive outcomes com-
pared to silica fibers.['*2% Still, more research on the long-term
biocompatibility of PDMS (e.g. in contact with living tissue, and
specifically in humans) is needed even though PDMS is already
deemed safe for short-term applications. It should be noted that
these results are only valid for neat PDMS and that the safety
of PDMS compounds must be reexamined when other chem-
icals and fillers are added. Organic solvents such as ethylben-
zene and 2-methyl-3-butyn-2-ol have been listed as ingredients in
commercial PDMS formulations.[2921% They have a number of
negative effects that should not be overlooked during PDMS
preparation, even though most of the solvent is expected to evap-
orate after curing, thus lowering the risks to health and the envi-
ronment.

2.6. Environmental Aspects

Crosslinked PDMS is expected to end up in solid waste or in-
cinerated (thermal recycling) at the end of its life.2!!l Although
PDMS is resistant to degradation by microorganisms such as
common fungi, yeasts, and bacteria,['*’] it undergoes depolymer-
ization through hydrolysis when it comes into contact with soil,
where the degradation rate is significantly influenced by soil
moisture.[1221] One of the primary byproducts is dimethylsi-
lanediol (DMSD), along with other silanol-terminated and cyclic
oligomers. Byproducts with sufficiently low molecular mass to
become volatile, also known as volatile methylsiloxanes (VMSs),
are degraded by hydroxyl radicals in the upper atmosphere, com-
pletely breaking down within 10 to 30 days.[?*! The byproducts
that remain in the soil further degrade into carbon dioxide, wa-
ter, and inorganic silicate, which are also the products of PDMS
combustion. Bioaccumulation of PDMS is thought to be unlikely
because of its high molar mass and insolubility in water, hav-
ing no effect on aquatic or sediment-dwelling organisms such
as fish and midge larva.'21%] Soil organisms (earthworms, for
example) are equally unaffected. Moreover, no toxicity to at least
32 plant species has been observed, as well as no bactericidal or
fungicidal properties.[19:200.216.217]

Despite personal care products and industrial applications
being the primary source of VMSs in wastewater and sewage
sludge, PDMS degradation byproducts can contribute to their
generation. While VMSs appear to pose a low environmental
risk,[218219] they are a persistent and undesirable source of con-
tamination and accumulation.??! For instance, a study have
shown that DMSD can induce phytotoxicity in wheat plants
and hinder their growth.[?2!l VMSs have been detected in vari-
ous marine environments, including the Atlantic and Mediter-
ranean coasts,?'8] a Chinese lake,?'°] market seafood and fresh-
water fish in Spain,?2l and even the Antarctic Peninsula, a re-
gion considered remote and pristine.?”’] VMSs are commonly
found in biogas produced from sewage sludge anaerobic diges-
tion. During combustion, these VMSs can form abrasive and ad-
hesive SiO,, damaging co-generator engines,!??*l contaminating
emission-control catalytic systems, and inhibiting biomethane
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production.[?2] Furthermore, cyclic VMSs have been implicated
as potential precursors for atmospheric silicon nanoparticulate
pollutants through a mechanism of oxidation and gas-to-particle
conversion.!??’] Therefore, further research is necessary to un-
derstand the long-term environmental consequences of PDMS
degradation, the fate of VMSs, and their implications for marine
ecosystems[218219222.283] anq air quality.[2%]

As the circular economy gains momentum and waste reduc-
tion becomes a priority, finding ways to recover and recycle
crosslinked PDMS is crucial. In this regard, the mechanical recy-
clability and reprocessability of PDMS have been demonstrated
through its transformation into fillers!’1?%] or by modifying
its crosslinking chemistry.?347# Recently, chemical recycling
of PDMS has garnered significant attention as an alternative to
the energy-intensive steps typically involved in the production
of PDMS raw materials or its thermal decomposition back into
oligomers. Several PDMS depolymerization methods have been
proposed to address the inherent challenges of chemically recy-
cling crosslinked PDMS, such as low yields, harsh conditions,
slow kinetics or expensive catalysts.[?!1227-22] Even methods to
recover the platinum catalyst used in PDMS addition curing have
been explored. Feix et al., for instance, proposed acidic leaching
as a means of recovering both the platinum catalyst and cleaved
PDMS components for potential reuse as raw materials.[?3]

Finally, another environmentally friendly aspect of PDMS is its
promising influence in reducing the microplastic fiber formation
of synthetic fabrics during laundering, which is considered one
of the main sources of microplastics. Polyamide (nylon) fabrics
coated®3!l or with PDMS incorporated during melt spinning!?*?]
exhibited a reduction in microplastic formation of around 90 and
60%, respectively, owing to a reduction in the friction coefficient
responsible for the microplastic formation.

3. Fabrication of PDMS Waveguides

Many processing methods have been used to fabricate PDMS
optical waveguides, allowing the preparation of waveguides with
varying cross-sections and dimensions. Given the attractive prop-
erties of PDMS, considerable effort has been devoted not only to
control the geometrical parameters, i.e., size and shape, but also
to tune its refractive index and other surface properties for spe-
cific applications, as presented in the following topics.

3.1. Processing Techniques

Mold casting and soft lithography are two of the most commonly
used optical PDMS waveguide processing techniques. However,
many other processing techniques, such as direct writing, extru-
sion, and fiber drawing, have been used for their fabrication, as
summarized in Table 2 (see Table S2, Supporting Information,
for details). These techniques offer great design, dimension, and
cross-sectional geometry flexibility for PDMS waveguides. A pref-
erence for one technique over another may be dictated by the
availability of materials and resources, as well as the desired final
sample dimensions and feature size.

As shown in Table 2, PDMS waveguide fabrication is typically
limited to thermosetting polymer processing techniques compat-
ible with low- and medium-viscosity PDMS precursors (i.e., base
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Table 2. PDMS waveguide fabrication techniques and design parameters.

www.advopticalmat.de

Fabrication technique Waveguide designs Core dimensions  Length Cross-section Refs.
(um) (cm)
Core Cladding
Mold Mold casting, dip coating, or Buried, rib, 500-3000 1-20 Circular, square, or [6-10,12,13,233]
casting air-cladding tapered, and step-index rectangular
Soft Spin-coating, blade casting, or Buried, rib, and step-index 3-250 0.4-8 Square, rectangular, [14,92,97-101,
lithography mold casting or trapezoid 103,106,113,
114,153]

Direct writing Spin-coating, soft lithography,  Buried, ridge-like, Mach-Zehnder, and 0.08-5000 3.5-4 Gaussian, square, or [84,102,104,

mold casting or air-cladding graded index rectangular 234-237)
Fiber Air-cladding, dip coating Core only, step-index. 10- 2000 0.07-50 Circular [20,76,105,
drawing Constant, or tapered diameter 238,239]
Lost-wax Air-cladding Core only 150-250 0.2-2 Circular [240]
casting
Liquid extrusion Mold casting, coextrusion Buried, and step-index 100-550 3-50 Heart-shaped top and [95,107,241]

flat bottom, or
circular

Blade Blade coating, dip coating Planar, buried, and step-index 70-1800 0.15 Rectangular [12,14]
coating
Spin coating Not applicable Core only, and planar 600 5 Rectangular [242]
Melt extrusion Air-cladding, dip coating Core only, and step-index 450-980 15-100 Circular [51-53]

and curing agent) and serial production, in which the waveguides
are handled one at a time. Crosslinking is required to produce a
final product that retains its shape by restricting the movement
of the polymer chains relative to one another. The disadvantage
is that reshaping becomes difficult once cured. The first step in
the fabrication of PDMS waveguides involving two-component
curing systems is to mix the base and curing agent at predeter-
mined weight or volume ratios. The employed mixing method
may affect the waveguide’s optical attenuation, homogeneity, and
reproducibility. For instance, Novak et al. found that the ultra-
sonic bath produced the most homogeneous samples in terms
of variance of the attenuation constant despite having the high-
est optical attenuation compared to a laboratory shaker or man-
ual stirring.[?*! Once deposited into a mold or onto a substrate,
the curing process will proceed until a crosslinked elastomer is
obtained. Although heating is not mandatory, it can be used to
considerably speed up curing from 4 h at 25 °C down to 10 min
at 150 °C,2*4l or to tune mechanical (see Section 2.4) and opti-
cal properties (see Section 3.2). A variety of recommended cur-
ing times and temperatures are typically provided by the manu-
facturers and most recently, Bardelli et al. studied the crosslink-
ing kinetics under isothermal and dynamic conditions of Sylgard
184.1245] This study provided valuable insights on the processing
parameters of PDMS including a kinetic model that can be used
as a resource to optimize PDMS curing conditions. Elevating the
curing temperature to 120 °C has been shown to induce a shrink-
age of 3%, whereas negligible shrinkage was observed at 21 °C.
This temperature-dependent shrinkage must be considered in
applications where dimensional tolerance is critical.[24¢]

The fabrication of PDMS waveguides with circular cross-
sections can be achieved through mold casting, lost-wax cast-
ing, liquid extrusion, and fiber drawing. Such circular waveg-
uides can promote better optical coupling with conventional laser

Adv. Optical Mater. 2024, 2401975 2401975 (14 Of45)

sources and optical fibers.[?*’] It is also critical to consider losses

due to optical scattering caused by surface roughness, impuri-
ties, and air bubbles when fabricating waveguides. In particu-
lar, the onset of an exponential increase in scattering-induced
optical losses is expected to occur when the average sidewall
roughness is larger than the wavelength (A) divided by 20.1*!
The roughness of the mold walls determines the surface rough-
ness of the waveguide’s features since PDMS is capable of repli-
cating mold features down to the nanometric range.[''*] To re-
duce losses induced by air bubbles, various techniques such as
filtering (e.g. nylon filter),[®®! centrifugation,**1#+248] pressure
casting,[>*! and vacuum processing (e.g., in a desiccator, oven
or vacuum chamber)®*’] are recommended. Interestingly, re-
searchers have also exploited the presence of air bubbles to im-
prove the light coupling between stacked PDMS waveguides for
intrusive passive optical tapping.!?*]

3.1.1. Mold Casting

Mold casting’s attractiveness lies in its simplicity and low cost.
The method consists of designing and preparing a negative mold,
casting the PDMS mixture into the mold, and leaving it to cure
until extraction. Typical core dimensions are in the order of hun-
dreds of micrometers up to a few millimeters and lengths of
dozens of centimeters, ideal for multi-mode waveguiding. Metal-
lic and plastic molds have been carefully designed for the fabrica-
tion of square or rectangular waveguides.[>!>1#191] The removal
of excess PDMS and leveling can be accomplished by using a
rod or blade, where pressure, speed, and angle of application
have to be properly controlled to avoid the formation of inter-
layer (crosstalk) or deformed cross-section (poor coupling) that
contribute to increased optical loss.[**! Alternatively, silicone,®!
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poly(tetrafluoroethylene) (PTFE),!1%9+96248] polyethylene, 2!l and
glass!?] tubes represent readily available and cost-effective mold
options for PDMS waveguide fabrication. Waveguides prepared
using these tubes exhibit a circular cross-section, with diame-
ters defined by the inner diameter of the tube and lengths that
can be precisely controlled by cutting the tubing. Extraction of
the PDMS waveguides from the tubes can be achieved through
various methods, including pressurized air injection,!®! water
injection,[®2132] or careful longitudinal cutting of the plastic
tubes.[12%6] In the case of glass tubes, extraction has been suc-
cessfully performed by hammering the tube while immersed in
water, facilitating removal of the PDMS waveguide.[?*3]

PDMS cladding of circular cores has been accomplished
by dip-coating the core into a cladding mixture, followed by
thermal curing.®124] The cladding thickness can be controlled
by immersion time or by vertically spinning the dip-coated
waveguide before curing.[®] Another method involves pulling the
solid core through a syringe with a needle filled with liquid
PDMS, in order to form the cladding, and curing it at 50 °C for 5
min. The final cladding thickness, in this case, was controlled by
the needle gauge.l®! It is also possible to use tubing with a larger
diameter than the core. For instance, core-cladding waveguides
were fabricated by inserting a 254-um diameter PDMS core into
alarger tube with an internal diameter of 380 um, which was sub-
sequently filled with molten poly(lactide-co-glycolide) to form the
cladding layer.!?3]

The mold material must be carefully chosen, as chemical affin-
ity and high adhesion may prevent waveguide extraction while
also affecting the refractive index near the mold/PDMS bound-
ary. Martincek et al. investigated the refractive index (RI) changes
in PDMS slabs (10:1 ratio, 5 mm thick, cured at 22 °C) when
molded with various materials (brass, Teflon, glass, polystyrene
(PS), and PDMS). The most significant RI changes were observed
near the boundary, particularly at the PDMS/PDMS interface,
with a maximum change of 0.001 within the first 2 mm at a wave-
length of 633 nm, suggesting that the PDMS boundaries exhibit
cladding-like behavior. In contrast, the PS mold showed the low-
est RI repeatability, while the glass mold yielded the highest RI
repeatability and the lowest variation in RI (on the order of 107%),
limited to a small region near the boundary (=200 um).[2>4

3.1.2. Soft Lithography

Soft lithography, also referred to as replica molding and micro-
transfer molding, is a popular mold-casting technique used in the
manufacture of microfluidic devices.[*>%¢] Unlike traditional
mold casting, photolithography is used to prepare the mold, al-
lowing for the production of PDMS waveguide cores as small as
a few microns, as given in Table 2, and compatible with single-
mode waveguiding. Soft lithography has also been used to create
waveguide arrays with 4 to 12 channels,[1498:99.113.114.153] 1}, waveg.
uide with Bragg gratings,!*’] and monolithic waveguides inte-
grated with microfluidic structures.®*1%1 Singer et al. used this
technique to create PDMS waveguide bundles compatible with
an integrated circuit’s array spacing for use in optogenetics.!'®]
However, this method is not suitable for the preparation of
circular cross-section waveguides and requires specialized in-
stallations, complex facilities (cleanrooms), and specific mate-
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rials for mold fabrication in addition to numerous processing
steps.

