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Sol-gel derived inorganic—-organic hybrid materials (HYBRIMERSs) have shown a great potential for
planar and channel waveguides due to their high photosensitivity, low-cost processing and good
suitability for doping. These materials have been synthesized with a high content of titanium (40%) and
with three different chelating agents: acetylacetone, methacrylic acid and trifluoroacetic acid. The
degree of photopolymerization of the methacrylate part changes with the nature of the chelating agent.
Trifluoroacetic acid and methacrylic acid are the chelating agents showing the highest
photopolymerization conversion. All coatings were crack free (thickness ~1 pm), transparent in the
visible spectra range with refractive indexes from 1.54 to 1.58. Simple confined structures based on
trifluoroacetic acid with well-defined shapes, smooth surfaces (RMS = 0.28 nm) and good optical
properties were synthesized. Straight and bent channel waveguides and beam splitters were patterned
by UV exposure and wet etching, and light confinement effects into the different channel waveguides

were shown.

1 Introduction

HYBRIMERSs were developed and studied in a wide field of
electronic and photonic applications because of their excellent
optical properties and relatively high thermal stabilities in
comparison to optical polymers.’® The presence of organic
components increases the flexibility of the sol-gel network
preventing its cracking, allows low consolidation temperatures,
and opens the possibility to combine the attractive features of
organic polymers with those of silicate networks at a molecular
level. Such properties are of particular interest in the area
of optical waveguide materials notably with their photo-
curability.”"® First organic-inorganic three dimensional (3D)
waveguides were developed by Krug ef al. and Najafi et al.'**?
More recently, thanks to the process simplicity and the high
optical performance, the number of researchers working on these
materials has considerably increased.’>'®

Photo-curable HYBRIMERSs are synthesized through the
introduction of photosensitive precursors, which usually contain
C=C bonds such as unsaturated hydrocarbon or epoxide
substituents.'*'*?* Many studies have been reported on hybrid
materials based on different inorganic networks (Si, Zr, Ti, etc.)
and on different photosensitive precursors.

In our case, the hybrid photopolymerizable material was
composed of methacrylate and silicate/titania networks and
a commercial photinitiator (Irgacure 184—CIBA). We have
chosen such systems since acrylic groups typically have high
multiphoton photopolymerization yields. As a result the UV
curing has the effect of inducing photopolymerization of the
methacrylate species and at the same time it increases the silica
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network condensation. In general it has been found that the
oxygen has a fundamental role in the photopolymerization of
hybrid sol-gel materials.*'~* Moreover, titania was incorporated
into the silica network in order to increase its refractive index.?**’
We used a high content of titania to produce films with refractive
indexes of the order of 1.54-1.58 at 640 nm. However, the high
concentration of titanium can deteriorate the optical properties
of the hybrid matrix and complicate the synthesis process, due
to the faster hydrolysis reaction kinetics of such a precursor
compared to a silica one'®**® and the strong absorption of
this metal under UV exposure.?® In this regard the presence
of chelating agents which reduce the hydrolysis reaction by
screening and preserving titanium molecules is of great
importance.

The aim of this work is to understand if the nature of the
complexing agent has an impact on the optical properties of
planar and channel waveguides realized with methacrylic hybrid
materials. To this purpose, we have synthesized different
HYBRIMERs with three chelating agents of the titanium
precursor: acetylacetone (Acac), methacrylic acid (MAA) and
trifluoroacetic acid (TFA). The use of TFA as a chelating agent is
rather new in hybrid sol-gel materials, even if recently Bartl
et al.3**" have shown the lasing properties of a dye-doped hybrid
waveguide with trifluoroacetate-modified titania networks. The
molar proportion of titanium with respect to silicon was fixed to
40% and to our knowledge there are no other publications on the
synthesis of hybrid materials with such a high titanium content.
We compared the effect of MAA and Acac, which are the most
commonly used chelating agents of Ti alkoxides, with TFA
which is an acid with strong electron-withdrawing groups®? and
therefore it could strongly reduce the high reactivity of titanium.

