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Featured Application: Optical waveguides for polymer-based optical microchips and
polymer cladding for fused silica fibers.

Abstract: In this paper, our work in the field of fluorinated UV-curable polymers is re-
viewed. These polymers possessing tunable low refractive indices and low optical propa-
gation losses for telecommunication wavelengths are intended to be used as core and clad-
ding materials for the fabrication of passive channel waveguides in optical microchips on
the polymer platform. This application requires low thermo-optic coefficients. With this
goal, we used a combination of fluorinated polymers with low-refractive index inorganic
nanoparticles of SiO2 and MgF.. Another application requiring extremely low refractive
indices is polymer cladding for optical glass fibers. UV-curable fluorinated monomers/ol-
igomers were used.

Keywords: fluorinated acrylate; nanoparticles; nanocomposite; thermo-optic coefficient;
optical propagation losses; glass fiber; polymer cladding

1. Introduction

Organic polymers containing C-F bonds found a wide application in photonics. Low
refractive indices and apparently low propagation optical losses at the communication
wavelength of 1550 nm are the most interesting properties of fluorinated polymers in
view of applications in optics. Low absorption in the wavelength region ca. 1550 nm is the
main challenge for the material, as this absorption contributes mainly to the optical prop-
agation losses. The presence of -OH and —-NH groups has to be avoided to reduce the
propagation losses in this wavelength region (these chemical bonds absorb very strongly
in the near infrared region). Therefore, polyurethanes, epoxy resins thermally cured by
amine-containing hardeners, phenolic resins and polyamides are generally not consid-
ered for such applications. C-H bonds are normally present in almost all organic poly-
mers, and they also absorb in this region. However, the absorption caused by C-H is a
result of the overtones of the C-H stretching vibration and is consequently two orders of
magnitude lower than the first overtone of -OH or -NH vibration lying exactly in the 1550
nm region. Nevertheless, the absorption of -CH groups in the infrared region also influ-
ences optical propagation losses in optical devices. The use of fluorinated and highly
fluorinated polymers leads to a reduction in optical propagation losses, making
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fluorinated polymers versatile for integrated optical devices. In addition, the substitution
of hydrogen for fluorine or another halogen also reduces the concentration of C-H bonds.

Therefore, here we review our previous research in two application areas involving
fluorinated UV-cured thermosetting polymers, namely, their application as core and clad-
ding layers for the fabrication of channel waveguides used in optical microchips [1-5] and
their application as cladding layers for optical glass fibers [4-6].

While for the first application, tunability of the refractive index and low propagation
losses are important features, for the second application, a low refractive index is the most
important. Two classes of polymers (oxirane-containing fluorinated polymers and a mon-
omeric mixture of fluorinated acrylates) are used for passive optical waveguides, with the
emphasis in our own work being on nanocomposites [1-3].

2. Fluorinated Polymers for Passive Optical Waveguides

Currently, several polymer materials have been developed for photonic applications.
Such optical polymers have become state-of-the-art, particularly in the form of polymer
optical fibers [7]. Linear polyacrylates such as poly(methyl methacrylate) (PMMA) have
primarily been used, but they exhibit significant aging effects at moderate temperatures
above 75 °C. A fluorinated polymer is used as optical cladding to enable waveguiding.
Modified PMMA from Toray Industries [8] shows higher long-term thermal stability and
heat resistance. Polymer optical fibers based on linear PMMA show low propagation
losses of 0.0016-0.003 dB-cm™!, but only in the wavelength range between 650 and 670 nm
[9]. This limits their usability to lengths of less than 100 m, in contrast to optical glass
fibers, which can transmit data over many kilometers (in the wavelength range around
1550 nm). In addition, PMMA can absorb up to 1.5% of water, which has a negative effect
on its propagation losses [7]. The use of these materials, especially PMMA, for integrated
optical components has already been described in the literature [10-12] and reviewed in
2002 [13]. However, these materials have several disadvantages, especially high losses in
the wavelength range around 1550 nm, which are mainly due to the harmonics of the C-
Hbond [7]. For the wavelength range around 1550 nm considered here for polymer-based
optical microchips, the loss values are typically worse than those of PMMA. In addition,
none of these materials are cross-linked, which makes processing into integrated compo-
nents difficult or even impossible (e.g., re-dissolution of the lower cladding layer by the
solvent of the waveguide layer). In addition, the refractive index is too high and there is
no second material available to provide a sufficient index contrast. Thermoplastic poly-
mers also have a very high thermo-optic coefficient (TOC) [14].

In addition to the materials mentioned above, several other systems for integrated
optical components have been described in the literature. Benzocyclobutene from Dow
Chemicals has too high optical losses for applications around 1550 nm [15]. Perfluorocy-
clobutane polymers, originally developed by Dow as low-k materials for microelectronics,
have been further developed by the US research group led by D. W. Smith and used for
various optical and other applications [16-18]. They exhibit low optical losses at 1550 nm
(sometimes as low as 0.2 dB-cm™ at 1550 nm), but their adhesion to silicon is poor.

Fluorinated acrylates from Allied Signal [19] have low propagation optical losses at
1550 nm, but there are no material pairs with a sufficiently high index contrast.

Several classes of polymers were used in our previous research [20,21]. Functional
prototypes of integrated optical components based on monomodal polymer optical wave-
guides were developed using different polymer classes for telecommunication applica-
tions, particularly in the wavelength range around 1550 nm.

Depending on the respective integrated optical components, different polymers were
developed. These included fluorinated (meth)acrylate co-polymers, polycyanurates, new
triazine-containing polymers (e.g., triazine acrylates), perfluorocyclobutane (PFCB)
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polymers and PFCB-polycyanurate hybrid polymers. The layers were prepared by spin-
coating of prepolymer solutions, whereby the refractive index contrast An = 0.008-0.020
between the cladding and the core was achieved using specially designed co-polymers.
The polymer systems developed possessed very reproducible process characteristics.
With polycyanurate co-polymers, optical propagation losses below 0.3 dB-cm™ at 1550 nm
could be achieved, although the processability was not sufficient.