The procedure starts by dispensing a photoresist, such as SU-
8, a photocurable epoxy resin, on a silicon wafer and prebak-
ing it. It is then exposed to UV light through a photomask,
generating high-resolution patterns according to the required
waveguide design. The higher the mask resolution the more ex-
pensive it is. The exposed regions crosslink, whereas the un-
exposed ones are removed after post-baking and using appro-
priate developers.[2>2%¢] This procedure results in a patterned
master mold. The mold can be designed so that the voids filled
with PDMS produce the cores, as illustrated in Figure 9a, while
the cladding layers are fabricated via spin-coating, blade cast-
ing, or by simply pouring a PDMS cladding mixture into the
mold.[1*103114] Alternatively, Figure 9b shows how to create a hol-
low structure that is later filled with PDMS via capillary. Typi-
cally, one of the cladding layers is a flat PDMS slab, while the
other contains hollow waveguide channels. Both parts are typ-
ically bonded together using plasma to form the hollow struc-
ture that will be filled with the PDMS core mixture.[92153.258.259]
Plasma treatment can add a significant cost and requires special-
ized equipment and installations besides a limited window for
part assembling before hydrophobic recovery. Because of that,
other bonding alternatives have been devised, such as deposition
of reactive coatings,?*®! corona discharge, partial PDMS curing
prior assembling, changing mixing ratios, using uncured PDMS
mixture or the curing agent as a glue.l?!] Further details on
plasma treatment and some of the bonding alternatives are given
in Section 3.3. To help spread the still liquid PDMS mixture and
achieve uniform layers, spacers, and a doctor blade are frequently
used.

Missinne et al. embossed the waveguide core rather than fill-
ing the master mold with PDMS. To accomplish this, the mold
was pressed against a liquid silicone mixture that had previously
been poured onto a cured undercladding layer, forcing the lig-
uid to fill the core-designated spaces.['%! After the core had been
cured, the mold was removed. This method avoids the prob-
lems that can arise when attempting to control the blade angle
and speed for proper liquid leveling. However, this embossing
replica technique may result in a residual thin layer connect-
ing the multiple cores, resulting in crosstalk and losses. Aside
from the traditional photolithography used to create the mold,
Pérez-Calixto et al. used direct laser ablation to carve centimeter-
long microtrenches in an acrylic sheet.'%!! With significantly
fewer and simpler steps, the authors demonstrated the fabri-
cation of 2.5-cm long rib and buried PDMS waveguides with
micrometric cross-section and features comparable to those ob-
tained by soft lithography. Propagation loss was measured at
1.27 and 2.36 dBecm™! (638 nm), for buried an rib waveguides,
respectively.'%! Additionally, reactive ion etching, a plasma etch-
ing technique that uses reactive gases for material removal, has
been used to fabricate PDMS waveguide lamellas measuring 40
X 600 um integrated to a Si-chip for flow sensing (see details in
Section 4.1.2).1262]

Although not required, coating the mold with demolding
spray,'* gold, poly(vinyl alcohol),[1%! or detergent solution!'®"]
has been reported in some cases to facilitate PDMS removal from
the mold. A fluorinated hydrocarbon coating was deposited on
an SU-8 mold via plasma deposition, serving a dual purpose:
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Figure 9. Cross-sectional view schematic representation of the fabrication steps of an all-PDMS core-cladding buried waveguide arrays prepared by soft

lithography. Cores filled by a) casting or b) capillarity.

preventing PDMS adhesion and reducing surface roughness on
the mold walls.®®**] However, residues from these demolding
products can be a source of contamination and variation in
waveguide performance. Moreover, carrier layers made of FR4
and Kapton laminates have been added during cladding fabrica-
tion to aid in waveguide handling and to serve as an interface for
use in PCBs.[113114]

3.1.3. Direct Writing

Direct writing refers to various techniques that share the same
operating principle of contactless writing waveguides, whether
using a femtosecond laser in the UV-vis range, a proton beam,
or another source of irradiation. A translational stage is used
during patterning to move the irradiation source or the sam-
ple. The patterning host material comprises cured, flat PDMS
slabs and films, which are prepared using various techniques
such as spin-coating, mold casting, and soft lithography. Direct
writing is considered a powerful and low-cost tool due to the ab-
sence of complex intermediate steps compared to soft lithogra-
phy. It enables rapid prototyping, scalability to large substrates,
and precise lateral alignment of waveguides crossed by fluidic
channels.[236263] The technique appears to be compatible with in-
dustrial scale-up using roll-to-roll. However, a proper setup must
be carefully considered to eliminate substrate vibrations that may
affect the writing consistency.

Direct femtosecond (fs) laser writing consists of focusing fs-
laser pulses on a PDMS sample, inducing a series of photochemi-
cal reactions, and, hence, changing locally the refractive index.!3]
To maximize the RI index difference of inscribed structures upon
laser writing, a variety of photosensitizers have been added to
PDMS as further discussed in Section 3.2.[8485129264] [nyestiga-
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tions on the chemical reactions caused by an F,-laser (157 nm)
revealed the formation of silica-like optical waveguides on PDMS
following swelling (chain scission), gas-phase photodissociation,
and surface modification steps.[1®*2%°] The reactions were mostly
restricted to the PDMS surface due to the strong absorption of
UV irradiation in this region. The process was conducted in ni-
trogen (N,) to prevent the absorption of short wavelengths by am-
bient oxygen. Despite this, Okoshi et al. demonstrated that resid-
ual oxygen in both the N, atmosphere and inside the film played
an important role in the photochemical reactions that resulted
in a photooxidized silica-like waveguide as the final product.1%
In another study, where the F,-laser was compared to an ArF
laser (193 nm), only swelling was observed without conversion
to silica-like products. These results were attributed to the in-
efficiency of the ArF laser in producing reactive oxygen atoms
from the photodissociation of 0,.12%°] Furthermore, -OH were
detected on the surface of PDMS, and methane (CH,) and car-
bon dioxide (CO,) were generated as by-products of the photodis-
sociation of Si—C and C-H bonds.[2652%¢] Ridge-like waveguides
have been fabricated using a 157-nm laser,'* whereas inscribed
graded-index buried waveguides have been written with a 515-nm
laser!® as shown in Figure 10. In both cases, the waveguides pre-
sented a cross-section that resembles a Gaussian beam profile,
with propagation loss at 1550 nm below 1.5 and of 0.6 dBecm™!,
respectively. PDMS samples presented an improvement in the
average tensile strength, elastic modulus, and elongation at break
of 74%, 44%, and 18%, respectively, after waveguide direct writ-
ing, even though the variations were within the standard devia-
tion. The addition of photosensitizers had a detrimental effect on
the mechanical properties.[1°]

The number and duration of pulses, writing speed, number
of passes, and delivered energy are processing parameters to
control. High exposure times can lead to microcraking of the
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Figure 10. i) Microscope images of optical waveguides 15 um wide written on a PDMS slab: a) top view, and b) end view. ii) Atomic force microscopy
(AFM) image of a 3 X 3 um? area of the PDMS surface showing the fabricated silica waveguide topological profile. Surface roughness of the a) waveguide
and the b) nonirradiated area is shown in the enlarged images. Vertical scales are in micrometers. i, i) Reproduced with permission.l'%! Copyright 2005,
The Optical Society. iii) Waveguide written inside a PDMS slab: a) top view under the microscope, b) side view and location inside the PDMS slab, c,d)
two different modes supported by the waveguide, e) the refractive index profile, and f) light propagation into a 4 cm fabricated waveguide butt coupled
using an SMF-28 fiber. Reproduced under the terms of the OSA Open Access Publishing Agreement.[84] Copyright 2020, The authors, published by The

Optical Society.

patterned waveguide.'®! The delivered energy must be lower
than the ablation threshold, which is used for micromachining.
Otherwise, photolysis and/or pyrolysis occur, leading to PDMS
degradation and the formation of powdery silica-like products
and graphitic carbon.?*’] In this sense, Zakariyah et al. used laser
ablation to micromachine trenches in a polysiloxane core de-
posited on a silicone cladding.[?®] The structure was then cleaned
to remove debris generated by the process, and finally another
polymer layer was poured into the trenches, forming a waveguide
array.

Nonetheless, in a photolithographic-like procedure, fs-laser
writing has been used to create waveguides using photocurable
polysiloxanes other than PDMS.[2632%] In addition, phenylacety-
lene monomers!?’?! and silanol-terminated dimethyl diphenyl
polysiloxanes with acryloxyl silanes!?”! were polymerized inside
a PDMS matrix to produce waveguides with high RI contrast. In-
stead of a fs-laser, Valouch et al. fabricated optical PDMS waveg-
uides using a low-pressure mercury lamp (185 and 254 nm) as-
sisted by a conventional mask, as given in Figure 11a.12*”! The di-
rect writing process produced an asymmetrical ridge-like waveg-
uide with a slightly asymmetrical mode profile (Figure 11c), and
propagation loss at 635 nm of 0.47 dBecm™. The authors dis-
covered that multiple modes could be excited in waveguides with
widths of 10 or 15 pm. Waveguiding was achieved at 635 and 808

(a) (b)
185 nm & 254 nm irradiation
Mask [
PDMS ==
1 20 pm
Waveguide

nm wavelengths and remained stable for 3 months while stored
in ambient air.

The use of proton beam irradiation is another method for di-
rect writing. In this case, a beam of finely focused high-energy
protons (750 keV) has been used to pattern straight and Mach-
Zehnder waveguides close to 20 um deep in PDMS.[102:234.236]
The proton beam modifies the refractive index along the ion
path due to chemical reactions and compaction (Figure 12i), that
take place in PDMS caused by nuclear collision events.[236272:273]
These changes are usually localized at the end of the range of the
protons, forming an RI profile that resembles the shape of a Pro-
ton Bragg curve (Figure 12ii). The RI differences between surface
and deeper regions are between 0.03 and 0.08 at 400 nm. The or-
der of magnitude of the RI change has been found to be stable
over time, even though fluctuations of up to 0.03 were observed
without an evident trend.!?*>] The penetration depth of the pro-
ton beam is precisely controlled by its energy, which, combined
with minimal lateral spreading, enables the fabrication of buried
waveguides with well-defined boundaries as depicted in Figure
12iii, and makes proton beam direct writing an attractive tech-
nique for this application.[?3¢274]

The surface topography of the irradiated area changes, as
does its wettability, due to chemical and structural changes.
Depending on the processing parameters, such as the spacing

(c)

80

94,4 nm

z/nm
5

TN

0

10 15
X/ pm

Figure 11. a) Schematic representation of the waveguide fabrication process using a direct UV irradiation and a mask. b) Microscope image of the
fabricated waveguide. AFM (c) cross-section profile and (d) top view of a 25 x 25 um? area of the PDMS slab. Adapted with permission.[237] Copyright

2012, The Optical Society.
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Figure 12. i) Scanning electron microscopy cross-section image of the PDMS slab irradiated with proton beam at a fluence of 1200 nC mm~2. The
scale bar is 100 um. Reproduced with permission.[?73] Copyright 2009, Elsevier ii) Profile plot of refractive index change as a function of proton beam
penetration depth at 400 and 800 nm. A representative Bragg curve (dashed line) is included as a guide to the eye. Reproduced with permission.[23%]
Copyright 2011, Elsevier. iii) Cross-section view of a waveguide written inside a PDMS slab: a) bright field image with reflected white light, b) 633 nm

light emitted from it. Adapted with permission.!?3%] Copyright 2011, Elsevier.

between inscribed structures and fluence (i.e., the beam energy
divided by the illuminating area), the compaction can reach val-
ues up to 3.5 um, which corresponds to approximately 6% of the
proton penetration depth.[?”2] Chain scission, crosslinking, re-
combination, and the depletion of small molar mass fragments
all contribute to the formation of silica-like waveguides.[?’¢! By
varying the delivered energy while keeping the same fluence, it
has been found that different chemical reactions occur because of
the energy dependency of ion-molecule interactions. The mecha-
nisms taking place in PDMS at low and high-energy protons are
described in detail elsewhere.[?7227%] Besides fluence and deliv-
ered energy, the scanning speed is another important parameter
in proton beam writing, as the release of gases produced during
irradiation may affect the process efficiency.

3.1.4. Fiber Drawing

Fiber drawing has been devised to overcome the challenges
posed by the fabrication of circular PDMS waveguides with
small diameters (20-100 um) and high aspect ratios (>100)
since the low stiffness lead to the collapse and poor handling
when prepared by mold casting.[3®] Typically, PDMS is partially
cured prior to the drawing process to achieve an optimal vis-
cosity for processing and to ensure that the PDMS network has
reached the critical point of chain entanglement, thereby facilitat-
ing successful drawing.['>19238] Rheology and calorimetric mea-
surements can be used to track crosslinking evolution and de-

(a) (b)

a« »

'S 1

termine the best processing parameters.[?’] Three approaches
that have been used in PDMS fiber drawing are illustrated in
Figure 13.