Structural investigations and photopolymerization degrees
have been investigated by Fourier transform infrared spectro-
scopy (FTIR) measurements. Optical and surface properties
have been checked before and after UV irradiation onto planar
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waveguides by UV-VIS absorption, spectroscopic ellipsometry
characterization and atomic force microscopy (AFM) analysis.
Finally, simple confined structures based on TFA with
well-defined shapes and good optical properties were fabricated.
In particular, straight and bent channel waveguides and beam
splitters have been patterned by wet etching demonstrating
a good light confinement effect into the different channel
waveguides.

2 Experimental
Chemical synthesis

Hybrid materials were synthesized using 3-(trimethoxy-
silyl)propyl methacrylate 98 wt% (TMSPM) and titanium
propoxide [Ti(OPr)4, 98 wt%)] as precursors. Three different types
of chelating agents have been selected to protect the titanium
during the polymerization: acetylacetone >99.5 wt%, methacrylic
acid 99 wt% and trifluoroacetic acid 99 wt%. All the chemical
products have been purchased from Sigma-Aldrich and have
been used without further purification. The structures of the
precursors and chelating agents are shown in Scheme 1.
TMSPM, diluted in isopropanol, was first prehydrolyzed with
acidic water (0.01 M HCI) in a water/TMSPM ratio 0.75 and
stirred for 1 h. Three sols have been prepared by adding chelating
agents to complex titanium(iv) propoxide with the molar ratio
ChelAg: Ti =4 : 1 and stirring for 20 min. This ratio was chosen
in order to stabilize the titanium alkoxide. Afterwards, the
prehydrolyzed TMSPM was mixed to the three chelated
complexes of titanium. Isopropanol and water were added
allowing to obtain the molar ratio Ti : TMSPM : ChelAg : H,O :
isopropanol = 1:1.5:4:2: 12 for all sols. Irgacure 184 (CIBA)
was added to the sols (4 wt%) to promote the photo-
polymerization. Then, the mixtures were stirred in the dark for
30 min and left at room temperature for 16 h.

The nature of the photoinitiator has an impact on the structure
and the absorbance of the materials.?>**3* We used Irgacure 184
because of its high photosensitivity in the wavelength range 300—
400 nm. Furthermore the internal filtering is low and is well-
adapted for square planar waveguides.** The chemical reaction is
a free radical polymerization. A monomer or oligomer joins with
a free radical and forms a larger free radical. This larger free
radical then acts upon another monomer or oligomer and forms
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Scheme 1 Molecular structure of precursors and chelating agents used
in the hybrid film synthesis.

an even larger molecule, and so on. The process is a chain
reaction that is endless until a polymer molecule is terminated.
We have chosen a photoinitiator concentration in agreement
with previous work in the range 1-5 wt% in solution. A stronger
concentration could be a drawback because it would decrease the
optical quality of the films both for its dispersion and its potential
contribution to the absorption loss at 1550 nm (absorption of the
C-H groups).

Film deposition and characterization

Sols Ti-TMSPM with Acac, MAA and TFA have been filtered
using membranes of 0.2 pm porosity and deposited by spin-
coating at 3000 rpm onto glass substrates and silicon wafers. All
substrates were preliminarily cleaned using an acetone bath in an
ultrasound vessel and then rinsed with deionized water. After
deposition, films were prebaked at 80 °C for 30 min to remove
residual solvents. Two series of coatings were prepared. The first
one had been irradiated using an UV XeHg lamp (4 = 280 nm—
400 nm) with a power density of 160 mW c¢cm~2 for 1 min to
promote the polymerization of the methacrylate groups. The
second was stored without light irradiation under dark condi-
tions at room temperature. Finally, the two series of Ti-TMSPM
coatings, exposed and unexposed, with three different chelating
agents were postbaked at 80 °C for 2 h. All the coatings, both
irradiated and non-irradiated by UV light have been subsequently
characterized by different techniques. Absorption spectra were
collected using an UV-visible spectrophotometer Perkin-Elmer
Al5 in the range 200-900 nm. The refractive indexes and
thicknesses of the films were measured using a Variable Angle
Spectroscopic Ellipsometer (VASE® by J.A. Woollam Co.).
Structural information such as the condensation of the inorganic
network and the degree of the photopolymerization of the
methacrylate part have been determined by FTIR measurements
using films deposited onto silicon wafers. Infrared absorption
spectra in the range 4500400 cm~' were recorded using a Perkin-