The partially fluorinated (meth)acrylate co-polymers, which can be processed on sil-
icon and show good film formation properties, proved to be particularly promising, espe-
cially due to their good processing properties. The optical losses at 1550 nm were still too
high (0.8 dB-cm™1), and acrylates have a rather limited temperature resistance.

Silicones, some of which are deuterated, have also been used as waveguide materials
in the past [22,23]. The disadvantages were non-optimal optical losses, a tendency to swell
in media and a thermo-optic coefficient about 2.5 times higher than that for PMMA [10].

Ormocer® hybrid materials have high thermal stability and show moderate optical
losses of approx. 0.6 dB-cm™ at 1550 nm. Their refractive index is above 1.51 at 1550 nm,
even in the case of fluorinated systems [24].

The South Korean company ChemOptics [25] offers a material system that shows low
optical losses (0.35 dB-cm™ at 1550 nm) in the layer waveguide and good adhesion to sili-
con. However, the TOC is not low (—(1.5-2.2) x 10+ K).

Photochemically active polymers are a broad branch of polymer science and are used
as UV-curable thermosets in passive and active optical waveguides, optical cladding for
glass fiber, photoresists and composites. From a chemical point of view, two main reac-
tions are the radical photochemical polymerization of carbon double bonds (often acry-
lates) and the ring-opening polymerization of oxiranes using photoacid generators.

Photopolymerization of the double bond is used in the above-mentioned commercial
materials from ChemOptics for passive optical waveguide fabrication [25], while photo-
chemical cross-linking of oxirane-containing polymers is the typical reaction in negative
photoresists.

In general, a planar optical waveguide consists of two materials. The core material (1
= 1.48-1.50) is clad with another polymer material (called cladding, n = 1.45) [26,27]. The
refractive index of cladding is usually close to that of fused silica (1.444 at 1550 nm). The
refractive index contrast between the core and the cladding materials (0.05, 0.03 or lower)
is determined by the application. The general design of a channel optical waveguide is
shown in Scheme 1.

core

3-5pum_§

/
/
1

ca 10um
substrate (Si)
3-5um

Scheme 1. Schematic cross-section of channel optical waveguide.

Passive optical waveguides are used in the optical microchip on the polymer plat-
form (Scheme 2). They are shown in dark blue in Scheme 2. A passive optical waveguide
serves as a connection between elements of a microchip similarly to wire in an electronic
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chip. Other elements could be filters, switches, gratings, distributors, etc. An optical fiber
is connected to a passive waveguide via a U-nut.

filter

waveguide
core 3x3um

mirror

optical

component
P buffer substrate \ cladding

Si ca.10um

Scheme 2. Scheme of an optical microchip on a polymer platform, where dark-blue lines represent

passive polymer optical waveguides.

Different fabrication procedures can be used for such waveguide fabrication, includ-
ing direct photolithography, where the core layer serves as a photoresist (Scheme 3).

Cladding Core
spin-coating, spin-coating

substrate UV exposure
N

!

UV exposure Development Cladding
core through core spin-coating,
mask UV exposure

Scheme 3. Direct photolithographic fabrication of planar optical waveguide.

In the case of viscous monomeric mixtures, such as the material from ChemOptics
[25], usually more complicated procedures involving reactive ion etching are applied
(Scheme 4).



Appl. Sci. 2025, 15,1790

5 of 26

Core
Bu‘ffer . spin-coating,
Spin-coating, UV exposure
substrate UV exposure
e S
UV exposure
photoresist through
mask
Photoresist l Development

spin-coating photoresist

Al deposition Lift-off RIE structuring
Cladding
spin-coating,
UV exposure
Al removal

Scheme 4. Schematic representation of the process of optical waveguide fabrication using reactive
ion etching (RIE).

It is also possible to apply soft lithography techniques (microcontact printing or mi-
cromolding in capillaries [13]).

2.1. Material Based on a Halogenated Acrylate Mixture

A representative composition of the formulations is shown in Scheme 5. The chemis-
try is based on photochemical cross-linking via radical polymerization of double bonds
(mostly in acrylate groups or styrene-type derivatives).

F

o o o
F °‘<0:§)ko——\03\\0)]\o/ -\OJ\R/
R

Scheme 5. Typical examples of fluorinated monomers of acrylate type and viscous polyester acry-

late for the formulation of liquid mixtures for optical waveguide fabrication.

We were able to reduce optical propagation losses and refractive indices using highly
fluorinated components. Other components (shown in the middle of Scheme 5), which
were different viscous oligomeric biacrylates, were used to adjust the rheological proper-
ties. Finally, the refractive index and viscosity were adjusted to meet the refractive index
and thickness requirements of the core and cladding layers. Different viscous acrylates,
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such as Merimer from MIWON, Sartomer from Arkema, Ebecryl from Allnex and OGSOL
from Osaka Gas Chemical, were used. These viscous oligomers were selected based on
their FTIR spectra to avoid O-H or N-H bonds and according to their viscosity.

All optical parameters were measured using m-line spectroscopy with a Prism Cou-
pler System Metricon 2010/M (Metricon Corporation, Pennington, New Jersey, USA). The
optical propagation losses of the planar waveguides on fused silica slides were obtained
by measuring the scattered and transmitted light intensity as a function of the propagation
distance along the slide [28]. This is shown in the image in Figure 1 for visible He-Ne laser
light (633 nm). A schematic of the method is also shown in Figure 1. An example of optical
loss measurement for core materials is shown below, in Figure 1. Measurement of optical
losses at 1547 nm for materials based on acrylate mixtures exhibited values of 0.3-0.6
dB-cm™ (core) and 0.4-0.5 dB-cm™ (cladding).

Propagating mode Intensity, a.u.

Fiber probe

Laser beam

000 081 168 24 3% o

To detector

Fiber position, cm

Figure 1. Measurement of optical propagation losses by transmitted and scattered light intensity:
image of measurement at 633 nm, schematic of measurement and measurement at 1547 nm for core
material with n = 1.5 of acrylate monomer mixture based on Ebecryl 150 oligomer (0.6 dB-cm™)

(green line represents exponential fit).