The most basic fiber drawing method involves applying partly
cured PDMS (8 h after mixing the components) to the end faces
of conventional fibers (Figure 13a). Then, gradual elongation is
applied until the PDMS fiber reaches the desired length between
the two fibers. Afterward, the PDMS fiber is cured at higher tem-
peratures to stabilize its geometry. This procedure yields tapered
symmetrical waveguides that are coaxial with the conventional
fiber if properly aligned during drawing.’®2%%] Martincek et al.
developed a similar technique in which an optical fiber is drawn
with a plastic rod, as illustrated in Figure 13b.1'%! Important pro-
cessing variables are viscosity, drawing speed, and the amount of
PDMS pulled with the rod. Using this method, the authors were
able to prepare fibers with diameters ranging from 10 to 2000 um
and lengths ranging from a few millimeters up to 50 cm, besides
the fabrication of unconventional optical waveguide structures,
such as looped and twisted fibers and X-fiber couplers. Surpris-
ingly, the diameter along the fiber presented good uniformity.
For instance, a 37-mm-long fiber presented diameters varying
between 44.2 and 46.4 uym. Similarly, 7 cm long PDMS waveg-
uides were fabricated with an average diameter of 126 + 5
pm.l Cao et al. used a glass rod to pull the fiber through
a tubular heater set at 280 °C for quick crosslinking of the
PDMS core in ~2 s instead of partially curing the PDMS mix-
ture. Following that, the waveguides were oxygen-plasma

() ? Microbead

PDMS
fiber

fiber reservoir

Figure 13. Schematic representation of tapered PDMS fibers produced by a) pulling apart two conventional fibers connected with PDMS, b) pulling
PDMS using a rod, and c) PDMS micropillars drawn with microbeads attached to a movable upper substrate.
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Figure 14. Schematic representation of a monolithic PDMS waveguide structure prepared via lost-wax casting. a) Mold-filling with liquid PDMS, b)
monolithic PDMS structure obtained after mold dissolution, and c) picture of a PDMS waveguide array produced using this technique. Adapted with

permission.!24%] Copyright 2011, IOP Publishing.

treated and coated with a poly(vinyl alcohol)/poly(acrylic
acid) interpenetrating network to form a hydrogel
cladding.[2%]

A more elaborated approach has been used by Paek & Kim to
fabricate arrays of upright waveguides with aspect ratio higher
than 40.1238] The authors used microbeads (Figure 13c) as draw-
ing probes. These microbeads remained integrated into the
waveguides to be used as self-aligned reflectors, finding appli-
cation in airflow sensors (Section 4.1.2). PMMA and Ag-coated
hollow glass microbeads with 50 and 58 um of diameter, respec-
tively, were used as drawing probes. The PDMS bed from which
the micropillars were drawn was prepared by spin coating and
prebaked in order to accelerate its partial cure. The microspheres
were assembled with the aid of an SU-8 grid prepared via pho-
tolithography and attached to a glass substrate by double-sided
tape. After that, the microspheres were partially immersed in the
prebaked PDMS and lifted with a micromanipulator, drawing the
fibers. After curing, the PDMS fibers containing the microbeads
were gently detached from the double-sided tape. Several com-
binations of height and tapered fiber diameters were achieved.
Waveguides with 2.4 mm of length and an average diameter of
21 pm had the highest aspect ratio of 112 achieved using this
technique.(2%®]

3.1.5. Lost-Wax Casting

The lost-wax casting technique has enabled the manufacture of
cores with circular cross-sections, even though this method is not
limited to this geometry. Lost-wax casting was originally used to
cast metal parts and involves several steps.[**] A simplified lost-
wax inspired process has been used by Lee and Kim to prepare
arrays of 10 x 10 waveguides directly anchored to PDMS slabs
with very high aspect ratios (the highest aspect ratio of 167:1).124]
For that, a water-soluble wax mold was first prepared using metal
wires fixed to a polycarbonate substrate. Once the mold was
ready, PDMS was poured into it, as depicted in Figure 14a. Af-
ter PDMS cured, the wax mold was removed by dissolving it in
water, Figure 14b.

Microwaveguides ranging from 150 to 250 um in diameter and
length between 2 and 20 mm were produced at a success rate of
around 96%. Advantages of this technique include the fabrica-
tion of very complex monolithic geometries and easy demolding.
A disadvantage is that, once used, the mold is completely lost,
which increases the processing time and cost.

Adv. Optical Mater. 2024, 2401975 2401975 (19 0f45)

3.1.6. Liquid Extrusion

Liquid extrusion here is defined as a method of forcing a liquid
through a die. In some ways, it is similar to additive manufac-
turing, in which a nozzle or translation stage moves to create
the waveguide without, however, creating complex 3D structures.
Nakakubo et al. used liquid extrusion to write PDMS waveg-
uides on glass and PDMS substrates.?*!l The authors used a
syringe filled with a so-called super-PDMS solution mounted
on a translation stage to accomplish this. They were able to
write 3-cm-long waveguides with a width of 200 ym and a
thickness of a few microns by controlling processing param-
eters such as discharge pressure, feed flow rate, needle in-
ner diameter, and distance between the needle and the sub-
strate. Adequate solvent and PDMS concentration are also im-
portant solution parameters to consider as they affect viscos-
ity and surface tension. The fabricated waveguide cross-section,
on the other hand, had a heart-shaped top and flat bottom
due to solvent evaporation. The ensuing cured structure was
then placed inside a mold to create a PDMS top cladding via
casting.[>!] Alternatively, wet-spinning has been used to fabri-
cate long PDMS fibers with uniform diameter of ~0.55 mm
and lengths of up to 1 m.[¥7] It consists of extruding liquid
PDMS from a syringe directly into a hot oil coagulation bath
(170-230 °C).1277:278] Solidification occurs rapidly, within sec-
onds, allowing for the fibers to be drawn out from the bath.
However, a subsequent oil removal step, utilizing soap wa-
ter or isopropyl alcohol, is necessary.?”?’8 Notably, the pro-
cess may result in flattened fibers depending on the processing
parameters.[27%]

The Mosquito method has been used to prepare graded-index
circular polysiloxane-based waveguides.*/279280] The name
derives from the fact that the core is dispensed inside an un-
cured cladding pool with the aid of a needle. The needle moves
longitudinally inside the cladding to create the waveguide.
The monomer diffusion profile and final core diameter can be
controlled through scanning speed, dispensing pressure, and
needle inner diameter to fabricate uniform or tapered parallel
waveguides compatible with on-board interconnections.
Cladding and core are cured with UV light and baked at
100 °C.[247:279280] Ingpired by this technique, Prajzler et al.
recently prepared circular waveguide cores by injecting a PDMS
copolymer, LS-6943 (NuSil), with the aid of a needle into partially
cured Sylgard 184 slabs and curing them at high temperatures
afterward %]
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To ensure the continuous production of circular cross-section
waveguides, Feng et al. employed a poly(ethylene oxide) (PEO)
and poly(propylene oxide) (PPO) triblock copolymer with acrylate
end groups (Pluronic-DA) as cladding. This copolymer presents
a sol-gel transition below 10 °C at 33.3 wt% and is UV-curable.
It served not only as cladding but as a supporting shell during
liquid PDMS extrusion. The extrusion was carried out at 18 °C
using a commercial printer with an extrusion head containing
a coaxial nozzle. Either Sylgard 184 or a UV-curable PDMS were
employed as core materials. The core diameter could be varied be-
tween 100 and 550 pm by adjusting the printing pressure of either
the core or cladding.!! Further advancements in PDMS additive
manufacturing have been witnessed over the last two decades in
terms of innovative liquid processing approaches!?®!l and molec-
ular engineering to confer thermoplasticity to PDMS.[%282 Thus,
it is expected that in the near future, such approaches will be ex-
ploited in the fabrication of regular and complex waveguide ar-
chitectures.

3.1.7. Blade Coating

Blade coating, also known as doctor blading, knife coating, or tape
casting, is a popular and simple fabrication technique used to pre-
pare thin and flat films with well-controlled and uniform thick-
ness. It involves placing the coating material next to a blade-like
piece and either running it over the substrate or moving the sub-
strate underneath it.?®3] Thickness control is achieved by using
spacers that limit the distance between the blade and the sub-
strate and by adjusting parameters such as spreading speed and
the concentration and viscosity of the coating material. Little ma-
terial waste (estimated at approximately 5%) and industrial scale-
up compatibility are some of the advantages of this technique.[?]
Prajzler et al. employed this technique to produce planar core-
cladding PDMS waveguides on glass with a total thickness of 70
pm.["*! Blading is also present during mold casting, photolithog-
raphy, and soft lithography for leveling and spreading.!103284]

3.1.8. Spin Coating

Spin coating has been used in the fabrication of thin
PDMS planar waveguides,’*?] the substrate for direct
writingl1%+234237] begides being an integral part of photol?®]
and soft lithographicl®27:1532#] processes. It is a simple and
low-cost technique used to prepare flat, uniform thin films
of high finishing quality, ranging from a few nanometers (10
nm) to micrometers. In a typical process, a polymer solution is
dispensed onto the center of a flat substrate, e.g., glass or silicon
wafer, and spun at high speed.’83%¢] The centrifugal forces
spread the polymer and also remove the excess material. Rota-
tion is maintained until the polymer solution completely covers
the substrate or the desired thickness is achieved.[?¢) As PDMS
hardening time at room temperature takes hours, enough time
is given for the polymer to settle and form a more uniform film.
Otherwise, its cure has been sped up by baking the material, for
example, at 150 °C for 2 h!'] or at 100 °C for 5 min.[?’] Ramuz
et al. used this technique to fabricate planar rectangular PDMS
waveguide with gratings for light in and out-coupling. The 600
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um spun PDMS waveguide, was partially cured at 100°C for 1 h
for subsequent embossing gratings using a stamp, and peeled
off from the Si wafer.?*?| The dispensing method, i.e., static or
dynamic (with the substrate spinning), and the dispensed vol-
ume influence the substrate coverage. Micropipettes are usually
employed to dispense a known, reproducible volume. For the
preparation of molds used in soft lithography, most commonly, a
SU-8 layer is spun on a Si wafer prior to its exposure to UV light.
On the spin coating of PDMS, diluted and undiluted PDMS
mixtures (base + curing agent) have been used. A disadvan-
tage of this technique is the high material waste, which may
be critical when the amount of available material is scarce or
expensive.

The final film thickness is determined by the polymer solu-
tion and solvent properties, specifically concentration, viscosity,
surface tension, and, if applicable, solvent evaporation rate.[?”]
Thicker films are obtained from highly viscous or concentrated
solutions as well as solvents with a higher evaporation rate and
surface tension because the solution has less time to be flung
off.[83] Mata et al. observed that increasing the amount of curing
agent decreased the film thickness because of the lower viscos-
ity of the resulting mixtures.[®?] The spinning parameters influ-
ence the final thickness as well. The higher the spinning speed
and the longer the spinning time, the thinner the film. If accel-
eration is too low, solution spreading may be compromised, ren-
dering a discontinuous film.[%2%] For instance, thicknesses be-
tween 18 and 90 um have been achieved by spin coating 450 uL of
Sylgard 184 prepared at a 10:1 mixing ratio. The spinning time
was fixed at 30 s, and the speed was varied from 4000 to 1000
rpm in order to increase the thickness of the PDMS films on
glass.[10%]

3.1.9. Melt Extrusion

Industrially compatible melt processing techniques are expected
to become more viable options for the mass production of con-
tinuous PDMS waveguides as thermoplastic PDMS synthesis
advances.[3#475% Wacker Chemie’s Elastosil R series and Ge-
niomer PDMS-urea copolymers are commercial formulations
already available in the market that are compatible with ex-
trusion, compression, and injection molding.>'=* Melt extru-
sion, for example, has been used to prepare 1-m long thermo-
plastic silicone waveguides of varied diameters (0.5, 0.75, and
0.8 mm), with an optical loss between 0.16 and 0.25 dBecm™!
at 652 nm.°'28 The method consists of melting the poly-
mer with a combination of heat and friction using an ex-
truder. The molten material in then forced through a die or
spinneret, after which it solidifies in contact with cool air ac-
quiring the final form. Draw-down speed, extrusion temper-
ature zones, and die diameter are processing parameters to
control.*?]

3.1.70. Other Potential Processing Technigues
Although UV-curable PDMS is commercially availablel®! its

use in the direct fabrication of PDMS-core waveguides by pho-
tolithography has yet to be demonstrated. Photolithography is
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Figure 15. A cross-sectional view schematic representation of a photolithographically prepared all-PDMS core-cladding buried waveguide array.

based on the projection of a reduced pattern onto a film made
of a material sensitive to UV light and as such, it is limited
to planar configurations. Photolithography is a straightforward
method compared to soft lithography and has been used to fabri-
cate waveguide arrays up to 24.5 cm long made of photocurable
polysiloxane on a polyimide substrate.[?®] The requirement of us-
ing a photocurable PDMS may explain why soft lithography is
preferred over this technique. A schematic representation of the
procedure is illustrated in Figure 15 and begins with spin-coating
and curing a PDMS bottom cladding on a flat substrate. A pho-
tocurable PDMS core mixture is then spun on top of the cladding.
Using a photomask, this core layer is exposed to UV light to se-
lectively cure specific PDMS regions, as shown in Figure 15a.
Afterward, the uncured part is washed away with acetone be-
fore the top cladding is spun on top of the structure and cured
(Figure 15b).