Elmer 200 set-up with a resolution of 1 cm™".

Channel waveguide fabrication

Planar waveguides of Ti-TMSPM with different chelating agents
were deposited on silicon substrates having a thick layer of
silicon oxide (8 um). The films were prebaked at 80 °C for 30 min
and subsequently were exposed to UV light (A = 280 nm—400 nm)
for 1 min through a metallic mask grown on a quartz substrate
having the desired pattern. The prebaking process was necessary
since the coatings are too sticky so they cannot be patterned by
contact with a photomask. Three chemical reactions happened at
the same time during the UV irradiation: the organic polymeri-
zation of the methacrylate species, the condensation of the
inorganic network (matrix Silica-Titania) and the evaporation of
alcohol and water.

After irradiation, films were immersed in pure isopropanol for
2 min to develop channel waveguides removing the unexposed
part. The UV exposure time and the period of development are
two parameters to select together carefully in order to realize
the best structure with a well-defined rectangular shape and
a smooth surface. After the development, the patterned struc-
tures were postbaked at 80 °C for 2 h to definitely stabilize the
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system by the enhancement of the mineral network. Indeed,
a postbaking process is quite common in order to consolidate
the structure achieved by UV exposition and complete the
polymerization process.

The morphology and roughness of channel waveguides have
been measured by AFM (Veeco Technology) in tapping mode.
The structures were observed using both an optical microscope
and a scanning electron microscope (SEM). The waveguide
properties were tested by coupling a light at 514 nm from an Ar*
laser by means of a single mode fiber to the confined structures.

3 Results and discussion
Planar structures

The UV-VIS transmittance spectra of films prepared with the
three chelating agents before and after UV exposure are shown in
Fig. 1. Independent of the chelating agent, all coatings are
transparent in the visible range 400-700 nm. The strong
absorption band at 280 nm visible in all the spectra is due to the
presence of titanium. The big shoulder between 300 and 400 nm
for Ti-TMSPM with Acac coating (Fig. 1a) corresponds to the
absorption of the complex Ti-Acac.’® For all the coatings the
effect of light exposition is a decrease in the transmittance in
the range 320-450 nm, probably due to possible formation of
absorbing species related to the organic part of the network upon
irradiation.

Spectroscopic ellipsometric measurements were accomplished
in the spectral range 400-1000 nm for all the films before and
after irradiation. Refractive index dispersion curves for the three
chelating agents before and after UV irradiation are shown in
Fig. 2. Before UV exposure, refractive indexes of coatings based
on MAA and Acac are similar, as reported in Table 1 for A =
640 nm. On the contrary, the refractive indexes of the TFA based
films are lower compared with the other chelating agents. This
effect can be related to the presence of a fluorine compound in
the coating.’” TFA has indeed n = 1.30 compared to the higher
refractive indexes of Acac (1.45) and MAA (1.43) and the high
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Fig. 1 Transmission measurements of the three planar coatings with (a)
Acac, (b) MAA and (c) TFA before (dashed curve) and after (solid line
curve) UV irradiation at 160 mW c¢cm~2 for 1 min.
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Fig. 2 Refractive index as obtained by spectroscopic ellispometry of
coatings on silicon substrates for the 3 different chelating agents before
(dashed curve) and after (solid curve) UV irradiation. (a) Acac, (b) MAA
and (c) TFA.