The thermo-optical coefficient (TOC) was determined by measuring the refractive
index at different temperatures using a temperature-controlled prism in the same Metri-
con system. It is the tangent of the linear plot of the dependence of the refractive index on
the temperature. The kick in the curve usually shows a phase transition in the material
(glass transition or melting). Examples are shown in Figure 2.

Core Cladding

Cladding n=1.45

Core n=1.5
Tg=70°C Tg=90°C

n/1547n

TOC=-1.4x10 " TOC=-1.2x10"
5
1.44
-4 T -4
TOC=-2.4x10 TOC=-2.15x10
1,425 4
T T T T T T T 1 T L — T — T T — T LI — T
20 40 60 80 100 120 140 160 20 40 80 80 100 120 140 160 180
T,°C T,°C

Figure 2. Measurements of TOCs of core and cladding materials with m-line spectroscopy at 1547

nm.
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The formulation of the monomer mixtures was adjusted for the required refractive
index. Most of the studied mixtures provided layers of sufficient optical quality and thick-
ness for complete optical characterization (n, thickness, TOC, glass transition temperature,
T; and optical propagation losses). The fabrication of channel waveguides using RIE tech-
nology (Scheme 4) was also possible. Photochemically cured polymeric materials of this
type exhibited TOC values of —(1.3-1.5) x 10 K1, which were lower than those of com-
mercial materials from ChemOptics (-(1.5-2.2) x 10~ K1) [25].

2.2. Glycidyl-Containing Polymer Materials

It has already been discussed above that the presence of C-F bonds leads to a decrease
in optical losses and refractive indices. However, the presence of other C-halogen bonds
(C-Cl or C-Br) also leads to a decrease in optical propagation losses and an increase in the
refractive index. By using different halogenated derivatives, it is possible to tune the re-
fractive indices of polymer layers, which is especially important for the core layer. Here,
we used the co-polymer based on acrylate; fluorinated, chlorinated and brominated acry-
lates; or other compounds containing double bonds (for example, styrene-type com-
pounds). Changing the concentrations of F, Cl and Br allowed a reduction in optical losses
and tuning of the refractive indices for core (n = 1.48 or 1.5) and cladding polymers (n =
1.45). Adjustment to the required layer thickness (10 pm for cladding and 3 pm for cores)
was also possible by changing the concentration of polymers in the solution. To cross-link
polymers in layers and to make the polymer layers patternable either by direct photoli-
thography or by reactive etching (Schemes 3 and 4), glycidyl methacrylate or acrylate was
used as one of the co-monomers in radical co-polymerization. The oxirane group in the
polymer chain is typically used in negative photoresists and allows direct structuring of
such polymers via photolithography. To decrease optical losses, the content of glycidyl
comonomers must be kept to a minimum, while the photochemical reaction of this group
leads not only to cross-linking of the polymer chain, rendering the polymer insoluble, but
also to the formation of O-H groups. These groups increase the optical propagation losses.
Some examples of useful co-monomers are collated in Scheme 6.

Br F
Br Br CF,

F
N, 9¢ e o
o.__0O F o)
LN N

Scheme 6. Examples of double-bond-containing monomers with CI(Br) increasing refractive index

and F decreasing refractive index.

The scheme of polymer fabrication (radical co-polymerization) and application for
the manufacture of waveguide layers (UV-curing in the layers) is shown in Scheme 7.
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Scheme 7. Polymerization followed by UV curing (cross-linking) for the fabrication of waveguiding

co-polymers and their photolithographic processing.

The TOC values (0.65-0.85 x 10 K- for cores and 0.8-1.0 x 10 K~ for cladding) were

measured (see example in Figure 3).

1.485
Core n=1.48
14801 Tg=105°C
TOC=-0.75x10"*
£
S 1.475
<
©
< — -4
470 ] TOC=-2.85x10
1.465
T T T T T T T T T T T T T 1
20 40 60 80 100 120 140 160
T.°C

Figure 3. Measurements of TOC for core polymer obtained according to Scheme 7 with m-line spec-

troscopy at 1547 nm.

Optical propagation losses of 0.5-0.7 dB-cm™ at 1547 nm (core) and 0.6-0.8 dB-cm™!
(cladding) were achieved. Some examples of loss measurements are shown in Figure 4.
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Figure 4. Measurement of propagation optical losses for core n = 1.5 ((a) 0.6 dB-cm™), core n =1.48

((b) 0.5 dB:em™) and cladding n = 1.45 ((c) 0.6 dB-cm™) polymers prepared according to Scheme 7
using m-line spectroscopy at 1547 nm (green lines represent exponential fits).

By using different monomers, such as styrene or 4-chlorostyrene, and reducing the
glycidyl acrylate content to 5 wt.%, it was possible to reduce the optical propagation losses

(Figure 5).
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Figure 5. Measurement of propagation optical losses for core ((a) n = 1.5, 0.4 dB-cm™), core with
styrene ((b) n =1.48, 0.5 dB-cm™) and cladding with only 5%wt of glycidyl acrylate ((c) n=1.45, 0.4

dB-cm™), (green lines represent exponential fits).

Examples of photolithographic processed core materials are shown in Figure 6.

Hm

100 1% 200 250 300 350 400
pym

Figure 6. Images of different photolithographic structures prepared via core polymer and surface

profiling obtained using Dektak 8 profilometer.

2.3. Composite Waveguiding Materials Containing SiO2 and MgF2 Nanoparticles

Inorganic materials possess lower coefficients of thermal expansion and conse-
quently lower TOCs compared to organic materials (polymers). Additionally, some inor-
ganic materials (e.g., MgF2, AlFs, SiO2 and CaF2) exhibit low or extremely low refractive
indices. The combination of inorganic materials in the shape of nanoparticles and organic
polymers (nanocomposites) allows tuning of the refractive indices of the resulting wave-
guide materials. A possible combination of organic and inorganic materials would be a
composite in which the inorganic material serves as a filler in a polymeric matrix. Suffi-
ciently small NPs, smaller than 1/20 of the application wavelength (for 1550 nm, smaller
than ca. 75-80 nm), produce very weak scattering, and thus this scattering does not make
a significant contribution to the optical propagation losses. Therefore, it would be possi-
ble, using inorganic NPs, to tune (reduce) the refractive index and TOC. An application
of MgF2 NPs possessing an extremely low refractive index of 1.37 at 1550 nm was rather
interesting. The MgF> NPs had already been introduced by us into polymeric matrices
[29,30]. We demonstrated a decrease in the refractive indices of the resulting nanocompo-
sites [29]. The combination of inorganic and organic materials (nanocomposites) for ap-
plication in polymer optical waveguides has received little attention so far.

