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Abstract. A promising way of fabricating integrated optics components is based on the sol-gel synthesis and
photocuring of organic-inorganic hybrid materials. However, the main factor limiting the development of passive
devices is the propagation losses. Moreover, the possibility to compensate these attenuations by optical amplification
is competed with the multiphonon relaxation associated to the presence of OH groups. To our knowledge, OH groups
were always shown as the main responsible for attenuation at the telecommunication wavelengths, namely at 1310
and 1550 nm, although the matrix is composed of organic species which can contribute to absorptions in this
spectral range. This paper deals with spectroscopic and optical characterizations of a well established organic and
inorganic hybrid material in order to determine the contribution of each molecular groups to the attenuation at the
aforementioned wavelengths.
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1. Introduction

The large expansion of telecommunication networks
and the exponential growth of internet have led to the
necessity to both improve performances of data trans-
port and to create new devices such as power splitters,
couplings and wavelength demultiplexer/multiplexer.
In the last ten years, organically modified silicates
(R’Si(OR)4_,) prepared by the sol-gel process have
demonstrated adequate value for the fabrication
of photonic devices for the second and the third
telecommunication windows located at 1310 and at
1550 nm respectively [1]. The main factor limiting
the development of these devices is the propaga-
tion losses. A composition based on an ormosil,
3-trimethoxysilylpropylmethacrylate [MAPTMS], has
already allowed the industrial fabrication of optical
integrated devices functioning at 1310 nm. At this
wavelength, losses are 1 dB/cm. However, at 1550 nm,
attenuation are too high (3 dB/cm) for the fabrication
of efficient optical integrated devices or optical am-
plifiers via doping with rare earth ions [2-6]. Excited
rare earth ions in solids can decay non-radiatively
by multiphonon process when the number of phonon
required to bridge the energy gap is less than four [6].
In organic and inorganic hybrids materials synthe-
sised by the sol—gel process [7], attenuation at 1550 nm
can be attributed to OH and CH groups which theoret-
ically absorb in this spectral range and that are respec-
tively inherent to the sol-gel process and to the pre-
cursor. The majority of previous works which aim at
improving the transmission of hybrid materials in the
near-infrared region call into question the absorption of
OH groups [8—12]. This is the reason why many stud-
ies focused on the elaboration of OH free structures.
A non-hydrolytic sol-gel process has been developed
recently in order to synthesize hybrid oxide materials
with low OH content [13, 14]. To activate the condensa-
tion reactions, this process requires high temperatures
(generally higher than 500°C) and a neutral atmosphere
during the synthesis. These drastic conditions imply
damage to the organic part of the organically modified
silicates, which is essential for the waveguide fabri-
cation. Another study [15] showed the possibility to
condense, at low temperature, a hybrid chlorosilane
monomer via a non-hydrolytic sol—gel process. The use
of 2-methyl-2-propanol, under vacuum, allows a break-
ing of the Si—Cl bond and induces the polycondensa-
tion reaction. More recently, a study [12] indicates the
possibility to condense MAPTMS with diphenylsilane-

diol at high temperature with the use of a catalyst. Be-
cause of the organic part of the ormosil, we think that
the treatment temperature can not exceed 120°C. Be-
sides, the condensation reaction between methoxy and
OH groups is possible via a classical sol-gel reaction
implying the formation of a siloxane bond and elimina-
tion of methanol. The performances indicated for the
waveguide prepared from this material are: 0.3 and 0.6
dB/cm respectively at 1310 nm and at 1550 nm. These
values, attributed to the low OH content in the material,
are in agreement with our previous conclusions [16] but
remain surprising due to the high CH content [15]. Thus
itis necessary to highlight the molecular groups respon-
sible for the attenuation at the desired wavelengths.

This study involves a well known composition ob-
tained by hydrolysis of a mixture of pre-hydrolyzed
MAPTMS and the complex issued from the chelation
of the zirconium (IV) n-propoxide by the methacrylic
acid. A previous structural characterization [16] has
indicated remaining ZrOH groups in the final mate-
rial which is the consequence of a partial condensation
during gelation and heat treatment. On the basis of the
assumption that ZrOH groups are indeed responsible
for the attenuation at 1550 nm, the objective of this
work is to decrease their concentration in the sol in or-
der to eliminate them in the final material and to allow a
discussion on the contribution of each molecular group
on the absorption at 1550 nm.