The floating-on-water technique appears to be a simple and
straightforward technique for preparing free-standing micromet-
ric planar waveguides without the size constraints imposed by
spin- and blade coatings, as well as the additional steps for re-
moval from the substrate.[?®] The technique consists of pouring
the PDMS mixture into a container filled with water and exploit-
ing the PDMS’ hydrophobicity to allow it to spread over the water
surface and create a thin film that can be recovered after curing.
Thickness can be controlled by the amount of PDMS dispensed,
initial PDMS mixture temperature, and water temperature./2%]
However, because of capillary action, the thickness is not uniform
near the edge, with standard deviations between 0.6 and 1.4 um
for membranes measuring between 3 to 5 pm thick.[?®] Other
potential techniques for the fabrication of PDMS waveguides in-
clude a combination of etched templates prepared by inkjet print-
ing and replica molding,?®! roll-to-plate nanoimprinting, >
and near-field and melt electrospinning to produce submicro-
metric waveguides with the aid of an electric field.[292-294]

3.2. PDMS Refractive Index Control

When it comes to the fabrication of core-cladding all-PDMS
waveguides, one of the main requirements to be met is the prepa-
ration of a core with a refractive index larger than the cladding.
This refractive index (RI) mismatch is critical for successful light
guidance via total internal reflection (TIR). The most common
strategies used to control the RI value of PDMS samples can be
summarized as follows:

1) Varying the mixing ratio
2) Varying the curing conditions
3) Using solvent

Adv. Optical Mater. 2024, 2401975 2401975 (21 0f45)

) Adding silicone oil
) Using different PDMS formulations
6) Incorporation of photosensitive organic compounds

) Incorporation of metal-based compounds (oxides, metal-
lic nanoparticles, organometallic, and organometalloid com-
pounds), and
8) Preparing PDMS copolymers.

Figure 16 depicts the changes in RI values reported in the liter-
ature for each of these strategies. Table S3 (Supporting Informa-
tion) gives more details in this regard. Some of these strategies
will have an impact on transparency at certain wavelengths and
on the mechanical properties, as discussed in Section 2.4. Thus,
the selection of the most appropriate approach for tuning the RI
must take into account the desired final optical and mechani-
cal properties. Furthermore, the RI standard deviation, when re-
ported, has been found to be near +0.0004, reaching +0.01 in
some cases due to method inaccuracy, sample inhomogeneity,
and/or experimental errors.[>>¢772%] Hence, reproducibility and
agreement on the magnitude of RI change employing some of
the aforementioned strategies are debatable, in particular when
the RI modulation is quite small.

3.2.1. Varying the Mixing Ratio

Between 400 and 2000 nm wavelength range, PDMS RI may vary
according to the mixing ratio (Figure 16, strategy 1).[3°5291921 The
maximum achieved RI contrast across the literature using this
strategy is debatable, going from a negligible effect®! to a dif-
ference approaching 0.015 (Figure 16, 1D).[°?l There is no gen-
eral agreement on how increasing the amount of curing agent
affects RI contrast, with some studies reporting a minimum!®!l
or maximuml(!%?] RI value at a mixing ratio of 10:1 (Figure 16, 1C
and 1E, respectively) and others showing a consistent increase
with higher curing agent concentrations.l’®°?! In addition, Praj-
zler et al. found that altering the mixing ratio resulted in an RI
peak at 5:1 more pronounced at shorter wavelengths (Figure 16,
1A).°%] A further increase or decrease in the curing agent amount
led to lower RI values, with the same trend observed regardless
of the curing conditions investigated. Such mixing ratio effect
seems negligible at longer wavelengths (2000-20000 nm) and,
notably, has little to no effect on the measured extinction coeffi-
cients in the visible to infrared range.°0%!

3.2.2. Varying the Curing Conditions
Varying the curing conditions may have a similar effect for con-

trolling the PDMS RI (Figure 16, strategy 2).15%100.2%] By combin-
ing higher temperatures with shorter curing times, a RI variation
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close to 0.023 (at 589 nm wavelength) was reported, Figure 16,
2H).5%1 Another study on the PDMS curing parameters showed
an RI change of just 0.0008 which was deemed not statistically
significant because it was within experimental error (Figure 16,
2A).5%1 To the best of our knowledge, the precise effect of indi-
vidual curing condition parameters and their possible interac-
tions has not yet been systematically evaluated via a design of ex-
periments (DoE). Yet, based on published data, the temperature
stands out as the main curing parameter responsible for produc-
ing the RI changes.['%2%] Furthermore, by parallelly optimizing
the mixing ratio and curing conditions, a refractive index (RI)
variation of up to 0.037 can be achieved, e.g., PDMS prepared at
10:1 ratio and cured for 30 min at 100 °C, compared to another
prepared at a 10:2 ratio and cured for 10 min at 240 °C.[>%]

3.2.3. Using Different PDMS Formulations

Owing to the diversity of crosslinking chemistries and formula-
tions, another straightforward method to prepare PDMS waveg-
uides with the desired RI contrast is to use different PDMS
formulations (e.g., Elastosil RT 601, GE RTV 655, and QSil
216), with RI differences reaching between ~0.001 and 0.0035
(Figure 16, 3A, 31, and 3]).°*5777] We note that PDMS waveg-
uides designed for applications requiring mechanical perfor-
mance must have core and cladding with matching mechani-
cal properties, which may limit the options available. However,
the practical implementation of this approach may be impeded
by the difficulty in knowing the exact chemistries of commercial
PDMS formulations, as well as their continuous reproducibility
and availability over time.

3.2.4. Using Solvent or Silicone Oils

The incorporation of other materials into PDMS has been pro-
posed by many to impart RI control. For instance, Kee et al.
achieved an RI contrast of 0.001 by adding 10 wt% of hexane dur-
ing PDMS mixing and then evaporating the solvent (Figure 16,

Adv. Optical Mater. 2024, 2401975 2401975 (22 0f45)

4K).®] However, the study found that increasing hexane concen-
tration to 20 wt% led to severe warping after evaporation with
no additional changes in the RI. The evaporation of the solvent
is thought to create voids in the material, lowering the RI. Al-
ternatively, adding 10 wt% of silicone oil resulted in RI changes
of 0.01 (Figure 16, 5L).1°] Besides the changes in RI, silicone oil
also affects the mechanical properties and may exudate from the
crosslinked network with time.[301:302]

3.2.5. Incorporating Photosensitive Organic Compounds

High RI changes have also been demonstrated with the use of
photosensitive organic compounds such as the ketones shown
in Figure 17. Changes in transparency in the UV—vis range are to
be expected, in particular when compounds containing unsatu-
rated (double or triple) bonds are employed. Benzophenone is an
example of such a compound that, at a concentration of 2.5 wt%,
increased PDMS RI by 0.054 at 633 nm wavelength (Figure 16,
6B).°1 In another study involving benzophenone and its deriva-
tives, UV laser writing was used to promote the chemical attach-
ment of these molecules to the crosslinked PDMS backbone. An
RI modulation of approximately 0.0010 was achieved at concen-
trations between 1 and 4 wt% (Figure 16, 6V).[26] Similarly, the
fabrication of waveguides via fs-laser writing in PDMS has re-
sulted in an RI maximum enhancement of 0.015 through pho-
tochemical reactions of benzophenone and other ketones, with
good RI stability over 100 days of aging (Figure 16, 6N). For com-
parison, fs-laser writing in a neat PDMS induced RI changes in
the order of 0.001.18>12%]

Other interesting candidates include photochromic dyes such
as arylazopyrazoles (AAPs) and spiropyrans (SPs). These dyes
can alter the RI when incorporated into PDMS and also enable
an additional temporary photoregulated RI tuning effect. APP
is an organic photochromic dye that undergoes reversible pho-
toisomerization upon irradiation with UV light, changing be-
tween trans and cis conformations whereas SPs isomerize to the
merocyanine form, as given in Figure 18. When incorporated
into PDMS, the RI changed not only as the AAP concentration

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85U8017 SUOWWIOD 8AIEe.D 3(gedlidde ayy Aq pausenob ale sejole YO ‘8sn JO Sa|NJ 10} AIq1T 8UIUO A8]IA UO (SUOIPUOD-PUE-SWLBIW0D" A8 1M AReq U [UO//:SdNL) SUORIPUOD Pue swie | 8Ly 88S *[7202/2T/20] Uo ARiqiTauliuo A8|im ‘netedns aiBojouyos | 80 21093 Aq G/6T0KZ02 WOPe/Z00T OT/I0P/W0D A8 |1 Afe.d jpuluo//SAny Woiy papeojumoq ‘0 ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

i
©/C

Benzophenone

i
O L.
4-methylbenzophenone

o) o]
[l | OH

S0 TO

Allyloxymethylbenzophenone 1-Hydroxycyclohexyl phenyl
ketone

3-methylbenzophenone

www.advopticalmat.de

i i

oT O

4, 4'-dimethylbenzophenone

o} o
i 14
T IGAA

2-Hydroxy-2-methyl-1-phenyl  2-Hydroxy-2-methyl-1-[4-(2-hydroxy

propan-1-one ethoxy)phenyl]propan-1-one

Figure 17. Chemical structure representation of common ketones (functional group highlighted in orange) used to increase PDMS refractive index.

increased but also as the APP reversible isomerization occurred.
The prepared material presented remarkable RI tunability, in-
creasing the RI up to 0.78 for the highest AAP content before
irradiation and an RI decrease of up to 0.67 when irradiated with
UV light (Figure 16, 6M).12739] Recently, our research group
reported a 0.0006 increase in RI at 633 nm upon exposure of
a PDMS film doped with 0.05 wt% of SP to UV-A irradiation
(Figure 16, 60).1°¢!

While this approach provide valuable functionalities such
as photosensitivity for further processing (e.g., fiber grating
engraving!2643%] and direct laser writing)®1%! and the capac-
ity for temporary photoregulated RI adjustment it must be care-
fully considered. Incorporating organic molecules bearing chro-
mophores can alter the absorption spectrum at certain wave-
lengths, particularly towards the blue end of the visible spectrum
and in the IR range. This can lead to higher optical attenuation,
in addition to unwanted crystallization.[>%! SPs, for example, ex-
hibit absorption bands up to 350 nm and may demonstrate neg-

Trans isomer

HO N=N

(¢}

3-(1,3,5-trimethyl-4-(phenoldiazenyl)-
pyrazol-1-yl)-hexanol

Spiropyran isomer

“,

NO,

1',3"-Dihydro-1',3',3"-trimethyl-6-nitrospiro
[2H-1-benzopyran-2,2'-(2H)-indole]

ative photochromism depending on the SP molecular structure
and its susceptibility to chemical interaction with PDMS.[*°!

3.2.6. Incorporating Metal-Based Compounds

On the use of metal-based compounds, PDMS RI has been in-
creased to a large value of 0.27 via the addition of up to 20.8 v%
of diamine-modified zirconium dioxide (ZrO,)!®! (Figure 16, 75)
and by 0.20 with 0.36 wt% of titanium dioxide (TiO,)*%] nanopar-
ticles, respectively. In the former, PDMS films with thickness
between 270 and 300 nm retained more than 92% of trans-
parency in the 400-700 nm wavelength range, even at such high
nanoparticle loading.®3! The incorporation method and surface
modification play a crucial role in the preparation of PDMS with
high RI, as incompatibilities may result in aggregation, poor fi-
nal properties, and a negligible effect on RI.?%] Beyond the di-
rect addition of metal oxides, in situ formation and sol-gel syn-
theses have also demonstrated promising results. For instance,

Cis isomer

HO N=—N
hv, /F(
— N
hv,, l‘ll

(o]

Merocyanine isomer o,

Figure 18. Chemical structure representations (top) of the arylazopyrazole (AAP) trans to cis conversion, and (bottom) of the spiropyran to merocyanine

conversion upon UV irradiation.
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Figure 19. Chemical structure representation of some metal alkoxides and organo-metalloids used to increase PDMS refractive index. Metal and met-

alloid atoms are highlighted in blue.

metal alkoxides and organo-metalloid compounds such as the
ones shown in Figure 19 have been combined with PDMS, re-
sulting in metal(loid) atoms covalently bonded to the PDMS
network, [8485.295,298,299,306]

The increase in PDMS RI using this strategy has varied be-
tween ~0.04 and ~0.141292%82%] (Figure 16, 7P-R) depending on
the synthesis procedure and organometallic characteristics such
as polarizability, molar volume, and susceptibility to form chem-
ical bonds with PDMS.[?*8! Meanwhile, a decrease in PDMS RI
by up to 0.0013 has been reported with the addition of zirconate
and organogermanium compounds, used as direct fs-laser writ-
ing photosensitizers (Figure 16, 7N).['?%! With the latter approach,
RI changes between 0.002 and 0.004 have been observed after
direct writing in PDMS samples containing 2—4 wt% of TiO,,
zirconium isopropoxide, or organogermanium compounds. 848
When triethyl(prop-2-enyl)germane (ATEG) was combined with
benzophenone a RI change as high as 0.016 was achieved af-
ter direct writing.[851%] For the tested photosensitizer concentra-
tions, the transmittance of 1-mm thick films decreased by up to
10%.18%12] Despite the desired effect on RI, the addition of such
compounds may degrade PDMS elastomeric properties and even
prevent the fabrication of optical waveguides free of defects or in-
crease optical attenuation.[129-29]