The influence of NPs on the refractive index and TOC is quite understandable theo-
retically [31], as it is based on their lower n and TOC values compared to organic polymer
materials. However, the effect of the same inorganic NPs dispersed in a polymer matrix
on optical propagation losses has not been widely studied so far. Inorganic materials con-
stituting the core of NPs usually do not adsorb at telecommunication wavelengths. There-
fore, they should exert a positive influence on optical propagation losses. However, an
organic shell, usually required to render inorganic NPs dispersible in a polymer matrix,
may have a negative or positive influence on the absorption depending on the ligand used
for the modification. In addition, if NPs are not sufficiently small or agglomerate in the
matrix during their dispersion or following polymer curing, additional scattering will also
increase the optical propagation losses.

The introduction of NPs (MgFz and SiO:2) was attempted for both types of waveguide
polymer materials [1-3]. The general idea for both waveguide material systems is shown
in Scheme 8.
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Scheme 8. Schematic representation of nanocomposite fabrication process. It usually starts with NP
modification. The top route exhibits the direct blending of NPs into the polymer matrix in solution;
the middle route is the direct blending of NPs into the monomer mixture, followed by photochem-
ical radical co-polymerization on the substrate; and the bottom route is the co-polymerization of

double-bond-modified NPs together with additional acrylate/vinyl monomers.

Si0O2 NPs were purchased from Nissan Chemical Industries Ltd. (Tokyo, Japan), Evo-
nik Resource Efficiency GmbH and BYK-Chemie GmbH [1,2], while MgF2 NPs were syn-
thesized in-house.

For the direct introduction of SiO2 NPs into the monomer mixtures described in Sec-
tion 2.1 (Scheme 8, bottom route), we used commercially available SiO: NP dispersions
(Nissan, Evonik and BYK; diameter: ca. 20 nm). The NP dispersions from Nissan and the
Nanopol dispersions from Evonik are based on solvents with different boiling points. The
solvents in MEK-ST and Nanopol C784 have lower boiling points and therefore are easier
to remove by evaporation or distillation if required. Other commercially available mate-
rials (Nanocryl and Nanobyk) contain non-fluorinated acrylate monomers as dispersive
media. Therefore, their application can increase the optical propagation losses due to a
high concentration of C-H bonds.

The experiments with NPs dispersed in solvents (MEK-ST from Nissan and Nanopol
C764 and C784 from Evonik) were carried out [2]. Both core (1 = 1.48, 1.50) and cladding
(n =1.45) mixtures were formulated successfully by varying the concentration of SiO2 NPs
from 10 to 40 wt%. We also varied the monomer composition to achieve the required re-
fractive index. Most of these mixtures produced layers on the substrates of sufficient op-
tical quality and thickness to obtain a complete optical characterization. The UV-cured
polymeric materials exhibited a relatively low TOC of —(0.6-1.0) x 10* K- depending on
the composition. Compared to the original acrylate mixture (TOC = —(1.3-1.5) x 10+ K1)
and the commercial materials form ChemOptics (-(1.5-2.2) x 10 K1) [28], these values
were significantly lower. Exemplary measurements of some materials with low TOCs de-
veloped by us are shown in Figure 7.
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Figure 7. Temperature dependence of n (numbers on the plots are TOCs determined as slopes of
linear dependencies): left—core acrylate mixture containing 30 wt% of SiO2 NPs (from Nanopol
C784, n=1.48) and base core acrylate mixture (with n =~ 1.49) used to prepare nanocomposite mixture
in red; right—core acrylate mixture containing 25 wt% of SiO2 NPs (from Nissan MEK-ST, n = 1.5)

and base core acrylate mixture (with n = 1.49) used to prepare nanocomposite mixture in red.

Thus, the effect of TOC reduction caused by the introduction of an inorganic material,
SiOz2 (Nanopol dispersions), is also clearly demonstrated. Also, the glass transition tem-
perature, Tg, is clearly manifested as a kick in the n—T plot. The NPs increased the glass
transition temperature by only 20 C in this case (Figure 7, right).

The best samples were comparable with the commercial material from ChemOptics
(0.35 dB-cm™ [25]) or Ormocer-type materials from Microresist (0.5-0.7 dB-cm™ at 1547 nm
[24,28]). The values of optical propagation losses varied from 0.2 to 1.0 dB-cm™ at 1547
nm. The examples of the optical propagation loss measurements for the nanocomposites
are shown in Figure 8. In the case of SiO2 NP dispersions in organic solvents, we were able
to prepare both core and cladding nanomaterials.

400 - 400
|I
|
25 wt% SiO, MEK-ST 3
200 4 n=1.5 " 30 wt% SiO, Nanopol C764,
_ | loss - 0.3 dB/cm @1547 nm S h cladding 0.3 dB/cm
s v s g
2 AXN = '
@ 200 A g 200—‘ I 1 n
£ M kS -y I A
- \Qﬂ. z\._’ P i ST LY -} ] "\' \ - )
i v\ L/ ’ vy ot
100 H Ao e A o
0 T T T T 0 T T T T
1 2 3 4 1 2 3 4
Fiber position, cm Fiber position, cm

Figure 8. Representations of optical propagation loss measurements for polymer nanocomposites
with SiO2 NPs from different sources: left—solvent dispersion for core material (n = 1.5) containing
25 wt% SiO2 (MEK-ST from Nissan); right —cladding material containing 30 wt% SiO2 (Nanopol
C764 from Evonik) (red lines represent exponential fits).
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The results based on SiO: NP dispersions in acrylate monomers (Nanocryls and
Nanobyk) were less conclusive [2]. We also investigated SiO2 NP monomer formulations
with NP concentrations of 20-30 wt%. In this case, a simultaneous increase in the inor-
ganic content and the concentration of C-H bonds in the formulation (addition of non-
fluorinated acrylate from the dispersion medium of NPs) should happen. The TOC values
were —(0.8-1.5) x 10 K1, thus exhibiting a no clear difference from the materials without
NPs. However, despite the additional contribution from non-fluorinated acrylates to op-
tical propagation losses (due to an increase in the concentration of C-H bonds), the best
samples exhibited low optical propagation losses of 0.3-0.4 dB-cm™ at 1547 nm.

