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Abstract: A combination of acrylate formulations and SiO2 nanoparticles is investigated with the aim
to improve the optical properties of low-refractive index polymers that are used for the fabrication of
planar optical waveguides. A decrease in refractive index and also in the thermo-optic coefficient of
nanocomposite materials is clearly demonstrated, while some formulations exhibit an increase in
the glass transition temperature. The possibility of using these nanocomposite materials to fabricate
waveguiding layers with low optical propagation losses at telecommunication wavelengths around
1550 nm is also shown. The nanomaterials can be applied in optical microchips on polymer platforms.

Keywords: fluorinated acrylate; silica nanoparticles; nanocomposite; thermo-optic coefficient; optical
propagation losses

1. Introduction

Low-refractive index fluorinated polymers have found an application as passive
waveguiding materials in planar optical waveguides [1–8] and optical fibers [9]. The main
requirements for such materials are low-refractive indices (1.5 or smaller) and low optical
propagation losses. The possibility of tuning the thermo-optic coefficient (TOC) is also
important, while different applications (passive optical waveguides or thermo-optical
switches) require different TOC. Materials for passive optical waveguides should exhibit a
low TOC.

Generally, two materials are required for the fabrication of a planar optical waveguide.
One is the core material with a refractive index of 1.48–1.50, and the other is the cladding
material with a refractive index of 1.45 [6,7,10], usually close to the refractive index of fused
silica (1.444 at 1550 nm). The required refractive index contrast between the core and the
cladding, which can be 0.05, 0.03 or even lower, is determined by the particular application.
The only materials commercially available for this purpose (ZPU, ChemOptics, Daejeon,
Korea) are mixtures of fluorinated acrylates of proprietary composition and possess rather
high TOC of −(1.5–2.2) × 10−4 K−1 [11]. Therefore, the challenge is to develop alternative
materials with lower TOC for passive optical waveguides. Passive optical waveguides are
important components of optical microchips based on polymer platforms [12]. A schematic
presentation of an optical microchip on a polymer platform is presented in Scheme 1, where
dark blue lines depict polymer optical waveguides [13].

A low-refractive index and low optical losses at telecommunication wavelength (ca.
1550 nm) are usually achieved in polymeric materials by increasing the concentration of
C–F (C–Cl, C–Br) bonds and by avoiding of O–H and N–H bonds, which show strong
absorption in this wavelength region. The refractive indices of core and cladding polymers
are tuned by changing the polymer chemical composition. Organic or hybrid polymers
are usually used as waveguiding materials [11,14–18]. However, the refractive indices of
Ormocer hybrid polymers are usually higher than 1.5 [14,15,17].
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Scheme 1. Schematic presentation of an optical microchip on a polymer platform, with dark blue 
lines depicting polymer optical waveguides. 

A low-refractive index and low optical losses at telecommunication wavelength (ca. 
1550 nm) are usually achieved in polymeric materials by increasing the concentration of 
C–F (C–Cl, C–Br) bonds and by avoiding of O–H and N–H bonds, which show strong 
absorption in this wavelength region. The refractive indices of core and cladding poly-
mers are tuned by changing the polymer chemical composition. Organic or hybrid poly-
mers are usually used as waveguiding materials [11,14–18]. However, the refractive indi-
ces of Ormocer hybrid polymers are usually higher than 1.5 [14,15,17]. 

A combination of inorganic and organic materials as nanocomposites for waveguid-
ing materials has not been exploited in detail so far. Sufficiently small nanoparticles (NPs), 
actually smaller than 1/20 of the application wavelength (in our case smaller than ca. 75–
80 nm), should produce very weak scattering and, in this way, should not have a signifi-
cant negative influence on the optical propagation losses. 