Table1 Refractive index at A = 640 nm of planar waveguides before and
after UV exposure as a function of the different chelating agents. The
difference between the exposed and unexposed refractive indexes is
reported in the last line

Acac MAA TFA

n n n
Without UV 1.567 1.559 1.537
With UV 1.578 1.575 1.556
An +0.011 +0.016 +0.019

amount of chelating agent present in the coating (molar ratio Ti :
Chel. Agent = 1 : 4) can explain such a consistent difference. The
thickness before irradiation for all the coatings was around
1.1 um independent of the chelating agents. After UV irradiation
a small variation in the thickness has been detected (in the range
5-10%) and an increase in the refractive index was found for the
three coatings. Differences in the refractive indexes between
exposed and unexposed films are reported in Table 1.

FTIR spectra of samples Ti-TMSPM with different chelating
agents are quite similar as shown in Fig. 3 where the spectral
interval 1000-2000 cm ' is reported. Absorption band centered
at 1720 cm™' is assigned to the C=0 stretch of the methacrylate
group. The characteristic vibration of the C=C bounds of the

with MAA

2000 1800 1600 1400 1200 1000
Wavenumbers (cm’™)

Fig. 3 Infrared spectra of coatings with Acac, MAA and TFA as
chelating agents.
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methacrylate group are located at 1637 cm~'. The bands around
1400-1600 cm™' could be attributed to v(C-O) and u(C-C)
vibrations of the chelating agents (Acac, MAA and TFA)
bonded to the titanium. In particular, when complex Ti—Acac is
formed three carbonyl vibrations (at 1620 cm ~ ' and the doublet
peaks at 1708 cm ' and 1728 cm™! typical of the enol tautomeric
Acac) disappear and two new bands are generated at 1580 cm™!
and 1530 cm'.*® In Fig. 3 the different features of the Ti-Acac
spectrum in the region 1770-1600 cm~' with respect to those
observed for Ti-TFA and Ti-MMA, suggest that not all the
Acac forms a chelating complex, and it is present in the enol
tautomeric form in the unirradiated film. This behavior is
common in the presence of water and with high amounts of Acac
with respect to Ti precursor. In fact, in our system, Ti—Acac, the
ratio Acac/Ti is 4/1. Moreover, a shoulder at 1740 cm™' and
a broad band at 1630 cm™! are visible in Fig. 3, probably due to
the overlap of the enol tautomeric Acac C=0 absorptions at
1730 and 1620 cm™' with the C=C bond absorptions of the
methacrylate group at 1720 and 1637 cm™'.

Peaks at 1245 and 1167 cm ™' correspond to the CH symmetric
stretching vibrations bonded to silicon and methoxy groups
Si-O-CHj; of the organosilane TMSPM respectively. The pres-
ence of these residual methoxy groups indicates an incomplete
polymerization of the inorganic network during the synthesis.
This behavior could be related to the high content of titanium
which promotes a fast reaction rate. We also note a most intense
band at 1200 cm™! for the coating with TFA, certainly due to an
overlap of the bands corresponding to the C-F vibration onto
the carbonyl bond. The broad band at 1100 cm ™" is related to the
Si—O-Si asymetric bond stretching.

The behavior of each coating before and after UV exposure is
reported in Fig. 4. After UV exposure, a decrease and a shift of
the carbonyl bond from 1720 to 1730 cm™' can be observed for all
samples, and for Ti-Acac an increase of the bands related to the
chelating complex is also observed, probably due to the elimi-
nation of residual water. As noted by several authors**'**, the
carbonyl bond was shifted after UV irradiation because C=0 is
no longer conjugated with a vinyl constituent. The intensity of

2000 1800 1600 1400 1200 1000
1
Wavenumbers (cm’)

2000 1800 1600 1400 12'0(1) 1000
Wavenumbers (cm’™)

2000 1800 1600 1400 1200 1000
Wavenumbers (cm’™)