The fact that such polymers could be used in optical applications under harsh envi-
ronmental conditions is particularly important for optical glass fibers but also has an im-
plication for optical microchips on the polymer platform. An application in polymer-clad
fibers will be considered in Section 3, below. Optical cladding is prepared from a UV cross-
linked polymer. This special polymer has high resistance to high optical power and high
thermal stability. The material has such requirements because these glass fibers are used,
for example, for transmission of laser radiation in surgical lasers and material processing
technology, where the transmitted laser power could be up to 100 W. In addition, the fi-
bers for medical lasers can be autoclaved several times with hot steam for healthcare ap-
plications [9]. The C-F bonds show high thermal and environmental stability. Therefore,
fluorinated polymers (a well-known example being PTFE) typically exhibit increased
thermal and media stability compared to their non-fluorinated counterparts [32]. Inor-
ganic materials in the form of NPs could introduce additional stability to the nanocompo-
sites. Therefore, we investigated the influence of harsh environmental conditions (high
humidity and high temperature) on the optical propagation losses. The comparison of the
original acrylate formulations and the nanocomposites prepared using these formulations
for stability in conditions of elevated temperature and/or humidity is shown in Figure 9.
The nanocomposites showed better performance at a high temperature (125 °C; Figure 9,
right), while under high-humidity and high-temperature conditions (Figure 9, left) the
behavior was not good. We can attribute this fact to the probable absorption of water va-
por by silica NPs and a consequent decrease in the concentration of C-F bonds.
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Figure 9. Optical loss investigation of the samples of base material and nanocomposites as a function

of climatic conditions (temperature and humidity) (black and red lines represent trends).
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n (1547nm)

MgF: nanoparticles were prepared from Mg(OEt): by reaction with HF in dry meth-
anol [3]. The NPs were modified with trifluoroacetic acid to render them compatible with
optical polymers. Stabilized in this way, MgF2 NPs were also introduced into monomeric
mixtures. Again, the introduction of inorganic NPs led to a decrease in TOC, as shown in
Figure 10, left.
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Figure 10. Temperature dependencies of refractive index of acrylate formulation and nanocompo-
site films (left) and polymer and polymer-and-nanocomposite films and (right) measured by m-line

spectroscopy.

It is also clear that the low-refractive index MgF2 NPs decreased the refractive index
of the resulting polymer films (Figure 10). However, despite visual transparency, the op-
tical propagation loss increased significantly (Figure 11) for the two different acrylate for-
mulations. The light scattering by NPs as a reason for the increase in optical propagation
losses is hardly plausible (the NP diameter was ca. 12 nm [33]). Therefore, the absorption
of the organic shell consisting of trifluoroacetic acid at 1547 nm could have been respon-
sible for the increase in optical propagation losses.
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Figure 11. Comparison of optical propagation losses at 1547 nm between polymer material and pol-

ymer composites with MgF2 NPs (solid lines are exponential fits).
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CesFs

Next, we considered nanocomposite materials based on the oxirane-containing pol-
ymers described in Section 2.2 [1,3]. Also, low- and extremely low-refractive index MgF:
and SiO2 NPs were used (see Scheme 8). In the case of 5iO2 NPs, we attempted to introduce
them into the polymer matrix using three different methods, namely, direct blending of
the NP dispersion with a polymer solution (similar to monomer mixtures; Scheme 8, up-
per route), co-polymerization of monomer-modified SiO2 NPs with other co-monomers
(Scheme 8, lower route) and in situ sol-gel formation of similar SiO: structures during UV
curing and annealing. The formation of similar 5iO:z structures was catalyzed by a pho-
toacid generator using a co-polymer with siloxane groups [34]. The in situ sol-gel for-
mation of similar SiO2 structures and polymers prepared with monomer-modified NPs is
illustrated in Scheme 9.

UV exposure and

¢ g heating to 130 °C  Cross-linking
IS .
(o) (o JN0) (0] +
0]
s\ "0
—0’ ¢ \\ + Photoacid
generator

UV exposure and
heating to 130 °C oo
— Cross-linking

Scheme 9. Schematic representation of co-polymers capable of in situ formation of SiO2 NPs by sol—

gel reaction (upper route) and co-polymer containing an NP in a side chain (lower route).

SiOz-containing nanomaterials (sourced from Nissan, Evonik, Nyacol and IOLITEC)
were used for direct mixing with oxirane-containing polymers. The MEK-ST and PMA-
ST dispersions from Nissan and the porous SiO2 NPs from IOLITEC (all ca. 20 nm in di-
ameter) were introduced in these polymers. Before processing, the porous NPs were mod-
ified with fluorinated silane to render them dispersible. Temperature-dependent spectro-
scopic ellipsometry was also used in this case to measure the TOC, as it allows measure-
ment of thinner layers (below 1 um; Figure 12, right) in comparison to m-line spectroscopy
(usually thicker than 2-3 um). Note that TOC should be independent of wavelength. This
allowed us to estimate the effect of NP introduction for a broad variety of NPs. A defini-
tive effect of lowering the TOC by the introduction of SiO2 NPs was registered using the
MEK-ST NP dispersion (Nissan; Figure 12).
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Figure 12. Temperature dependence of refractive index for direct blending of MEK-ST SiO2 NPs into
polymer matrix (red circles—unfilled polymers; black triangles—nanocomposites) for two different

oxirane-containing polymers: left—m-line spectroscopy; right—ellipsometry.