Firstly, the idea of using inorganic materials originates from their considerably lower 
TOC, which is caused by their lower thermal expansion coefficient. In addition, some in-
organic materials (e.g., MgF2, CaF2, AlF3, SiO2) also exhibit low-refractive indices and thus 
yield the opportunity to reduce the refractive index of the resulting nanocomposite. There-
fore, by using inorganic NPs, it would be possible to tune refractive index and TOC in the 
direction of lower values. For example, it was rather interesting to apply MgF2, which 
possesses the lowest refractive index of 1.37 at 1550 nm, and these NPs were already in-
troduced into polymeric matrices [19,20]. It was demonstrated that they were able to de-
crease the refractive index of nanocomposites [19]. We recently used this approach, ap-
plying both SiO2 and MgF2 NPs [21,22]. Silica NPs were the evident object in this case, as 
they were used, along with other oxide NPs (e.g., TiO2, ZrO2), for holographic nanocom-
posites based on acrylates mixtures [23–25]. TiO2 and ZrO2 NPs could be used to prepare 
high-refractive index nanocomposites [26]. In a previous work, we introduced SiO2 NPs 
into a solid polymer matrix [21]. The polymers capable of photochemical cross-linking 
due to oxirane groups were used in this case. Afterwards, the polymer nanocomposites 
were prepared; they were cross-linked on a substrate using UV-exposure forming an in-
soluble layer as a component of an optical waveguide (cladding and core). Since it was 
only partially successful, this approach led to the formation of cracks for thicker wave-
guide layers and, therefore, film-building properties should be improved. A recent study 
with MgF2 NPs resulted in an increase in optical losses of polymer layers, probably due 
to absorption of the organic shell on MgF2 NPs around 1550 nm [22]. While the influence 
of NPs on a refractive index and TOC is theoretically clear [27], the impact of NPs distrib-
uted in a polymer matrix on optical propagation losses is not widely studied. Inorganic 

Scheme 1. Schematic presentation of an optical microchip on a polymer platform, with dark blue
lines depicting polymer optical waveguides.

A combination of inorganic and organic materials as nanocomposites for waveguiding
materials has not been exploited in detail so far. Sufficiently small nanoparticles (NPs),
actually smaller than 1/20 of the application wavelength (in our case smaller than ca.
75–80 nm), should produce very weak scattering and, in this way, should not have a
significant negative influence on the optical propagation losses.

Firstly, the idea of using inorganic materials originates from their considerably lower
TOC, which is caused by their lower thermal expansion coefficient. In addition, some
inorganic materials (e.g., MgF2, CaF2, AlF3, SiO2) also exhibit low-refractive indices and
thus yield the opportunity to reduce the refractive index of the resulting nanocomposite.
Therefore, by using inorganic NPs, it would be possible to tune refractive index and TOC
in the direction of lower values. For example, it was rather interesting to apply MgF2,
which possesses the lowest refractive index of 1.37 at 1550 nm, and these NPs were already
introduced into polymeric matrices [19,20]. It was demonstrated that they were able to
decrease the refractive index of nanocomposites [19]. We recently used this approach,
applying both SiO2 and MgF2 NPs [21,22]. Silica NPs were the evident object in this
case, as they were used, along with other oxide NPs (e.g., TiO2, ZrO2), for holographic
nanocomposites based on acrylates mixtures [23–25]. TiO2 and ZrO2 NPs could be used to
prepare high-refractive index nanocomposites [26]. In a previous work, we introduced SiO2
NPs into a solid polymer matrix [21]. The polymers capable of photochemical cross-linking
due to oxirane groups were used in this case. Afterwards, the polymer nanocomposites
were prepared; they were cross-linked on a substrate using UV-exposure forming an
insoluble layer as a component of an optical waveguide (cladding and core). Since it was
only partially successful, this approach led to the formation of cracks for thicker waveguide
layers and, therefore, film-building properties should be improved. A recent study with
MgF2 NPs resulted in an increase in optical losses of polymer layers, probably due to
absorption of the organic shell on MgF2 NPs around 1550 nm [22]. While the influence of
NPs on a refractive index and TOC is theoretically clear [27], the impact of NPs distributed
in a polymer matrix on optical propagation losses is not widely studied. Inorganic materials
(core of NP) have to possess a positive influence on optical losses, but their organic shell,
which is required for the compatibility of NPs with a polymer matrix, might have a negative
influence, depending on the shell’s chemical composition [22]. In addition, if NPs are not
sufficiently small or if they agglomerate in the matrix, scattering will also increase the
optical propagation losses.