Fig.4 Infrared spectra of Ti-TMSPM coatings with Acac (a), MAA (b),
and TFA (c) as chelating agents before (dashed curve) and after (solid
curve) UV irradiation.
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Fig.5 Infrared spectra of Ti-TMSPM coatings with Acac (a), MAA (b),
and TFA (c) as chelating agents before (dashed curve) and after (solid
curve) UV irradiation.

the peak of the C=C group stretching mode at 1637 cm™!
decreases with UV exposure for all coatings. This indicates that
the photopolymerization of methacrylate groups begins after
light exposition. Furthermore, as illustrated in Fig. 5, the
spectra of the different coatings show no real modification of
the peaks at 2900 cm~! which are related to the C-H vibration
of the organic part. This means that the methacrylate content in
the hybrid material is probably quite similar between all samples.
From all these considerations we can make a semi-quantitative
comparison for the 3 chelating agents to determine the
conversion degree?®?* of the C=C group using the following
formula:

A — 4

C 1

where 4y and A4, are the area under the peak C=C at 1637 cm™!
before and after UV exposure for 1 min at 160 mW cm~2 The
estimated degree of photopolymerization is about 78%, 60% and
71% for Acac, MAA and TFA, respectively, with a possible
excess on the estimation for Acac due to the contribution of the
enol tautomeric Acac form. For this reason we decided to
consider another reference peak for the methacrylate absorb-
tion.*® In particular the peak at 1325 cm™' can be considered. In
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Table 2 Conversion degree of the C=C group before and after UV
exposure considering absorption at 1637 cm™!

Coatings Ti-TMSPM Before After %C
With Acac 0.67 0.15 78
With MAA 1.05 0.42 60
With TFA 0.69 0.20 71

Table 3 Conversion degree of the C=C group before and after UV
exposure considering absorption at 1325 cm™!

Coatings Ti-TMSPM Before After %C
With Acac 0.39 0.22 44
With MAA 0.64 0.23 64
With TFA 0.70 0.26 63

this case the degree of photopolymerization is 44%, 64% and 63%
for Acac, MAA and TFA, respectively. All results are gathered in
Table 2 and 3. These data show that the polymerization of the
methacrylate part depends on the chelating agent used. In
particular, the data regarding Acac based films are in disagree-
ment if the peak at 1637 or that at 1325 cm™! are considered. In
this regard we are more confident on the result obtained by
considering the absorption band at 1325 cm™! since the contri-
bution of the enol tautomeric Acac form can alter the real value
of the polymerization degree. Our supposition is also supported
by the correlation between the refractive index variation before
and after UV exposure. Ti-TFA and Ti-MAA coatings having
a high degree of polymerization also show an intense variation in
refractive index before and after UV irradiation, while Ti—Acac
films having a small difference in refractive indexes before
and after light exposition present the lowest degree of organic
polymerization.

From FTIR analysis (Fig. 4 and 5), we can observe a decrease
in the band at 1167 cm™' after UV exposure for all coatings
corresponding to the degradation of the residual alkoxide
involving the formation of silanol groups and a correspondent
increase in the absorption due to the OH groups at 3400 cm™'.
This last feature is particularly evident for TFA and MMA
systems, while in Acac films the residual methoxy, if present, and
the inorganic part seem not to be influenced by the UV irradiation.

The UV irradiation produces an increase in the absorption at
3480 cm~! that can be assigned to Si-OH but also C-OH, and
a decrease in the absorption at 940 (Ti-MMA and Ti-TFA) and
960 cm™' (Ti-AcAc), due to Si-OH only. Therefore, it is possible
to conclude that an inorganic condensation also occurs during
UV irradiation.

Summarizing, both ellipsometric and FTIR measurements
prove that UV irradiation promotes a consistent polymerization
of the methacrylate part. In particular, a higher organic
conversion rate has been found for TFA and MAA based coat-
ings compared to the Acac based films.