As the next approach, we incorporated NPs into the polymer side chain. For this syn-
thesis, monomer-modified SiO> NPs were used as co-monomers in the polymerization.
Methacrylate and double-bond-modified NPs, porous NPs modified by 3-(trimethoxysi-
lyl)propyl methacrylate (both from IOLITEC; ca. 20 nm diameter), and S125 (70 nm diam-
eter) and DP5820 NPs (Nyacol; 20 nm diameter) were used in the co-polymerization. Glyc-
idyl methacrylate and trifluoroethyl methacrylate (alternatively, pentafluorostyrene)
were used as co-monomers. The presence of NPs in the polymer matrix was proved by
TGA (20-30 wt% of SiO2 residue was determined). TOCs were measured by m-line spec-
troscopy and ellipsometry, but there was no clear difference. The values for TOC were
similar to the values for the basic fluorinated polymers, and a direct comparison was not
possible (Figure 13). However, the suppression of the glass transition in the measured
temperature range was detected. Similar polymers without NPs have a T of ca. 100-120
°C (Figure 13). This could be due to the influence of NPs.

1.510 4
1.505 4

1.500 4

14954 TOC=-1.3x10*

n (1547nm)

1.490

1.485

20 40 60

T T T T 1 T T T 1 T L L T ' 1
80 100 120 140 160 20 40 60 80 100 120 140 160 180 200 220
T[C] T[C]

Figure 13. Temperature dependence of refractive index (TOCs of corresponding materials are

shown as numbers on the plots) for a polymer incorporating SiO2 NPs in the side chain. Double-
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bond-modified SiO2 NPs from IOLITEC were used for the synthesis: left—m-line spectroscopy;
right—ellipsometry.

A co-monomer containing a siloxane residue in a side chain was used to prepare SiO:
NPs inside polymers in situ (Scheme 9, upper route). This monomer was co-polymerized
with trifluoroethyl methacrylate or pentafluorostyrene and glycidyl methacrylate. UV
curing of the polymer in the presence of a photoacid generator followed by heating to 130
°C leads to the opening of the oxirane rings, as exhibited in the general reaction. Also, the
photoacid catalyzes the sol-gel reaction of siloxane groups in the presence of water vapors
from the air. This finally leads to the formation of silica-like structures during heating via
the evaporation of sol-gel reaction products, namely, ethanol and water. The disad-
vantage of this route is that the co-polymer cannot be separated and must be used directly
from the reaction mixture. In addition, this solution shows only a short shelf time of ca. 1
month, with gelation occurring afterwards due to further sol-gel reaction. M-line meas-
urement exhibited a TOC value of —(0.95-1.15) x 10~ K-, and ellipsometry exhibited a
TOC value of ca. -1.25 x 10 K! (a steep fall in the refractive index at the beginning was
attributed to the loss of residual water) (Figure 14).
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Figure 14. Temperature dependence of n (TOCs of corresponding materials are shown as numbers
on the plots) for a polymer with SiO2 NPs in a side chain obtained by in situ sol-gel reaction: left—

m-line spectroscopy; right—ellipsometry.

In this case, the polymer can be prepared only with silica NPs inside, and there is no
basis polymer for comparison. The impact of NPs in situ on the TOC is not clear. However,
we did not observe the glass transition of the polymer up to 200 °C. An additional cross-
linking via Si—-O-Si linkages in situ could be a plausible explanation for this effect.

Examples of optical propagation loss measurements are shown in Figure 15 in com-
parison to the starting polymer.
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Figure 15. Examples of optical propagation loss measurements at 1547 nm for an oxirane-containing
polymer and its nanocomposite with SiO2 NPs (red lines are exponential fits): left—unfilled poly-

mer, right—nanocomposite.

Generally, the optical propagation losses in nanocomposite waveguides are compa-
rable with those of the unmodified polymers (Figure 16).
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Figure 16. Comparison of the several examples of optical propagation losses between original pol-
ymers and polymer composites with SiO2 NPs (each example corresponds to a pair of materials, one
of which is an original polymer (black, full squares) while the other is a nanocomposite based on
the same original polymer (red, empty circles)). Value deviations correspond to measurements us-
ing either different samples of the same material and/or measurements along different optical passes

on the same sample.

The trifluoroacetic acid-modified MgF. NPs described above were also introduced
into the polymer solution. This resulted in the formation of relatively good-quality films
with a thickness of a few micrometers. Unfortunately, some visible scattering appeared
after UV curing of the nanocomposite films (apparently, agglomeration of NPs due to
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polymer network building). It was still possible to measure the refractive index and TOC
(but not optical propagation losses) using the method of m-line spectroscopy (Figure 10,
right). It was demonstrated that the introduction of MgF2 NPs decreases the refractive
index and the TOC.

The optical parameter results for the studied polymer and polymer composite mate-
rials are collated in Table 1.

Table 1. Optical parameters of polymer materials developed for core and cladding of optical wave-

guides.

Polymer Material Propagation Loss_at 1547 nm, TOC, x10 K-
dB-cm™

Monomer materials based on acrylates, core (n =1.48 and 1.5) 0.3-0.6 —-(1.3-1.5)
Monomer materials based on acrylates, cladding (1 = 1.45) 0.4-0.5 —-(1.3-1.5)
Glycidyl-containing polymer, core (1 =1.48 and 1.5) 0.5-0.7 -(0.65-0.85)
Glycidyl-containing polymer, cladding (n = 1.45) 0.6-0.8 —-(0.8-1.0)
Monomer mixtures + SiO2 NP dispersions in solvents 0.2-1.0 -(0.6-1.0)
Monomer mixtures + SiO2 NP dispersions in acrylates 0.3-0.4 -(0.8-1.5)
Monomer mixtures + MgF2 NPs 1.7-2.5 -0.9
Glycidyl-containing polymer + MgF> NPs - -1.0
Glycidyl-containing polymer + SiO2 NP dispersions in solvents 0.5-1.0 -(0.55-1.25)
Glycidyl-containing polymer containing SiO2 NPs in chain - -(1.1-1.3)
Glycidyl-containing polymer containing SiO2 NPs formed in situ - -(0.95-1.15)
Reference material, ChemOptics [25] 0.35 -(1.5-2.2)