Regarding metallic nanoparticles, in situ preparation of pal-
ladium, iron, nickel, silver, and gold nanoparticles in PDMS
has been demonstrated!?>>3973%] and RI modulation of PDMS
containing silver nanoparticles has been estimated for different
particle sizes, concentrations, and temperatures by numerical
analysis.[1123%] However, empirical RI measurements are miss-
ing in most cases, and in the presence of gold nanoparticles, it
has been found that PDMS did not present statistically signifi-
cant differences in RI at 635 and 1550 nm wavelengths.[2%]

3.2.7. Preparing PDMS Copolymers

The preparation of PDMS copolymers by the addition of side
groups, different from the methyl groups already present in
PDMS chemical structure, can be used to modulate the RI
as well.[56:60295300] The degree of RI change is dependent on
the chemical nature of the side group and the degree of sub-
stitution. PDMS copolymers have been prepared by attach-
ing naphthyl-, anthracyl-, and n-perfluorooctyl-ethylene groups
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to poly(dimethyl-co-methylhydrogen)siloxane, P(DMS-co-MHS),
via hydrosilylation. The copolymers whose chemical structures
are given in Figure 20 showed an RI change as high as 0.28 when
modified with aromatic side groups, whereas the addition of n-
perfluorooctyl side groups caused a RI drop of 0.04 compared to
the P(DMS-co-MHS) with 2.4 %mol MHS, Fig. 16 8U.3%! The
lower RI presented by perfluorinated PDMS makes it particu-
larly suitable to be used as a cladding material.['’] The combina-
tion of this strategy with the incorporation of metal alkoxide has
yielded an RI increase of 0.14 (635 nm) at 10 mol% Ti (Figure 16,
8Q).12] This RI difference is of the same magnitude as of the
incorporation of metal oxide nanoparticles. Because the change
is at the molecular structure level, this method, while more la-
borious, may provide a more homogeneous RI distribution and
greater long-term RI stability.

3.3. PDMS Post-Processing

Any processing step that occurs after PDMS crosslinks into
a solid elastomer is considered post-processing. Various post-
processing techniques have been employed to modify the opti-
cal, mechanical, and surface properties of PDMS, such as the di-
rect writing technique described in Section 3.1.3. In Section 3.3,
thermal post-curing, solvent-assisted post-processing, and sev-
eral surface modification methods are presented and discussed.

3.3.1. Thermal Post-Curing

One of the simplest post-processing methods is to post-cure
PDMS athigh temperatures, e.g., 165 °C for 48 h or 200 °C for 4 h.
It has been used as a tool to reduce the volatile content in PDMS,
for example, low molar mass silicones and solvents in accordance
with safety regulations**1>°! and to delay the hydrophobic recov-
ery after plasma treatment.[31 The extent of volatile compound
evaporation depends on the sample’s surface-to-volume ratio,
post-curing temperature,[**°! duration,’*'°! and potentially on the
mixing ratio owing to unreacted low molar mass silicones. Post-
curing has also been used to guarantee a proper cure,!*# to mod-
ify the mechanical properties!®! (as discussed in section 2.4), and
to enhance stability over time of PDMS’s mechanical and electri-
cal properties (e.g. electrical breakdown strength).['32] Prolonged
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Figure 20. Chemical structure representation of PDMS copolymers and their respective refractive index as reported in ref. [300]. Indices p and g refer to
a varied number of repeat units in the copolymer structure. Repeat units different from PDMS (SiOC,Hg) are highlighted in magenta.

exposure to high temperatures (>90 °C), however, may lead to
thermal oxidation and degradation of mechanical properties.!**!

3.3.2. Solvent-Assisted Post-Processing

Solvent extraction is undoubtedly another straightforward post-
processing technique for removing low-molar-mass silicones
from PDMS.3*+#131I [t was used to extract cyclic and linear
dimethylsiloxane oligomers to promote plasma bonding!*!! or
to slow down the hydrophobic surface recovery.?*312314] [n this
sense, Park et al. investigated the bonding susceptibility of several
commercial PDMS using oxygen plasma-induced surface modi-
fication. They found that oxygen plasma bonding occurred only
when PDMS presented a Shore A hardness above 15.11) They rea-
soned that the lower hardness could indicate a greater amount of
silicone oligomers migrating to the surface, hindering the bond-
ing reaction. After solvent extraction using toluene, the hardness
increased to 15, at which point plasma bonding was possible.[*!]

Alternatively, Ryabchun et al. used chloroform solutions of
benzophenone derivatives to post-dope PDMS films for subse-
quent grating engraving with a 355-nm laser diode. The authors
were able to add up to 4 wt% of benzophenone using the solvent
swelling technique.[?**l Meanwhile, Almutairi et al. used a ben-
zophenone solution to prepare the PDMS surface for polymer
grafting.’1* Toxicity and flammability represent notable disad-
vantages of using organic solvents.

3.3.3. Oxidative Surface Treatments

Post-modifications of PDMS surface properties have been ex-
tensively researched, most notably in the field of microfluidic
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applications.31>-37] Table S4 (Supporting Information) summa-
rizes some of these approaches, including water contact angle
values and remarks. A comprehensive recent review on PDMS
surface wettability modification can be found in Neves et al.[}®]
Oxidation of PDMS surface via plasma, corona discharge,
and UV/ozone treatments constitute the most common post-
modification processes. Plasma treatment consists in using an
ionized gas to interact with the PDMS surface. It has been used
to bond and assemble PDMS parts, such as in waveguide fabrica-
tion by soft lithography (see Section 3.1.2),1°21%3] to improve epoxy
adhesion to PDMS, 3! to turn PDMS surface hydrophilic or to
create reactive sites for grafting or coating.[62311318320] Although
PDMS can easily attach to itself due to van del Wals intermolec-
ular interactions, irreversible intramolecular bonding occurs via
the reaction between silanol groups. Under certain conditions,
enough reactive sites are generated on PDMS surface by its expo-
sure to air (or oxygen) plasma.311:321:3221 When exposed to oxygen
plasma, several chemical reactions take place along with the for-
mation of silanol groups. For instance, some Si—OH groups form
new Si-O-Si bonds that are responsible for the irreversible bond-
ing between plasma-treated PDMS parts.[311323] Furthermore, a
small amount of methyl groups are oxidized to alcohol (C—OH),
ketone (C=0), carboxylic (O—C=0), and ether (C—O—C) groups
besides the formation and release of volatile species such as car-
bon dioxide (CO,).P!""l When treated with ammonia plasma, a
weak layer of amino-functional groups is formed with no resis-
tance to polar solvents. The extent of surface modification and
hence, changes in wettability are controlled by the process gas
used, plasma power, and treatment time.[3!1]

Besides plasma, other oxidative treatments capable of gener-
ating a graded, thin, and stiff silica-like layer (SiOx) with ele-
vated oxygen and reduced carbon content on the PDMS surface
include UV irradiation,[267-324326] corona discharge,*?’] and ion
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beam irradiation!?’®! which are discussed in further detail be-
low.

e UV irradiation: Aside from creating waveguide structures in
PDMS, UV irradiation has been found to also modify the
PDMS surface. Graubner et al., for instance, irradiated PDMS
samples using a Nb:YAG laser at 266 nm and reported the
generation of hydroxyl groups on the irradiated surface.[¢7]
In another study, PDMS was irradiated with a Xe,*-excimer
lamp at 172 nm in vacuum.?®’] In this case, PDMS film thick-
ness decreased by ~#30%, accompanied by an increase of 0.041
in RI, attributed to material removal, changes in composi-
tion, and densification of the surface.?”] Steady ozone gen-
eration and a series of other photochemical reactions take
place when UV irradiation at 185 and 254 nm is carried out in
the presence of oxygen. The process is then called UV/ozone
treatment.[32432>328] On the one hand, the required treatment
time with UV irradiation is typically longer than plasma, which
allows a slower formation of the silica-like layer and a deeper
penetration up to 14 pm into a PDMS sample.??°] On the
other hand, it represents extra processing time and cost. More-
over, in a particular study, the measured bonding strength of
UV/ozone-treated bonded PDMS parts was one fourth of that
of O,-plasma-treated ones.[*") Thus, the treatment conditions
must be finely adjusted to prevent premature bond failure.

® Corona discharge: It consists of electrical discharges, typi-
cally produced by a Tesla coil, that initiate chemical reac-
tions on PDMS, leading to an oxidized layer of up to 100
nm in thickness.3?’] For treatment times between 1 and 3
h, the hydrophobic recovery rate has been found to increase
with crosslinking density but slower than air plasma treat-
ment. It also presented an Arrhenius-type dependence on
temperature.l*”’] Furthermore, corona-bonded PDMS parts
performed similarly to O,-plasma-bonded ones.[26!]

® Jon beam irradiation: Chemical and surface wettability
changes have been induced by a 2 MeV helium ion (He*) beam
in ultra-vacuum. The PDMS surface with an initial contact an-
gle of #107° became considerably more hydrophilic as the ir-
radiation dose increased, reaching a contact angle plateau at
around 60°. The generation of an oxidized and uniform layer
of around 9 um, free of cracks and compact enough was be-
lieved to hinder the typical hydrophobic surface recovery ob-
served after plasma, UV/ozone, and corona treatments, as the
infrared spectra of the modified surface remained stable for
over 5 months.[?7¢]

The thickness of the silica-like layer varies between 5 and 200
nm according to the processing conditions and analytical method
used to measure this layer.323325:32632832] The changes in the
surface composition also influence the mechanical properties.
The elastic modulus of an O,-plasma-modified layer was esti-
mated at 37 MPa, which is 10 times higher than the measured
modulus of the bulk,®”! and was susceptible to cracking upon
mechanical deformation. An increase in modulus and a change
in other mechanical properties have similarly been observed
in UV/jozone-treated samples.?®) Cracking has been reported
for prolonged UV/ozone or plasma treatment times caused by
shrinkage and cumulative thermo-mechanical stress between the
dissimilar PDMS bulk and its surface.[312:323.324.329]
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It is well known that, for most oxidative treatments, PDMS-
oxidized surfaces can easily recover their hydrophobicity, and the
surface properties once obtained partially degrade within a few
minutes to a few dozen days after treatment.}10311:326327] Tt g
generally accepted that this recovery is explained by the diffu-
sion and migration of highly mobile low-molar-mass oligomers
to the PDMS surface with time to lower the surface free energy,
which corroborates with the quicker recovery of thinner samples
because of the shorter diffusion path.[310311:313.325] Tt hag been ob-
served that for O,-plasma-treated samples, the recovery driving
force is proportional to the modification extent, meaning that the
more silanol groups formed, the faster the recovery to the origi-
nal hydrophobicity.[>!1327 The process can be further accelerated
by microcracks formed due to internal stresses or mechanical de-
formation during handling,®'93?’] through which the oligomers
can rapidly diffuse. To extend the durability of the oxidized hy-
drophilic layer, the treated PDMS must be put in contact with
water or polar organic solvents.[®23] If kept in a gaseous atmo-
sphere, regardless of its composition, a hydrophobic recovery will
occur.*®] Other devised strategies to achieve long-term stability
of the oxidized surface include the extraction of low-molar-mass
silicones by post-curing,*1% solvent extraction*'-*14] or cold stor-
age at —80 °C that was demonstrated to extend hydrophilicity for
at least 100 days.[>*]

3.3.4. Other Surface Post-Modification Methods

Polymer coating is a long-lasting approach to tuning the sur-
face chemistry of PDMS with other functional groups and could
be further explored as PDMS waveguide coatings for spec-
troscopy and biosensing, as pointed out in the IPSR-L.33! In
this sense, a variety of polymers have been grafted onto the
surface of PDMS using numerous strategies. Polymers have
been anchored to the reactive groups via silanization following
a plasma treatment,[248:311:316319320] 1 JV jrradiation.*' In situ
polymerization has been undergone using cerium IV catalyst,>3]
UV photogenerated radicals,*** and chemical vapor deposition
(CVD) polymerization.[2¢033*] CVD-polymerization was carried
out following sublimation, pyrolysis, and condensation steps on
the PDMS surface kept at 15 °C. Chen et al. used this process
to coat the PDMS surface with two different reactive polymers
for bonding different parts. This process provided excellent adhe-
sion not only between PDMS parts but also between PDMS and
a wide range of materials, including glass, PTFE, and metals, in
most cases with bonding strength superior to O,-plasma-bonded
PDMS parts cured at 120 °C.I2%°1 More recently, poly(vinyl alco-
hol) (PVA),13%33] and polydopamine!®>*’] have been used to coat
the PDMS surface using static and dynamic solution deposition,
with reported stability between 7 and 30 days. Metal nanoparticle
coating has been accomplished by immobilizing gold nanopar-
ticles onto the PDMS surface or in situ reduction of chloroau-
ric acid (HAuCl,) using chitosan or a PDMS residual curing
agent.31]

By allowing a precursor solution containing the metal alkox-
ide to diffuse into the PDMS it is also possible to prepare a sol-
gel metal oxide layer. After diffusion, the metal alkoxides are hy-
drolyzed with water, rendering an inorganic oxide layer similar
to the approach used to tune the PDMS refractive index.315338]
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Figure 21. PDMS optical waveguide photos: a) Single fiber, doped with graphene. Reproduced with permission under the terms of CC-BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/).I8] Copyright 2019, The Authors, published by MDPI. b) PDMS patch 3 x 3 fiber array, sewn to a fabric
and placed on a chair for real-time sensing. Reproduced with permission under the terms of CC-BY 4.0 license.[%4] Copyright 2023, The Authors, published
by Elsevier. ) PDMS patch 3 x 3 fiber array sewn between fabric sheets. Reproduced with permission.[2] Copyright 2017, Elsevier. d) 2 x 2 fiber array
weaved into cotton woven textile. Reproduced with permission under the terms of CC-BY 3.0 license (https://creativecommons.org/licenses/by/3.0/).1%%]
Copyright 2008, The Authors, published by MDPI. e) Planar waveguide with integrated LEDs and photodiodes. Reproduced with permission under the
terms of CC-BY 3.0 license.[342] Copyright 2013, The Authors, published by MDPI. f) Dog-bone shaped planar waveguide under white light showing the
diffraction gratings. Reproduced with permission under the terms of CC-BY 4.0 license.[*41] Copyright 2022, The Authors, published by MDPI. g) Planar
waveguide with light-coupling via nanogratings at the ends. Reproduced with permission under the terms of CC-BY 4.0 license.[34%] Copyright 2012, The

Authors, published by Springer Nature.