Thus, in this work, we studied the impact of SiO2 NPs distributed in low-refractive
index acrylate monomer mixtures on the fabrication and properties of planar optical waveg-
uides. The monomer formulations applied were custom-made and consisted of acrylates
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cross-linked via photochemical radical polymerization. The composition of acrylate mix-
tures was tuned in order to achieve the required refractive index and viscosity for the
fabrication of core and cladding for the planar optical waveguide. The objective of this
work was to introduce SiO2 NPs into these mixtures and to investigate their influence on
optical properties of prepared waveguides (refractive index, TOC, and propagation losses).
The goal was also to achieve better processability compared to nanocomposites based on
solid polymers [21]. SiO2 NPs were used for the first time in such formulations for the
fabrication of optical waveguides, and, by using the NPs, we tried to improve the properties
of waveguides by reducing their TOC with the conservation of their propagation losses.

2. Materials and Methods
2.1. Materials and Film Preparation

Highly viscous acrylate oligomers (Scheme 2) were free samples from Sartomer by
Arkema Group (Colombes, France) and MIWON Specialty Co. Ltd. (Gyeonggi-do, South
Korea). Pentaerythritoltetraacrylate (PETA) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Fluorinated acrylates (typical examples are shown in Scheme 2) were pur-
chased from ABCR (Karlsruhe, Germany), Exfluor (Round Rock, TX, USA), Fluorochem
(Hadfield, UK), and P&M-Invest (Moscow, Russian Federation). Proprietary acrylate
monomer formulations were prepared by mixing fluorinated acrylates and diacrylates
(Scheme 2) with viscous acrylate polyether oligomers in different compositions to achieve
the target refractive index and the viscosity suitable for the preparation of 3–20 µm-thick
films. Pentafluorophenyl acrylate was used to increase the refractive index while perfluo-
rohexanedioldiacrylate (or dimethacrylate) and fluorinated tetraethyleneglycoldiacrylate
were predominantly used to decrease the refractive index. Sartomer CN2036 (Arkema)
and HR6060 (Miwon) were used predominantly to increase viscosity and refractive index.
Silica NP suspensions MEK-ST, PMA-ST, TOL-ST were purchased from Nissan Chemical
Industries Ltd. (Tokyo, Japan). Silica NP dispersions Nanopols and Nanocryls were free
samples from Evonik Resource Efficiency GmbH (Essen, Germany). Silica NP dispersion
Nanobyk 3605 was a free sample from BYK-Chemie GmbH (Wesel, Germany). The proper-
ties of silica NP dispersions are collated in Table 1. 2-Hydroxy-2-methylpropiophenone
and 2,4,6-trimethyl-benzoyldiphenylphosphinoxide (both Sigma-Aldrich) were used as
radical photoinitiators.
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Scheme 2. Examples of fluorinated acrylate, diacrylate, and viscous polyester acrylate for the formulation of liquid mon-
omer waveguiding materials. 

Table 1. Characteristics of SiO2 NP sources. 

Material Manufacturer NP Diameter [nm] Solvent/Carrier 
MEK-ST Nissan 15–20 2-Butanone 

PMA-ST Nissan 15–20 Methoxypropylacetate 
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Nanocryl A225 Evonik 20 Trimethylolpropantriacrylate 
Nanocryl A235 Evonik 20 Alkoxylated (4) pentaerythritoltetraacrylate 
Nanocryl C140 Evonik 20 Hexanedioldiacrylate 
Nanocryl C145 Evonik 20 Tripropyleneglycoldiacrylate 
Nanocryl C150 Evonik 20 Trimethylolpropanetriacrylate 
Nanocryl C165 Evonik 20 Alkoxylated (4) pentaerythritoltetraacrylate 
Nanopol C764 Evonik 20 Methoxypropylacetate 
Nanopol C784 Evonik 20 n-Butylacetate 
Nanobyk 3605 BYK 20 Hexanedioldiacrylate 

Commercial material for optical waveguide fabrication ZPU 480 (ChemOptics, Dae-
jeon, Korea) was received from C. Zawadzki (Fraunhofer Heinrich-Hertz Institute, Berlin, 
Germany) in the framework of the PolyPhotonics Project. 