Confined structures

Photopolymerizable resins and hybrid organic-inorganic mate-
rials are often used to fabricate buried channel waveguides.*

Sometimes the change in refractive index, given by the UV
exposure and postbake treatment, is sufficient to confine the light
and therefore channel waveguides can be easily made up by
photochemical self-developing without using a further chemical
developing process.

As reported in Fig. 2 the difference in the refractive index of
our systems based on Acac, MAA and TFA as chelating agents
is of the order of An = 0.01-0.02 which is enough to reach the
2-dimensional optical confinement*' also without any developing
step. Nevertheless, the solubility in some solvents of the unex-
posed part of these materials can also be exploited to realize
patterned structures by wet etching. We used a development
process based on a bath of isopropanol to remove the unexposed
regions followed by a postbaking process. Ridge-channel
waveguides have been fabricated using Ti-TMSPM with the
three different chelating agents. However, in this paper we report
briefly only on the surface and optical characterization of
channel waveguides realized with TFA. The overall optical study
of other patterned structures fabricated by wet etching and direct
writing based on Acac and MAA hybrid materials will be the
subject of a forthcoming paper.

Parameters such as the surface roughness and the steepness of
the sidewalls of the channel waveguides are very important
because they can greatly affect the optical performance of the
structure. Fig. 6 shows well-defined sidewalls with a smooth
surface (RMS = 0.28 nm) in the exposed and unexposed regions
indicating the good optical quality of the material. Different
simple patterns have been obtained by UV illumination of the
coating through a metallic mask. The widths of the strip channel
waveguides were in the range 2-16 pm while the lengths were of
the order of 2-3 cm. The thickness of the structures was around
1.2-2 pm indicating a complete polymerization of the planar
coating. The realization of channel waveguides was not easy,
mainly due to the high Ti content (40% Ti) which is very sensitive
to UV irradiation. Moreover, we noticed that the final hybrid
structures had a larger width compared to the mask apertures.
This behavior can be explained by the non perfect contact
between the mask and the film surface in the UV irradiation

Fig. 6 AFM measurement of a strip waveguide fabricated by wet
etching from a coating Ti-TMSPM with TFA.
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Fig. 7 Optical microscope pictures of a Y-beam splitter and bent
channel waveguides made by Ti-TMSPM with TFA as a chelating agent.
On the right, insertion of a laser light (514 nm) by a single mode optical
fiber into the same structures showing the good optical confinement.

procedure since we used a home made exposure system instead of
a commercial mask aligner. The poor contact could increase the
light diffraction effect at the edges, causing an enlargement of the
patterned structures.

However, the definition of the patterning is definitely good and
we realized confined waveguides up to 2 um width having
different shapes as shown in Fig. 7 where two different examples,
Y-beam splitter and bent waveguides are reported. The relative
light confinement into these channels is also shown in the same
figure using a laser light at 514 nm launched into the structure by
a single mode optical fiber.

4 Conclusion

We synthesized sol-gel derived organic-inorganic waveguides
based on titanium precursors with a high titanium content (40%)
using different chelating agents: acetylacetonate, methacrylic
acid and trifluoroacetic acid. The nature of the chelating agent
has an impact on the polymerization degree of the organic
moiety for the hybrid material. FTIR study and ellipsometric
characterization revealed that Ti-TFA and Ti-MAA coatings
present a high degree of polymerization (around 64%) and at the
same time they also show an intense variation of the refractive
index before and after UV irradiation (An = 0.016-0019), while
Ti—Acac films have a low degree of organic polymerization (44%)
and present a low difference in the refractive index before and
after light exposition (An = 0.011). Well-defined channel wave-
guides have been fabricated using Ti-TFA hybrid sol-gel mate-
rial by a wet etching process. The high confinement of light in
such structures demonstrates the great interest for this type of
material for many photonics applications such as micro ring
optical resonators, electro-optic modulators and optoelectronics
devices.
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