This method, however, may change the dimensions and geom-
etry of the PDMS substrate, which must be accounted for in
the waveguide design.’'”! Furthermore, layer-by-layer (LBL) as-
sembly has been achieved by immersing PDMS in a series of
polyelectrolyte solutions of opposite charge.’'>31¢] Brown et al.,
for example, used positively charged polyethylenimine and neg-
atively charged polystyrene sulfate solutions to coat PDMS with
six alternating layers.['*] Other LBL polyelectrolyte pairs include
chitosan and DNA, and PVA and glycerol.?'>3%] As the pro-
cess is based on physisorption, the durability of the deposited
layers is dependent on the medium characteristics with which
they will come into contact, such as temperature, pH, and solu-
tion composition.l*¥”] Taking advantage of the dynamic (tempo-
rary) adsorption of some nonionic surfactants that can strongly
adsorb onto the PDMS surface, Tween-20, polyoxyethylene do-
decanol, n-dodecyl-p-maltoside, and polyethylene oxide block
copolymers have also been used to temporarily coat PDMS’s
surface.[31:317]

Recently, surface modification approaches have been em-
ployed to impart pH, glucose, and matrix metalloproteinase
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(MMP) sensitivity to PDMS waveguides for would healing
monitoring.?®] Tt consisted of a plasma treatment to ac-
tivate the PDMS surface, followed by a silanization reac-
tion with (3-aminopropyl)triethoxysilane (APTES). The result-
ing amino-functionalized surface served as a substrate for
the covalent attachment of fluorescein isothiocyanate (FITC)
and core-shell glucose oxidase functionalized silica nanopar-
ticles for pH and glucose sensing, respectively. To impart
sensitivity to MMP, the PDMS waveguides were coated
with poly(diallyldimethylammonium chloride) after plasma
treatment and functionalized with FITC-conjugated chitosan
gelatin-based nanoparticles.?*) This demonstrates PDMS’s
great versatile for surface modification. The benefits of other
post-modification methods in the design and preparation
of innovative waveguides remain to be investigated. Fur-
ther advancements in post-modification techniques may en-
able the development of PDMS waveguides with dynamic
features, novel cladding materials, and customized sensitiv-
ity, ultimately leading to improved performance and expanded
functionality.
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4. PDMS Waveguide Applications

PDMS optical waveguides have been employed in a vari-
ety of applications leveraging the material's promising prop-
erties. These applications can be grouped into five main
categories which will be reviewed in the following subsec-
tions: sensing applications, optogenetics and other biomedical
applications, optical interconnects, optofluidic devices, and solar
energy harvesting.

4.1. Sensing Applications

Within this subsection, the diverse applications of PDMS waveg-
uides are systematically examined in sensing technologies, cat-
egorized according to their respective measurands: mechanical
strain (or stress), flow, chemicals, and miscellaneous (tempera-
ture, and UV light).

4.1.1. Strain Sensors

The idea of using PDMS optical waveguides as stress, strain,
touch, or displacement sensors can be traced back to patents
dating to the 1980s(***3*0] thanks to PDMS mechanical, opti-
cal, and skin-like properties. As such, a plethora of mechani-
cal strain sensor designs composed of fiber arrays, single fibers,
fibers knitted into or sewn to textiles, or planar waveguides can
be found in the literature as depicted in Figure 21 and summa-
rized in Table 3. Such waveguide-based strain sensors are rel-
evant for healthcare monitoring of breathing rate, %% pres-
sure wounds,°2%4252] electronic skin,[?*1342] goft robotics,®*3%3!
wearables,|7°175323334] among others.

The working principle of most stress/strain sensors is based
on microbending loss due to frustrated total internal reflection.
It implies that geometrical and refractive index changes in the
waveguide induced by mechanical stress or strain, result in a
proportional variation in the propagating optical signal that can
be detected and transduced into a magnitude of deformation (or
stress). Typically, the monitored variable is the transmitted op-
tical power intensity, and only requires a photodetector located
in the output end of the waveguide. Alternatively, the detection
method can be based on wavelength shifts, and requires an op-
tical spectrometer.[2334] Other monitoring strain modalities in-
volving PDMS but out of the scope of this review include diffrac-
tion wavelength and diffracted angle shifts, as well as reflected
color variation achieved by means of diffraction gratings in bulk
PDMS,[84264.304.346347) and photonic multilayer cladding.>#!

Recent advancements have seen the incorporation of
dyes,l”"%2] benzophenone,l luminescent upconversion nanopar-
ticles (UCNPs)2°!] and graphenel® into PDMS waveguides, aim-
ing to enhance sensitivity to mechanical deformation and impart
additional functionalities such as temperature monitoring!?!l
(Table 3). In this regard, Liang et al. have identified copper-
doped zinc sulfide (ZnS:Cu) mechanoluminescent particles as a
promising material for combining with PDMS to fabricate self-
powered optical waveguides. The authors prepared an optical
waveguide comprised of a methylphenyl siloxane core, PDMS
cladding, and a 3-cm-long sensing area doped with ZnS:Cu
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particles. The ZnS:Cu phosphors converted the mechanical
strain into a mechanoluminescent light signal, which dispensed
the need for a light source.*?) In an alternative approach to
improve PDMS waveguide performance, a gold reflective layer
was wrapped around the waveguide core, inducing microcracks
under strain that modulated the transmitted light intensity and
exhibited a dependence on distinct deformation modes.[>**30]
Furthermore, a PDMS waveguide cantilever has been proposed
for use as a disposable microoptoelectromechanical system
(MOEMS) due to its low cost, ease of processing, and mono-
lithic integration compared to silicon nitride waveguides. The
devised waveguide cantilever presented a resonant frequency of
83 + 1 Hz, and numerical mechanical and optical sensitivities of
48 um mg~! and 14 dB mg™!, respectively despite the low quality
factor of 5.1 + 0.4.353]

Shape recognition and spatial resolution have also been
part of recent efforts in devising e-skins, touch screens,
and biomedical pressure mapping devices based on PDMS
waveguides.[53:242:342351.354.355] Koeppe et al. (2009), for example,
combined a PDMS waveguide with a position sensitive device
constituted of organic photodiodes, which was able to detect the
pressure site based on the light scattered out of the waveguide
with a precision better than 1 mm after calibration.’>! From
the standpoint of data and signal processing, neural networks!33!]
and tomography backprojection®*?! have been employed to this
end. Moreover, Mak et al. developed an autoregression-based
learning framework for 3D shape decoding. The authors first
used multiphysics finite element analysis (FEA) to optimize the
position of LEDs and photodiodes in the PDMS waveguide. Com-
putational FEA was then applied to enriching the sparsely col-
lected data for model training, showing good reliability over 1000
motion cycles.354]

4.1.2. Flow Sensors

Flow sensing finds application in industrial processes, water
plant treatments, environmental monitoring, and medical instru-
ments. The working principle of waveguide-based flow sensing
also relies on microbending optical losses, but in this case, in-
duced by fluidic drag forces on the waveguide surface. To ex-
ploit this phenomenon, high aspect-ratio PDMS waveguides have
been prepared as micropillars for airflow detection, as depicted
in Figure 22a—c. The devised sensor demonstrated limits of de-
tection between 0.55 and 1.82 mmes~! depending on the waveg-
uides’ aspect ratio for steady airflow regimes, and resonance fre-
quencies near 100 Hz.[2*8] Concurrently, tapered PDMS waveg-
uides have been devised for liquid flow monitoring based on the
wavelength shift tracing method. It presented a linear trend up to
600 pLemin~! with a flow rate sensitivity of 2.3 pme(uL min~!)~!
and resolution of 1.1 uLemin~" with water.[>*¢]

Inspired by nature, some researchers developed optoelec-
tronic flow sensors based on PDMS waveguides that mimic
fish neuromasts (lateral fish hair cells used as a hydrodynamic
sensory system),[10-262357-359] ghown in Figure 22d. Klein and
Bleckmann,*”] for example, built an artificial lateral line canal
(ALLC) with PDMS Elastosil RT 60 (Wacker Chemie) as neu-
romasts with diameters ranging from 0.4 to 1 mm, a few mil-
limeters long. By combining optical light guiding with MEMS

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 22. Schematic representation of the airflow sensor working principle based on PDMS waveguides (micropillars): a) the initial upright PDMS
waveguide reflects back the probe light, whereas in b) the light intensity that reaches the photodetector decreases under airflow due to bending losses.
c) Reflection change plot in response to sound waves at 60 Hz. Based on data extracted from ref. [238]. d) Schematic representation of a fish lateral line
superficial and canal neuromasts. A gelatinous cupula covers the hair cells from which kinocilium and stereovilli (or stereocilia) grow. The hair cells are
connected to support cells and sensory nerves. e) Schematic representation of a neuromast bioinspired flow sensor based on PDMS waveguides (in
blue). d,e) Reproduced with permission.[262] Copyright 2015, IOP Publishing.

technology, measurements were based on the degree of deflec-
tion of the waveguides, which produced a variation in the amount
of light reaching the phototransistor located near one of the ends.
The sensor was capable of detecting finger movements 2-cm
apart alongside the ALLC, water motion, and vortices. Further-
more, the bulk flow velocity, size and position of the object that
caused the perturbation could be determined from the collected
hydrodynamic data. A similar approach was used to build an air-
flow sensor, as shown in Figure 22e, exhibiting a dynamic range
of 2-42 m s~!. It could withstand velocities up to 47 m s~! and
remained undisturbed by sound waves or electrical noise.l?%?! In-
tending to improve bending sensitivity and allow its operation
with opaque and corrosive fluids, a sealing layer has been added
to other proposed flow sensors.3°83>%] Such a flow sensor has also
been proposed for use as a disposable low-cost spirometer.!**]

4.1.3. Chemical Sensors

Chemical sensors are indispensable in a myriad of applica-
tions that involve the detection and quantification of chemi-
cal species. In this context, PDMS waveguides have been pro-
posed for volatile organic compound (VOC) detection,”®! liquid
identification,3*° pH monitoring,!2*%2*?] and glucose,!**8] matrix
metalloproteinase (MMP),[2#¥] and salt quantification.!?*] For in-
stance, PDMS tapered waveguides were able to detect acetone

Adv. Optical Mater. 2024, 2401975 2401975 (31 of 45)

vapor at concentrations up to 17000 ppm with a sensitivity of
~4.2 X 107" nm ppm~! and a resolution of 4.8 ppm.’¢ Fur-
thermore, an innovative PDMS pillar-type waveguide sensor con-
taining gold nanoparticles (Au), Figure 23a, has been proposed
for the identification of various liquids and implementation in a
robotic finger. The working principle was based on guided and ra-
diated optical modes dependent on the optical properties of the
liquid under analysis. The sensor response was measured as a
variation in transmitted optical intensity, Figure 23b, by collect-
ing the light in the region above the pillars that worked as a T
optical junction.[>%]

In recent years, there has been a growing interest in the de-
velopment of smart wearable bandages for wound monitoring,
with the ultimate goal of enhancing wound care management
and consequently patient outcomes. By doing so, these advanced
wound dressings aim to reduce the healthcare burden and as-
sociated costs, especially in the context of chronic and pressure
wounds. Monitoring their progression can be achieved by as-
sessing key parameters, e.g., pH, glucose, and localized pres-
sure. Leal-Junior et al., for example, doped a PDMS waveg-
uide with a pH-sensitive dye, rhodamine B. The waveguide
was embedded in gauze fabric and hydrocolloid wound dress-
ing for use as a pH and pressure dual-sensing smart bandage
(Figure 23c). It presented a sensitivity of 0.67 nm pH™! unit
(Figure 23d) with response and recovery times of 17.2 and 31.5
sepH ™!, respectively.[?>?] Besides pH, Giovannini et al. developed

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 23. a) Schematic representation of the pillar-type sensor fabricated with PDMS-Au nanoparticles. b) Transmitted optical spectra as a function of
analyzed liquid. Data extracted from ref. [360]. c) Schematic representation of the smart bandage with the rhodamine-doped PDMS waveguide embedded
in the wound dressing. d) Transmitted optical spectra of the smart bandage as a function of pH. Insets highlight the wavelength shift and the optical
intensity variation evolution with pH, and the experimental setup used in the measurements. c,d) Reproduced with permission.[2°2] Copyright 2021,

Chinese Laser Press.

a wearable multi-sensor comprising three surface-functionalized
PDMS waveguides for simultaneous pH, glucose, and MMP
assessment. The waveguides were integrated into a commer-
cial cotton pad and validated using complex solutions, in-
cluding a simulated wound exudate. Following calibration,
the wearable device demonstrated accurate quantification of
the targeted parameters within relevant ranges for wound
healing assessment, as detailed in Table S5 (Supporting
Information).[248!