Monomers were mixed under slight heating and magnetic stirring. Then, NPs were 
introduced into monomer mixtures. An excess of solvent in the case of the NPs dispersed 
in solvents (Table 1) was removed by heating them gently to achieve the viscosity suitable 
for layers preparation (control by layer thickness measured by m-line spectroscopy). In 
case of a highly volatile solvent, such as 2-butanone, after solvent removal, another sol-
vent (cyclopentanone) more suitable for spin-coating was added. 

Thin layers (3–20 µm) of monomer formulations and nanocomposites were prepared 
by spin-coating using a P6700 spin-coater (Specialty Coating Systems, Indianapolis, USA) 
on Si wafers or fused silica substrates. The films were exposed to UV light using an UV-
H 200 mercury lamp (Panacol-Elosol GmbH, Steinbach/Taunus, Germany) and then an-
nealed at 160 °C. The films exhibited good adhesion properties on both Si and fused silica 
substrates and usually did not require an adhesion promoter. 

2.2. Measurements 
Optical properties of polymer films (refractive index and thickness, TOC, optical 

propagation losses) were measured using m-line spectroscopy performed on a Metricon 
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Table 1. Characteristics of SiO2 NP sources.

Material Manufacturer NP Diameter [nm] Solvent/Carrier

MEK-ST Nissan 15–20 2-Butanone
PMA-ST Nissan 15–20 Methoxypropylacetate acetate
TOL-ST Nissan 15–20 Toluene

Nanocryl A225 Evonik 20 Trimethylolpropantriacrylate
Nanocryl A235 Evonik 20 Alkoxylated (4) pentaerythritoltetraacrylate
Nanocryl C140 Evonik 20 Hexanedioldiacrylate
Nanocryl C145 Evonik 20 Tripropyleneglycoldiacrylate
Nanocryl C150 Evonik 20 Trimethylolpropanetriacrylate
Nanocryl C165 Evonik 20 Alkoxylated (4) pentaerythritoltetraacrylate
Nanopol C764 Evonik 20 Methoxypropylacetate
Nanopol C784 Evonik 20 n-Butylacetate
Nanobyk 3605 BYK 20 Hexanedioldiacrylate

Commercial material for optical waveguide fabrication ZPU 480 (ChemOptics, Dae-
jeon, Korea) was received from C. Zawadzki (Fraunhofer Heinrich-Hertz Institute, Berlin,
Germany) in the framework of the PolyPhotonics Project.

Monomers were mixed under slight heating and magnetic stirring. Then, NPs were
introduced into monomer mixtures. An excess of solvent in the case of the NPs dispersed
in solvents (Table 1) was removed by heating them gently to achieve the viscosity suitable
for layers preparation (control by layer thickness measured by m-line spectroscopy). In
case of a highly volatile solvent, such as 2-butanone, after solvent removal, another solvent
(cyclopentanone) more suitable for spin-coating was added.

Thin layers (3–20 µm) of monomer formulations and nanocomposites were prepared
by spin-coating using a P6700 spin-coater (Specialty Coating Systems, Indianapolis, IN,
USA) on Si wafers or fused silica substrates. The films were exposed to UV light using an
UV-H 200 mercury lamp (Panacol-Elosol GmbH, Steinbach/Taunus, Germany) and then
annealed at 160 ◦C. The films exhibited good adhesion properties on both Si and fused
silica substrates and usually did not require an adhesion promoter.

2.2. Measurements

Optical properties of polymer films (refractive index and thickness, TOC, optical
propagation losses) were measured using m-line spectroscopy performed on a Metricon
Model 2010/M Prism Coupler System (Metricon Inc., Pennington, NJ, USA) with polymer
films on Si wafers and fused silica substrate. At first, the technique was routinely used
to tune and control refractive index and film thickness. Then, for already optimized
formulations, dependencies of the refraction index on temperature were measured. This
allowed us to determine TOC and glass transition temperature. Optical losses of the planar
waveguides were measured using a technique involving the measurement of transmitted
and scattered light intensity as a function of propagation distance along the waveguide [28].
The values of optical losses were calculated in Metricon software using exponential fitting
of the scattered light intensity vs. distance curve. In some cases, fitting to valleys was
used, where fitting was obtained only on chosen areas of the curve. This measuring
technique has been also used recently for the characterization of other polymer optical
waveguides [17,27–32].