As a conclusion to this section, we can state that it was possible to fabricate fluori-
nated polymer waveguiding materials using either double-bond-containing monomer
mixtures followed by radical co-polymerization/cross-linking on the substrate or by radi-
cal co-polymerization with epoxy monomers followed by crosslinking of polymer films
on the substrate initiated by a photoacid generator. Both these materials show relatively
low values of optical propagation losses, which is important for their application in pas-
sive waveguides for optical microchips on the polymer platform. By the introduction of
low-refractive index inorganic nanoparticles of SiO2 and MgF2, we were able to reduce the
refractive index and TOC for the polymer layer. The first one allowed tuning of the refrac-
tive index, while a low TOC is important for the application as a passive waveguide. In
the case of S5iO2 NPs, it was also possible to produce polymer materials without compro-
mising optical losses. It was demonstrated that both core and cladding materials could be
fabricated on the nanocomposite basis, allowing production of waveguides using only
nanocomposites.

3. Fluorinated Polymers as Cladding for Optical Glass Fibers

The experience in the development of materials for optical waveguides [1-5] also
provides useful knowledge for the development of polymer cladding materials for optical
glass fibers [4-6]. The materials are also based on fluorinated monomers/oligomers cured
with UV light. However, in this case, optical polymers with an extremely low refractive
index of only 1.39 at 1547 nm are required. Glass fibers coated with a polymer as optical
cladding (polymer-clad fibers) are intended for applications in material processing tech-
nology and medical technology [35,36]. Hence, only highly fluorinated monomers or oli-
gomers should be taken into consideration. And these monomers/oligomers should be at
least partially multifunctional (containing more than one double bond) to enable cross-
linking. So, Scheme 5 is valid in this case as well, only the concentration of fluorine atoms
should be higher to yield a refractive index much lower than 1.45 (cladding in polymer
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waveguides for optical microchips). The importance of environmental stability for poly-
mer-clad glass fibers is described above in Section 2.3, in the discussion of the influence of
harsh environmental conditions on the composite materials.

In addition to the refractive index, the viscosity of the formulation is also a very im-
portant parameter, since the coating of glass fibers is a continuous process under the ap-
plication of UV light, leading to photochemical radical cross-linking. Viscosity determines
the thickness of UV-cured cladding and the speed of the continuous process. Therefore,
the developed monomer/oligomer formulations required optimization for those two pa-
rameters. It is possible to achieve different viscosities by mixing lowly viscous but highly
fluorinated polyether urethane acrylates with highly viscous acrylates or methacrylate ol-
igomers. Fluorolink® from Solvay SA, which is a UV-curable perfluoro-polyether (PFPE)-
urethane methacrylate resin, is the most widely deployed and researched product. Resins
can be readily mixed with conventional acrylate monomers/oligomers. As is to be ex-
pected, the resulting refractive index depends on the mixture composition determining
the fluorine content and on the concentration of the radical photo-initiator, which is a non-
fluorinated compound. Therefore, a modular system was developed. It contains fluori-
nated monomers (high fluorine content, low viscosity) and fluorinated oligomers (low
fluorine content, high viscosity). The addition of other modifiers like multifunctional acry-
lates or other cross-linkers to enhance cross-linking density would change the processing
properties (adhesion to the substrate). Highly fluorinated monoacrylates were added to
obtain a very low refractive index. A mixture of a bifunctional perfluoropolyether (PFPE)-
urethane methacrylate oligomer (Fluorolink® MD700) and a tetra-functional PFPE-ure-
thane acrylate (Fluorolink® AD1700), both Solvay Specialty Polymers (Scheme 10), was
found to be practical. To increase the adhesion between the glass fibers and the cladding,
silanes were used as adhesion promotors. For better applicability, these materials were co-
polymerized with the fluorinated monomers to reduce migration out of the finally cured
cladding. Scheme 10 depicts the chemical structures of components according to the tech-
nical data sheets of the manufacturers and our NMR spectra. Furthermore, Scheme 10 also
depicts the best radical photo-initiator, Omnirad 2100, selected for effective UV-LED cur-
ing and cross-linking agents containing silane groups.
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cross-linking agents for preparation of cladding for glass fibers.

A comparison of the viscosity and the refractive indices of different fluoroacrylate
and oligomer formulations is shown in Table 2. The reference was always a commercially
available low-refractive index resin system from the glass fiber producer j-fiber GmbH,
Jena, Germany, currently used to produce silica-clad glass fibers with curing with a UV
lamp. For comparison reasons, the neat Fluorolink AD 1700 and Fluorolink MD 700 were
added in Table 2. The reference system is normally cured by mercury lamps at ambient
temperature. The application of UV-LEDs instead of mercury vapor lamps containing
mercury or noble gases is currently gaining in importance.

Table 2. Viscosity and refractive indices of fluoroacrylates 1 to 3 and references.

No. * Resin Viscosity Refractive Index (20 °C)
) [mPas, 26 °C] 400.0nm 486.1nm 598.3nm 653.0nm 704.0 nm
1 Low-index reference from j-fiber 3088.89 1.4074 1.3991 1.3940 1.3920 1.3908
2 Fluorolink AD 1700 22,440.00 1.4428 1.4337 1.4281 1.4259 1.4246
3 Fluorolink MD700 193.80 1.3561 1.3506 1.3471 1.3456 1.3448
Fluorolink AD 1700/Fluorolink

4 MD700 = 1,2 990.00 1.3877 1.3805 1.3761 1.3744 1.3733
Fluorolink AD 1700/Fluorolink

5 MD?700 = 1/1 6677.80 1.4048 1.3980 1.3933 1.3914 1.3903
Fluorolink AD 1700/Fluorolink

MD700 = 2/3 3216.87 1.3954 1.3885 1.3839 1.3821 1.3810

* Formulations 2 to 6 were prepared utilizing only solvent-free Fluorolink AD1700 and contained
5% Omnirad 2100 photo-initiator.