4.1.4. Miscellaneous Sensors

Thermally sensitive UCNPs have been embedded into PDMS for
the fabrication of luminescent waveguide temperature sensors,
as given in Figure 24a.[825! Upon excitation with a near-infrared
laser (980 nm), the UCNPs exhibited dual-wavelength emission
at 525 nm and 545 nm, whose intensity ratio was used for signal
detection. The sensor exhibited a linear and rapid responsivity
from 25 to 70 °C, with a detection limit of +0.3 °C, and sensitiv-
ity 0of 1.8%°C~!. No hysteresis was observed over heating-cooling
processes, with a stable performance under tensile strain up to
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80% and under bending. The latter sensor was tested on a vol-
unteer for monitoring the temperatures of the skin and mouth,
as well as monitoring nasal breathing with good repeatability,
as shown in Figure 24b,c.®] In another study, the authors used
the UCNP-doped PDMS waveguides for temperature and strain
dual-sensing.[>!] Demultiplexing the optical signal was accom-
plished considering that the emission at 525 nm is independent
of temperature.

Recently, a novel approach to UV sensing has been demon-
strated, wherein polydimethylsiloxane (PDMS) optical waveg-
uides are doped with the UV-sensitive dye spiropyran (Figure 18),
offering a flexible alternative to conventional stiff UV photode-
tectors. Because of the spiropyran-to-merocyanine isomerization
triggered by the UV-A light, the formation of the merocyanine-
colored species caused a sharp decrease in the optical signal of
a He-Ne laser (633 nm). The developed optical sensor exhibited
a reversible and consistent response over many irradiation cy-
cles and under bending, with a sensitivity of 115% cm? J7', a
dynamic range of 0-0.4 ] cm™2, and decay and recovery time
constants of 42 and 107 s, respectively. The sensing param-
eters could be tailored by white light, waveguide length, and
temperature.*°!
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Figure 24. a) Visible green emission under near-infrared excitation of the UCNPs-doped regions in the PDMS waveguide. Inset shows a transmission
electron microscopy image of the UCNPs. b) Sensor response when in contact with the hand or mouth of a volunteer. c) Sensor response to nose
breathing. a—c) Adapted with permission.[®] Copyright 2019, John Wiley and Sons.

4.2. Optogenetics and Other Biomedical Applications ing opsins, light-reactive proteins, into neurons and activating
them via optical neural implants as exemplified in Figure 25a.3¢1]
The minimal light intensity required for opsin activation is esti-
mated at ~10 mW mm~2. This value might be higher, depend-

ing on the distance from the light source, positioning, etc. Light

Optogenetics is an emerging healthcare technique based on light
neuromodulation to potentially treat a range of neural conditions
such as epilepsy and Alzheimer’s disease. It consists of introduc-
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Figure 25. a) Schematic illustration of the PDMS waveguide for vagus nerve stimulation in mice. b) Picture of the waveguide coupled to a blue light
source. a,b) Adapted with permission under the terms of CC-BY 4.0 license.[?%] Copyright 2023, The Authors, published by Springer Nature. c) Top:
Picture of a PDMS waveguide used for optogenetic stimulation attached between a Plexon stub (left) and a commercial optical fiber (right). Bottom: a
close-up lateral view indicating the PDMS fiber diameter and inset showing a schematic representation of the optogenetic experimental setup, including
a viral injection of AAV-ChR2 and the PDMS waveguide (blue) connected to an LED. Adapted with permission under the terms of CC-BY 4.0 license.[°]
Copyright 2023, The Authors, published by Springer Nature. d) Picture of a wireless optogenetic device with PDMS waveguide coupled to a blue micro
LED and a receiving antenna on a PDMS/glass substrate. Adapted with permission under the terms of CC-BY 4.0 license.[?>3] Copyright 2023, The
Authors, published by MDPI. €) Top: pictures of the sclera under direct light and with a PDMS waveguide wrapped around it for crosslinking. Bottom:
a plot of Young’s modulus at 8% strain of the sclera under different treatment conditions. Adapted with permission under the terms of CC-BY-NC-ND
4.0 license.['] Copyright 2017, The Authors, published by ARVO. f) Schematic representation of the smartphone-based compression-induced scope
prototype built with a PDMS waveguide and LEDs as probe for breast cancer screening, based on ref. [365].
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delivery by direct implantation of LEDs or silica fibers at the
stimulation sites is associated with discomfort and undesired
mechanical and thermal damage to the tissues.[24253362] Thus,
PDMS’ biocompatibility, ability to deliver light to deep tissues
without exacerbated heating, and mechanical properties close to
those of biological tissues make it an ideal candidate for this field
of application, as attested by recent efforts.[12:19:20.95,103,253,363.364]

Rudmann et al., for instance, prepared core-clad PDMS waveg-
uides with cores measuring between 130 and 200 um of side
length, and 3-8 mm long for optical stimulation of optogenet-
ically modified cochlea of a Mongolian gerbil. The waveguides
were inserted in the inner ear for in vivo hearing activation
with promising results despite the high optical losses obtained
(4.8 dB cm™! at 472 nm).>*1 Zhao et al. prepared a hybrid flexi-
ble intracortical penetrating optical PDMS waveguide electrode
measuring 300 um of diameter and with lengths between 5
and 20 mm, capable of delivering light intensity between 11.3
and 70.4 mWemm™ for optogenetics.***] Additionally, 4.5 cm
long PDMS core with poly(vinyl alcohol)/poly(acrylic acid) inter-
penetrating polymer network (PVA/PAA IPN) cladding waveg-
uides have been prepared with a diameter of 250 um. They were
proved effective when implanted into the primary motor cortex
of freely moving mice for vagus nerve optogenetic stimulation
(Figure 25a,b). By delivering adequate light power to the targeted
area, the mice experienced motor impairment, decreased heart
rate, and prolonged anxiolytic-like behavior. The PDMS waveg-
uides presented excellent long-term biocompatibility and stabil-
ity after 4 weeks of implantation.?”] In another study, PDMS
waveguides (Figure 25c) presented a reduced inflammatory re-
sponse compared to silica fibers following a 6-week implanta-
tion in the brains of rats. The delivered light intensity increased
in the first week and roughly stabilized afterward.[®) Nonethe-
less, this study also pointed out some disadvantages of the use
of PDMS waveguides. Because of the sticky surface, there is a
higher chance of small dust particles adhering to the surface,
which can increase optical losses and cause contamination of
the operation site. A guide pin is usually required during im-
plantation because of its flexibility, and the light leakage along
the waveguide can potentially activate opsins in undesired loca-
tions or cause wanted behavior if noticed by the animal.*?! To
tackle some of these drawbacks, poly(lactide-co-glycolide), a stiff
but biodegradable polymer, was employed as a temporary shell.
The shell was expected to degrade within the postoperative pe-
riod of 3-10 days, resulting in a PDMS core only by the time of
the optogenetic stimulation.[?>]

Apart from optogenetics, PDMS waveguides have been used
for scleral cross-linking."*! Scleral crosslinking is another po-
tential medical intervention that has been proposed to prevent
severe myopia progression by stiffening the equatorial band of
the sclera. Light at the blue end of the spectrum is combined
with a photosensitizer (riboflavin) to induce intermolecular col-
lagen crosslinking. It is considered less invasive and ensures
better light distribution than lasers and other light-delivery de-
vices introduced in the eye cavity. To demonstrate its feasibility,
10 cm long flat and tapered rectangular PDMS waveguides were
wrapped around fresh adult porcine eyes. It was found that ta-
pered waveguides delivered light more uniformly than flat ones
along the treated area and delivered similar power efficacy as
direct laser illumination,'¥ as shown in Figure 25e. A PDMS
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waveguide illuminated with LEDs has also been employed to
capture compression-induced images as part of a smartphone-
based compression-induced scope (SCIS-T) (Figure 25f). By com-
pressing the soft waveguide against the target, the light scatters
into an iPhone CMOS image sensor, from which an image is
created for further analysis. This device may become an impor-
tant tool in the identification of inflammatory breast cancer up
to 3 mm deep in tissue based on color, texture, and tempera-
ture changes.[*®] Other biomedical applications in which PDMS
waveguides have yet to be exploited include phototherapy to treat
infections and cancer,3%-3%! in vivo deep tissue imaging,3%37"]
photochemical tissue bonding,!*’!] and real-time monitoring of
biomarkers.[372373]

4.3. Optical Interconnects

The use of electro-optical printed circuit boards (PCBs) has
garnered significant attention over the past two decades, prin-
cipally driven by the need to enhance bandwidth density in
high-performance computing systems. This need has been fur-
ther exacerbated by the exponential growth in data volumes
resulting from the widespread adoption of artificial intelli-
gence, which is currently hindered by the limitations of electri-
cal interconnects.[*’*37>] Optical waveguides in general present
smaller propagation delay and higher bit rate compared to elec-
trical wires.’7# Because of the relatively low optical losses in
the datacom region of 600-1600 nm, multimode PDMS waveg-
uides have been proposed for use in variable optical attenua-
tors (VOASs)!1%! and for the fabrication of cost-effective low-loss
and high bandwidth optical interconnects.[1%811537637] [ addi-
tion, PDMS waveguides are immune to electromagnetic inter-
ference, and set themselves apart from waveguides made from
stiffer materials by allowing unmatched versatility in design and
assembly.[’””] These unique properties were demonstrated with
the fabrication of single-mode rib Y-branch splitters[®®! and other
unconventional designs.[*%]

A bit error rate lower than 1072 has been reported for dig-
ital data transmission at 10 Gbites™! using PDMS waveguide
arrays.'"® In another study, PDMS waveguide arrays devel-
oped for chip-to-chip high-speed optical backplane transmission
(Figure 26a,b) presented error-free transmission up to 15 Gbit s~
with negligible crosstalk.l’”®! Moreover, PDMS waveguide arrays
with integrated sources and detectors, Figure 26¢,d, exhibited op-
tical losses below 0.7 dB under bending and 30% tensile strain,
without visible degradation of the optical link after 80,000 stretch-
ing cycles at 10% elongation.!'>3] When tested for integration into
PCBs and their multiple fabrication steps, PDMS waveguides
performed well, presenting very low optical attenuation at 850
nm and consistent adhesion strength to the laminates that typi-
cally compose a PCB.[114115]

More recently, Dominguez et al. prepared an intrusive pas-
sive optical tapping device (Figure 26e), for use in data networks
as well. The authors stacked multiple PDMS planar waveguides
to form a device with a tailorable number of optical sniffers by
adding or removing such layers. Although thicker waveguides re-
duced insertion losses (Figure 26f, D1 vs D2), they resulted in a
less balanced light coupling to the outputs in the proposed con-
figuration. Interestingly, PDMS waveguides containing trapped
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Figure 26. a) Schematic representation of a chip-to-chip high-speed optical waveguide backplane, and b) a photograph of the optical communication
backplane system. a,b) Reproduced under the terms of the OSA Open Access Publishing Agreement.[38] Copyright 2020, The authors, published by
The Optical Society. c) Photograph of a PDMS waveguide array coupled to an embedded 1 x 4 vertical-cavity surface-emitting laser (VCSEL) array, and
(d) a photograph of the full stretchable optical link. c,d) Reproduced with permission.['3] Copyright 2014, The Optica Society. e) Optical setup for
performance evaluation of the optical tapping device. f) Plot of insertion loss for three waveguide configurations; D1: thicker waveguides (0.8 mm) with
trapped bubbles, D2: thinner waveguides (0.5 mm) with trapped bubbles, and D3: thinner waveguides without bubbles. e,f) Adapted with permission
under the terms of CC-BY 4.0 license.[?0] Copyright 2021, The Authors, published by IEEE.

air bubbles facilitated coupling between stacked waveguides be-
cause of the higher scattering, and were preferred instead of
the bubble-free ones even though incurring in higher insertion
loss.[2°%1 A planar PDMS waveguide has also been employed to
couple probe light into a gallium phosphide planar photonic
crystal (PPC) nanocavity array as part of a compact high-
resolution spectrometer.[38]

Despite the promising results, some challenges remain to
be addressed for the effective commercialization of PDMS
waveguide interconnects such as optimized optical losses below
0.1 dB cm™ at all wavelengths over the next decades.!**”>] PDMS
waveguides also require more waveguide division multiplexing
channels to match electrical interconnect bandwidth density, as
well as more space between waveguides to prevent crosstalk
because of the large mode field diameter.*’*] Such drawbacks
could be minimized by the development of graded-index PDMS
waveguides instead of the typical step-index architecture. Further-
more, they are more susceptible to dust contamination because
of their sticky nature, and to temperature fluctuations during
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operation. Finally, their wider adoption is dependent on the de-
velopment of design flows, standardization, packaging methods,
and tools not just for better temperature management but also
for its integration into already existing photonic and electronic
technologies.[>37°]