For transmission electron microscopy (TEM) investigations the polymer film was
embedded in methacrylate and polymerized by UV-radiation for 4 h. Ultrathin cuts (thick-
ness ~60 nm) of the sample were prepared with an ultra-microtome Leica EM UC7 (Leica
Microsystems, Wetzlar, Germany) using a diamond knife. Micrographs were taken with a
transmission electron microscope JEM-1400 Plus (Jeol Ltd., Tokyo, Japan) at an acceleration
voltage of 120 kV and processed with a digital imaging software ICW (Boerder electronics).
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3. Results and Discussion

Commercial SiO2 NPs from Nissan, Evonik, and BYK (Table 1) were used for the direct
introduction of SiO2 NPs into the monomer formulation and, thus, further into the polymer
matrix after photochemical cross-linking. NPs from Nissan and Nanopol NPs from Evonik
are NP dispersions in solvents of different volatility. From this point of view, the solvents
in MEK-ST and Nanopol C784 are more volatile (Table 1) and therefore are easier to remove
if required. Other nanomaterials (Nanocryls and Nanobyk) contain acrylate monomers
without fluorine and, therefore, could increase optical losses due to a high concentration of
C-H bonds in the acrylate dispersion media (e.g., hexanedioldiacrylate).

3.1. Nanocomposites Based on NP Dispersions in Solvents

The experiments with NPs from Nissan were focused on using MEK-ST suspension
because, in this case, 2-butanone could be easier removed and substituted with another
solvent more suitable for spin-coating (cyclopentanone). Both core (n = 1.50 and n = 1.48)
and cladding (n = 1.45) formulations were successfully prepared, and the concentration
of SiO2 NPs varied from 10 to 30 wt%. Generally, 2-butanone, which is not a particularly
good solvent for spin-coating due to its rather low boiling point (80 ◦C), was substituted
completely or partially with cyclopentanone (b.p. 131 ◦C). Most of these mixtures, where
the monomer composition was also tuned to achieve the required refractive index, pro-
duced optical layers of sufficient quality and thickness for complete optical characterization
(refractive index, thickness, TOC, glass transition temperature, Tg, and optical propagation
losses). Photochemically cured polymeric nanomaterials exhibited a relatively low TOC of
−(0.6–1.0) × 10−4 K−1, depending on the composition. These values are much lower than
the values for the original acrylate mixture (−(1.3–1.5) × 10−4 K−1) and commercial ZPU
materials (−(1.5–2.2) × 10−4 K−1) [11]. An example of a measurement for a material with
low TOC is shown in Figure 1, left.
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(n ≈ 1.49) in red; right—core acrylate mixture (n ≈ 1.48) containing 30 wt% of SiO2 NP (Nanopol C784) and base core
mixture (n ≈ 1.49) in red.

The measurement of temperature dependence of refractive index also allows the de-
termination of Tg of the polymer film that is produced after photochemical cross-linking.
This measurement method, along with temperature-dependent spectroscopic ellipsom-
etry [21,33], allows for the measuring of Tg in thin films, while other techniques (DSC,
DMA) are suitable only for bulk materials. The advantages of m-line spectroscopy are fast
measurement and the fact that Tg is determined in the form (thin film) exactly used for the
application. Thin film Tg can differ significantly from bulk Tg [33]. The glass transition is
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usually manifested by the kick in the refractive index-temperature dependence (an increase
in TOC, see Figure 1). No influence on Tg was observed in this case. This means that SiO2
NPs show little impact on Tg of nanocomposites and that, in fact, Tg is determined only by
monomer composition. This was not surprising as it was demonstrated for two different
polymer matrices experimentally and theoretically [34] that the introduction of SiO2 NPs
into a polymer matrix increases Tg by 10 ◦C only.

The values of optical propagation losses varied in this case from 0.2 to 1.0 dB/cm at
1547 nm with the best samples being comparable to commercial ZPU material (0.35 dB/cm [13])
or Ormocer-type materials (0.5–0.7 dB/cm at 1547 nm [14,17]). An example of the optical
loss measurement for nanocomposites with MEK-ST is shown in Figure 2a.
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dispersions, (a) core material (n ≈ 1.5) containing 25 wt% SiO2 (MEK-ST); (b) cladding material containing 30 wt% SiO2

(Nanopol C764); acrylate dispersions, (c) core material (n ≈ 1.48) containing 30 wt% SiO2 (Nanocryl C140); (d) core material
(n ≈ 1.48) containing 30 wt% SiO2 (Nanobyk 3605); values of losses are indicated (red lines are exponential fits).