Formulation No. 6 (Table 2), developed by us, consists of Fluorolink AD 1700 and
Fluorolink MD 700, as well as a liquid photo-initiator. The No. 6 formulation and a com-
mercially available low-index coating material (j-fiber GmbH, Jena, Germany) were cured
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in a nitrogen atmosphere as films on glass slides. The resulting samples were an object of
investigation of the influence of the exposure time (drawing speed) and the type of light
source on the degree of conversion, the cross-linking density of the cured polymers and
the consequent thermal properties.

Commercial glass-fiber drawing processes, for example, those performed by j-fiber,
run at speeds of up to 2000 mmin'. Therefore, the investigation of conversion and curing
behavior is essential for process development. Hence, acrylate formulations with different
compositions and developed by employing different radical photo-initiators were cured
for different exposure times (different drawing speeds and UV doses) and by using dif-
ferent UV sources (Hg lamp and 390 nm UV-LEDs). The experimental setup is exhibited

in Figure 17.
Control of UV-
LEDs/ Hg-lamp
Frame of and linear drive
aluminum
profiles
) Mounts for UV-
Height- LEDs and Hg-
adjustable desk lamp
for samples

Figure 17. Experimental setup for UV irradiation.

The conversion was determined using FTIR spectroscopy by monitoring the intensity
of the 1640 cm™ peak (C=C bond stretching vibrations in the methacrylate group). It was
demonstrated that there was almost no difference between the commercial material and
the developed formulations at high exposure times over 1 s. With short exposure times,
there were significant differences between curing with a Hg lamp and with UV-LEDs.
However, the differences between the different formulations and the reference system
were only minor (Figure 18).
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Figure 18. Dependence of UV-curing conversion for commercial mixture and formulation No. 6 on

exposure time.

The conversion can reach nearly the value achieved with Hg lamps by increasing the
UV intensity of the UV-LEDs. Thus, the highly fluorinated thermosets provide excellent
curing behavior (a high degree of conversion) with both UV-LEDs and Hg lamps.

Dynamic Mechanical Analysis (DMA) was also used to investigate the dependence
of the conversion of resin formulation No. 6 on the exposure time with UV-LED light. For
this mechanical investigation, coatings prepared on glass slides were separated from the
substrate to obtain free-standing films. The curves of the storage modulus (E') and the loss
factor (tano) are shown in Figure 19. As expected, an increasing exposure time (UV-LED,
4 Wcem, 385 nm) leads to a higher degree of conversion and thus to a higher network
density, resulting in a higher modulus of the rubbery plateau. The modulus of the rubbery
plateau at the curve is proportional to the cross-linking density [37]. Additionally, the
higher network density leads to an increase in the glass transition temperature (Ty) corre-
sponding to the maximum of the loss factor in the curve.
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Figure 19. DMA measurements of storage modulus (E’) and loss factor (fand) dependent on temper-

ature for the formulation No. 6 for five different UV-exposure times.

The mechanical properties of the materials were comparable to those of the commer-
cial reference system, but the thermal properties could be improved, and the coating ma-
terials can be used at up to 150 °C (Figure 20). Hence, the glass transition temperature of
80 °C of the new material is about 20 °C higher than the glass transition temperature of
the reference (60 °C).
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Figure 20. Dynamic Mechanical Analysis of two acrylate-based coating materials: storage modulus

(E") and loss factor (tand) as a function of temperature.

Additionally, the low optical losses of the fibers allow their application in material
processing technology and in medical devices (surgery and cosmetics). It has been shown
that the developed materials could be autoclaved at least twenty times. Fibers for medical
devices using such cladding will in a sense be more sustainable compared to currently
commercially available fibers, since they can be re-used more times. Novel cladding ma-
terials exhibit excellent thermal properties. In addition, a low water uptake was measured
by testing the polymer-clad glass-fibers after multiple cycles in an autoclave. The newly
developed coating formulation No. 6 (Table 1) showed no changes after 20 autoclave cy-
cles, whereas currently used materials degraded during the first 5 cycles.

4. Conclusions

The development of new and alternative materials for passive optical waveguides
and components and claddings for optical glass fibers is of great interest within the large
field of applications of thermosetting UV-curable polymers. It has been shown that for
each application a modular system of resins could be compiled to tune the necessary op-
tical, thermal and/or mechanical properties. For optical waveguide materials, it is neces-
sary to develop thermosetting polymers with very low optical propagation losses, specific
refractive indices and low thermo-optic coefficients. It has been shown that such materials
can be achieved by co-polymerization of different halogenated monomers and glycidyl-
functionalized acrylates. The formation of a three-dimensional network structure pro-
ceeds via cross-linking reaction of the oxirane groups and irradiation with UV light. This
was also possible by the combination of different fluorinated double bonds containing
monomers and viscous oligomers, followed by photochemical radical cross-linking on the
substrate. In both cases, it was possible to decrease the thermo-optic coefficient using in-
organic nanoparticles of SiO2 and MgF: without compromising optical propagation losses.
Thus, the determined optical propagation losses of about 0.5 dB-cm™ at 1547 nm were
comparable to the value for the reference material, but the thermo-optic coefficient was
lower. Also, the development of alternative fluoroacrylates for claddings for optical glass
fibers was very successful. The thermosetting polymer containing two commercially avail-
able fluorinated oligomers provides an excellent curing behavior, especially for UV-LED
curing. It was found that this resin cures very fast and completely by irradiation with 390
nm UV-LEDs. Furthermore, curing printable coatings under air and ambient conditions
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with different combinations of 300 nm LEDs and 390 nm LEDs was studied. Despite the
availability of many commercial fluorinated materials, future developments are still re-
quired to reduce the cost of usually expensive materials and improve their optical and
processing properties in the direction of specific applications. In the case of waveguide
materials, especially for core materials, a proportion of fluorinated molecules could be
changed for other halogenated molecules. This was also shown in our research.
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