4.4. Optofluidic Devices

The integration of PDMS optical waveguides is also advanta-
geous in microfluidics and lab-on-a-chip applications for the
development of seamlessly connected components with limited
use of dissimilar materials. Integrated optofluidic devices enable
cost and size reductions and enhanced performance due to better
contact and alignment of the optical elements.[25$259284] Ljen
et al., for example, prepared fluidic-photonic integrated circuits
with PDMS waveguide arrays for highly sensitive cytometric de-
tection (suspended particles and cells).[*®] Flow cytometry is an
important analytical tool for counting white blood cells, detecting
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Figure 27. a) Schematic representation of an optofluidic device showing the 8 X 1 PDMS waveguide array presented in ref. [258]. b) Photograph of a
PDMS gradient-index optofluidic device whose channel passes at the center of the waveguide, and c) the output light profile captured by a camera.
b,c) Reproduced with permission.[2°6] Copyright 2017, The Optica Society. d) Micrographs of the dynamically tunable multi-mode interference (MMI)
waveguide, e) lightvalve, and f) lightvalve particle trap (top), all in the empty state. f, bottom) Image of the lightvalve particle trap filled with a fluorescent
solution and excited with a 488 nm laser coupled to the solid-core PDMS waveguide on the left (not shown). d—f) Adapted with permission under the
terms of CC-BY 4.0 license.[*33] Copyright 2016, The Authors, published by Springer Nature.

cancer, and sorting stem cells, to name a few. The device com-
prised an array of 8 parallel waveguides integrated monolithically
with the microfluidic channels (Figure 27a), so that a single cell
was detected 8 times. The design allowed for the use of an
array of 8 detectors or to combine the waveguide’s output into a
single detector and demultiplex the signals in the time-domain.
Both configurations yielded signal detection sensitivity nearly
1000 times higher due to improved signal-to-noise-ratio even
for very small cell sizes (1-um), compared with single-channel
devices.[?*®] Another sophisticated microfluidic photonic inte-
grated circuit for cell sorting was prepared by Cho et al. with low
and high refractive index polysiloxanes.[?>°! Similar efforts have
been devoted to the use of liquid PDMS pre-polymers as optical
waveguides.[381:382]

Besides cell counting, Odeh et al. prepared a PDMS gradient-
index optofluidic device (Figure 27b,c), where the fluid under
analysis was transported in the center of the waveguide, while
the graded-index profile ensured light guidance by TIR.[?®! This
configuration was believed to enhance the interaction between
fluid and guided light and, hence, its performance in evanescent
sensing applications.[?**! Moreover, Parks and Schmidt demon-
strated the fabrication of optical waveguides capable of simul-
taneously acting as fluidic microvalves (Figure 27ef).383] One
of the lightvalve designs was used to trap bioparticles for fluo-
rescence detection analysis and withstood 100,000 switching cy-
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cles without degradation. The same authors also devised a multi-
mode interference (MMI) waveguide composed of solid-PDMS-
core and liquid-core waveguides (Figure 27d). The optofluidic
platform was able to create length- and wavelength-dependent
spot patterns upon the propagation of multimodes. By changing
the core liquids or applying pneumatic or hydraulic pressures,
the waveguide modes could be easily engineered for multiplexed
detection of biological samples.®®] Despite the mentioned ad-
vances, PDMS waveguide coating and other surface modifica-
tions mentioned in Section 3.3.4. are yet to be exploited, for ex-
ample, in microfluidic biosensing.

4.5. Solar Energy Harvesting

PDMS waveguides are playing an important role in solar energy
harvesting systems as luminescent solar concentrators (LSCs).
An LSC is an optical waveguide doped with luminophores that,
upon solar radiation, re-emit light at longer wavelengths, as de-
picted in Figure 28a. This light is then guided by TIR along
the waveguide structure until it reaches the solar cells at the
edges of the waveguide for conversion into electricity. For in-
stance, Chou et al. reported an external photon efficiency (1,,,)
of 29.3% with an LSC made of PDMS doped with disodium flu-
orescein (DSF) combined with a backside reflective layer.[3¥*] By
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Figure 28. a) Schematic representation of a LSC made of PDMS doped with luminescent dyes as part of a flexible waveguiding photovoltaic module,
and photographs of these modules doped with b) C440, and c) DSF. a—c) Reproduced with permission.[3¥*] Copyright 2015, Elsevier. d) Photograph of
an LSC-PM based on PDMS doped with Lumogen F red 305. e) Schematic representation of the possible fate of the photons reaching the LSC-PM: 1a)
top reflection, 1b) bottom reflection, 2) transmission, 3a) top emission, 3b) bottom emission, 4) edge emission, 5a) luminescent photons, 5b) direct
irradiation, and 6) non-radiative losses. d,e) Reproduced with permission under the terms of CC-BY-NC 3.0 license.[*33] Copyright 2017, The Authors,

published by RSC.

stacking a PDMS waveguide doped with coumarin 440 (C440)
onto a DSF-doped PDMS waveguide, the #,,, further increased to
33.2% while improving the device efficiency (14, LSC-PV sys-
tem) from 4.6% to 5.2%. Both PDMS waveguides doped with
C440 and DSF are shown in Figure 28b,c, respectively. In addi-
tion, Sadeghi et al. were able to achieve an ,,, as high as 37% and
a 1y, of 0.9% in solar cells whose LSC consisted of fluorescent
copper-doped indium phosphide (InP) quantum dots embedded
into PDMS waveguides.[*] Furthermore, wearable LSCs have
been fabricated with coumarin 6 embedded into an amphiphilic
polymer conetwork composed of PDMS and an acrylate phase.
When integrated with fiber dye-sensitized solar cells (FDSSC),
the two-side configuration reached a n,, of 7.85%, which
represents an improvement of up to 84% compared to the bare
FDSSC.[38¢]

PDMS-based LSCs have also been used to harvest solar en-
ergy for efficient and sustainable photochemical reactions. In-
spired by the photoreaction mechanisms found in vegetable
leaves, microfluidic channels designed into a LSC slab fabri-
cated with doped PDMS served as the flow photoreactors, named
LSC-PhotoMicroreactors (LSC-PMs), Figure 28d.13873%] The lu-
minophore, Lumogen F red 305, and the reaction photocatalyst,
methylene blue, were carefully selected based on their spectral
features in the visible range. The working principle is based on
the absorption of incident sunlight by the luminophore and its
re-emission at a longer wavelength range that matches the ab-
sorption spectrum of the photocatalyst. The emitted photons are
guided within the waveguide, reaching the channels filled with
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the reaction medium, Figure 28e. The photocatalyst then triggers
the photoreactions inside the microreactor channels. When LSC-
PMs were tested using outdoor sunlight, reaction conversion in-
creased from 57% to 96% on average, with reduced susceptibility
to fluctuations in cloud coverage, highlighting the promising ap-
plication of this approach in the sustainable production of phar-
maceuticals and organic compounds.*¥’]

5. Current Limitations and Future Prospects

PDMS is a well-established polysiloxane whose properties have
been exhaustively studied over the years. It is a very versatile
polymer that combines optical transparency, great flexibility and
stretchability, a wide working temperature range, biocompatibil-
ity, and environmental safety. Most of the research on PDMS opti-
cal waveguides, however, has been limited to addition-cured two-
component systems, owing to the convenient availability of cost-
effective commercial formulations. This has helped democratize
and grow the research on PDMS waveguides and their applica-
tions in the last decade. Still, the interesting properties of PDMS
have fueled the development of copolymers, different crosslink-
ing routes, and post-modifications that have yet to be exploited
in waveguide technology. For instance, with the advances in ther-
moplastic and self-healing PDMS, we should expect not only the
fabrication of continuous waveguides via industrially compati-
ble melt-processing techniques but also with unique new prop-
erties. Additionally, UV-Curable PDMS represents a viable op-
tion for the fast production of waveguides to be further explored
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in photolithography, and even in the fabrication of long fibers
via fiber drawing, additive manufacturing, and other processing
techniques that allow for a UV light source integration to the
fabrication setup. Moreover, PDMS waveguide post-modification
such as coating and surface functionalization, remains to be ex-
plored in optofluidic devices as a means to improve selective in-
teraction of analytes and device sensitivity.

The development of novel PDMS formulations through filler
compounding, doping, and copolymerization necessitates a com-
prehensive investigation to optimize the balance and trade-
offs among various properties. For instance, poly(dimethyl-co-
methylethylnaphthyl)siloxane presents an RI higher than PDMS,
proving the required mismatch for TIR in step-index waveguides.
Bulky aromatic groups, however, are known for increasing stiff-
ness and are more susceptible to weathering because of the ben-
zene rings. The vibrational spectrum in the infrared region also
changes, which may cause unwanted attenuation at certain wave-
lengths. Meanwhile, fluorinated PDMS copolymers have shown
smaller RI and absorption loss values compared to PDMS at the
near-infrared range. Their use, however, seems limited and less
popular, particularly in datacom, where this wavelength range is
more useful. Fillers and dopants provide an additional avenue
for tailoring specific properties or incorporating supplementary
functionalities, such as self-powered waveguides via luminescent
particles and reversible modulation of optical properties using
photochromic dyes. Nevertheless, it is crucial to consider that
these materials are susceptible to aggregation, which can com-
promise transparency, introduce additional scattering centers,
and increase the stiffness of PDMS. Achieving adequate filler dis-
persion and distribution may necessitate additional processing
steps, e.g., ultrasonication and surface modification, which can
be costly. Furthermore, changes in biocompatibility and thermal
stability are anticipated.

Biocompatibility is an important subject concerning wear-
able and implantable devices. While PDMS has been exten-
sively used in medical applications and is considered safe for
the overall population, long-term side effects in population sub-
sets are an ongoing topic that has to be carefully examined.
Furthermore, PDMS is considered inert and does not pose a
risk to the environment. Still, aiming towards environmental
responsibility and circular economy, it is good practice to mit-
igate pollution through the development of long-lasting waveg-
uides, thermoplastic recyclable PDMS, and fabrication processes
that are energetically efficient, solventless, and zero waste. Con-
tinued research and the implementation of efficient chemi-
cal recycling strategies through PDMS depolymerization and
filler transformation are crucial to providing viable end-of-life
alternatives.

PDMS waveguide fabrication techniques are plentiful and pro-
vide great versatility for waveguide design, even though they
are mostly limited to methods compatible with thermoset pro-
cessing. Among the many, sometimes creative, solutions to pre-
pare PDMS waveguides, direct writing offers the possibility of
preparing micrometric silica-like waveguides in fewer process-
ing steps and with great design flexibility. Fiber drawing is inter-
esting from the point of view of dispensing the use of a mold,
with fixed dimensions, and for allowing the preparation of circu-
lar waveguides with high aspect ratio. Fiber drawing with ther-
mally assisted fast curing seems to be an alternative for the fabri-
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cation of non-tapered PDMS core fibers, contrary to what is typi-
cally achieved by this method. Additive manufacturing using UV-
curable PDMS may provide the means for automatic integration
of optical interconnects thus eliminating laborious manual align-
ment and fixation in integrated microchips. Processing methods
that impart changes in PDMS’s original composition, however,
such as the formation of a silica-like core or the use of photo-
sensitizers, are expected to impart changes in mechanical per-
formance and need to be better investigated. The same goes for
the doping strategies employed to tune the refractive index and
post-modification treatments. In this sense, organic photosensi-
tive compounds, particularly those that undergo reversible pho-
toisomerization, can provide additional RI modulation with light
and are worth exploiting. Their long-term photostability has to be
considered, as they are prone to photooxidation.

PDMS waveguides have shown remarkable promise particu-
larly in optical strain sensing applications, with various designs
and adaptable operating ranges proposed in recent years. While
these waveguides offer considerable versatility, a key aspect that
warrants further investigation is the seamless integration of lo-
cation awareness and spatial resolution capabilities without re-
sorting to intricate fabrication processes. To fully harness the po-
tential of PDMS waveguides, advancements in algorithm devel-
opment may be crucial to achieve high-resolution strain map-
ping. Additionally, the vast majority of PDMS waveguides are
step-index and operate in a highly multimode regime. Access and
more research in the few- and single-mode regimes and within
the near-infrared region of the spectrum could spur new applica-
tions of PDMS waveguides in optical communications and inter-
connects where those regimes are most useful.

Their use has been mostly directed to applications that require
short distances, e.g., short-reach interconnects, optical sensing
and optogenetics, because of their considerable optical attenua-
tion. The lowest propagation losses found in the literature are still
four to five orders of magnitude higher than silica-based optical
waveguides. Attenuation can be minimized to a certain extent by
reducing mold roughness, removing impurities, and providing
efficient light coupling. In this sense, the graded-index architec-
ture could be further exploited to reduce optical attenuation and
increase bandwidth by means of fabrication techniques such as
the Mosquito method. In addition to optical attenuation, factors
such as high thermal expansion coefficient, mechanical hystere-
sis, stress-softening, and strain-hardening must be considered
for accurate long-term performance and reliability assessments.
Despite current limitations, PDMS waveguides exhibit vast po-
tential for impactful applications across various fields notably
in optical sensing, phototherapy, photochemistry, integrated cir-
cuits, and others.
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