The values are also similar to those obtained for original acrylate monomer mixtures
used for the fabrication of nanocomposites (Figure 3).

Similar results were obtained using SiO2 NP solvent dispersions from Evonik (Nanopol
C764, C784). For different mixtures (core and cladding) containing 20–40 wt% of NPs and
different fluorinated and non-fluorinated acrylates, the value of TOC was generally below
−1.0 × 10−4 K−1, with lowest value up to −0.6 × 10−4 K−1. An example of the measure-
ment of the formulation with low TOC using Nanopol C784 is shown in Figure 1, right.
Thus, the effect of lowering of TOC caused by inorganic material is also clearly demon-
strated in this case (Nanopol NP dispersions). The influence of NPs on Tg was not high in
this case (increase by 20 ◦C maximum, Figure 1, right). This also corresponds to the data
for other nanocomposites [30]. The values of propagation optical losses were also between
0.2 and 1.0 dB/cm at 1547 nm. This demonstrates that the best values are similar to com-
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mercial ZPU material (0.35 dB/cm [11]), Ormocer-type materials (0.5–0.7 dB/cm [14,17]),
and original acrylate mixtures (Figure 3). An example of optical loss measurement is
shown in Figure 2b for cladding material. It is important to emphasize that, by using
SiO2 NP dispersions in organic solvents, it was possible to prepare both core and cladding
nanomaterials.
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3.2. Nanocomposites Based on NP Dispersions in Acrylates

Less conclusive were the results obtained on the basis of SiO2 NP dispersions in
acrylates (Nanocryls and Nanobyk). NP-monomer formulations with an NP concentration
of 20–30 wt% were also tested in this case. It should be mentioned that, in this case,
there was a simultaneous increase in inorganic content and in the concentration of C-H
bonds, due to an addition of non-fluorinated acrylate (e.g., hexanedioldiacrylate) that
served as dispersion medium. In any case, the TOC values of −(0.8–1.5) × 10−4 K−1

were registered and such values of TOC did not show a clear difference from the base
materials, or this difference was relatively small (the values of TOC for the original acrylate
mixture were −(1.3–1.5) × 10−4 K−1). Optical propagation losses were between 0.2 and
1.3 dB/cm at 1547 nm. Even in this case, the best samples exhibited low values of optical
losses (Figure 2c,d), despite the possible additional contribution to optical losses from
non-fluorinated acrylates used as dispersing media in Nanocryl and Nanobyk dispersions.

The Tg values for the nanocomposite materials studied were usually relatively low,
around 100 ◦C (data not shown), similar to materials based on SiO2 dispersions in solutions
(Figure 1). However, some examples of NP-acrylate mixtures based on NP dispersions in
acrylates exhibited relatively high TOC (−(1.2–1.7) × 10−4 K−1), but also an absence of
glass transition in the measured temperature range (25–200 ◦C) (Figure 4). By analyzing
the results, it was found that similar behavior was observed for pure strongly cross-linking
monomers (PETA, Sartomer SR355) (Figure 4) and commercial ZPU material [13]. It
seems that the synergic effect of NPs and cross-linking multifunctional acrylates such as
hexanedioldiacrylate, Sartomer CN2036 or Miramer HR6060, which were used for the
formulation of mixture or as dispersing media of NP dispersions, leads to such a degree of
cross-linking that glass transition is not observed at least up to 200 ◦C. The concentration
of these cross-linking acrylates is higher in these cases compared to formulations based on
NP dispersions in solvents, due to the additional contribution of acrylate dispersion media
in Nanocryl and Nanobyk.
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It is clear that SiO2 NPs are able to affect thermo-optical properties of resulting
polymers, reducing TOC (as expected), and also suppressing glass transition in some
cases. However, nanomaterials with lower TOC (in our case, based on NPs dispersed in
solvents) are of more interest for application in passive optical waveguides. In addition,
taking into account the somewhat lower values of optical losses for these formulations
and the possibility to formulate both core and cladding materials, it can be concluded that
nanocomposites based on SiO2 NP dispersions in solvents are preferable materials.

3.3. Comparison of Optical Propagation Losses

The magnitude of optical losses is rather important for the practical application in
planar waveguides, and the target for the fabrication of optical microchips on polymer
platforms is to keep optical losses below 0.6 dB/cm at 1547 nm [10–12]. Basis formulations
of fluorinated acrylate materials used in this study exhibited such values in the best
examples (Figure 3).

If we plot the results of optical loss measurements obtained from different acrylate
formulations and different samples, we see considerable deviation in the measurements
(Figure 5, left). However, despite deviations, the median value of the measurement is close
to 0.6 dB/cm at 1547 nm, which is quite acceptable. The deviation can be explained by
defects in the layers caused by the preparation, as measurements were carried out using
different optical paths in the same sample, by rotating the sample over the coupling point,
by coupling the sample at different spots and by using different samples. The quality of
layers also depends on the quality of the clean-room atmosphere.

The quality of the films prepared in this work was also confirmed by transmission
electron microscopy (TEM), and an example of TEM measurement is presented in Figure 6.
These measurements show that SiO2 NPs are evenly distributed in the polymer matrix
without formation of the aggregates, which might affect optical propagation losses. The
size of NPs seems to be around 15–30 nm, which corresponds well to the data of the
manufacturer (20 nm, see Table 1). It would be difficult to expect better distribution by such
high NP concentration (30 wt%). Similar results were obtained in a recent publication [35]
with larger SiO2 NPs in PMMA matrix.

A similar diagram was plotted for all nanocomposite samples (Figure 5, right). It
also shows a similar trend with the median value of around 0.6 dB/cm. It demonstrates
that waveguides with propagation losses acceptable for the application level could also be
prepared by using nanocomposite formulations. This leads to the possibility of waveguide
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fabrication completely from nanocomposites and by using SiO2 NP dispersed in solvent; it
would be possible to prepare a complete waveguide using NPs from the same source.
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The fact that polymers have the potential to be used in harsh environmental conditions
in optical applications is demonstrated by the optical glass fibers. A variant of the optical
glass fibers is the so-called “polymer-clad” fiber, which has an optical cladding made
of a cross-linked polymer, which has high thermal stability and high resistance against
high optical power. These glass fibers, for example, are used for the transmission of laser
radiation in material-processing lasers and surgical lasers. Laser powers of up to 100 W are
transmitted in these cases. In addition, the fibers for medical applications can be autoclaved
several times with hot steam [36].

Due to the high stability of the C-F bonds, fluorinated polymers typically show an
increased thermal and media stability in comparison to their non-fluorinated counter-
parts [37,38]. Additional stability could be reached by introducing inorganic materials,
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namely, nanocomposites. Therefore, the impact under harsh environmental conditions
(heat and high humidity) on the optical losses has also been investigated. The comparison
of original acrylate mixtures and nanocomposites based on them in terms of environmental
stability is shown in Figure 7. It seems that if, at a high temperature (125 ◦C) nanocom-
posites show better performance (Figure 7, left), at high humidity and high temperature
conditions (Figure 7, right) nanocomposites clearly exhibit inferior behavior. Tentatively,
it could be linked to possible absorption of water vapors by silica and a decrease in the
concentration of C-F bonds.
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4. Conclusions

Successful introduction of SiO2 NPs into optical polymer layers without additional
scattering was demonstrated. The nanocomposite formulations were prepared by direct in-
troduction of SiO2 NPs from different sources, dispersed in solvents or acrylate monomers,
into fluorinated acrylate mixtures. It was demonstrated that core and cladding materials
with sufficiently good film building properties can be obtained in this way, yielding the
possibility for the preparation of complete waveguide from nanocomposites. The results
also exhibit a significant decrease in the thermo-optic coefficient of the material, without
a noticeable change in propagation optical losses in planar waveguides. Some materials
exhibited thermally stable behavior with glass transition temperatures above 200 ◦C. Better
stability at a temperature of 125 ◦C was also observed.
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