2. Experimental
2.1. Sol Preparation

The sol preparation, initiated by Krug [17], was
based on the formation of a stable and homogeneous
sol obtained by the mixture of a photosensitive
organically modified silicate, MAPTMS (Assay
~99% in methanol), zirconium (IV) n-propoxide
(Zr(0,CsH7)4), Assay ~70% in propanol) and
methacrylic acid (MAAH, C4HgO,, Assay >98%) in
molar ratio of 2.5:1:1. All precursors were used with-
out further purification. The difference of reactivity of
each alcoxide implies a three-step process [16]. The
pre-hydrolysis of the MAPTMS was followed by the
addition of the complex issued from the chelation of
Zr(0,CsH7)4 by MAAH and then a further hydrolysis
of the mixture.

MAPTMS was hydrolysed with an aqueous solution
with a 1:0.75 water to alcoxide ratio. As MAPTMS and
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water were not miscible, the hydrolysis was performed
in a heterogeneous way. After 20 min of stirring, the
production of methanol became sufficient to allow the
miscibility of all species present in solution. To control
the hydrolysis condensation of Zr(O,C3;H7)s, MAAH
can covalently chelate the zirconium atom through two
oxygen atoms. In our synthesis, MAAH was added
dropwise to Zr(0O, C3H7)4 with a molar ratio of 1:1, to
form a modified zirconium alcoxide. A more detailed
description of the reaction has been reported elsewhere
[16].

2.2.  Modification of the Initial Sol

To decrease the ZrOH concentration, we have de-
cided to act on their condensation in the sol by
catalysis or by reticulation. In this objective, hex-
amethyldisilazane [HMDSZ] and phosphorous de-
rived: phenyl-phosphonic acid [C¢H7PO3;, PA] and a
bistrimethylsilyl-phosphonic ester [C¢H»3PSi, O3, PE]
are good candidates. The N—H bond contained in
HMDSZ is known [18] to be sensitive to OH groups.
Then, it can act as a catalyst for the ZrOZr bonds for-
mation. The phosphor atom in PA and PE can directly
react with ZrOH bond to form POZr bond. The stabil-
ity of this bond has been already demonstrated [19].
The OH concentration has been followed by near in-
frared spectroscopy on bulks and by the evolution of
the refractive index on coatings.

The resulting initial sol is modified by addition
of HMDSZ, PA and PE in order to decrease the
ZrOH concentration. They are added in solution in
quantity to respect the fabrication protocol, which re-
quires an optical quality coating. The compromise be-
tween these two conditions was found for concen-
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tration less than 5% molar of the resulting material
composition.

The addition of HMDSZ to the initial sol provokes
spontaneously an ammoniac gaseous emission and an
increase of the viscosity of the sol. This is the conse-
quence of a formation of a higher condensed macro-
molecular system due to the increase of the ZrOZr
bonds (Scheme 1). As for HMDSZ, the addition of PA
or PE provokes spontaneously an increase of the vis-
cosity of the sol. Moreover, a release of heat is observed
showing the formation of a more stable structure. Then,
to identify the effect of the phosphonates groups, we
followed the chemical reaction with 3'P-NMR spec-
troscopy. In both cases, we observed the same spectrum
up to 24 h of reaction (Fig. 1). This result demonstrates
that PA and PE react in the same way with the initial
sol. Moreover, the total disappearance of the PA and PE
peaks, respectively located at 2.1 and 1.6 ppm indicates
a total reaction with the sol.

However, similar 3'P-NMR spectra have been
recorded for closed materials [20-23]. The numerous
peaks observed were identified to be originating from
both the normal and the tridendate character of the
phosphorus atom which can induce several kinds of
oligomers structures: linear, cyclic and polycyclic
[23]. On this basis, we can assign all the observed
peaks (Table 1) and describe the associated chemical
reactions (Schemes 2 and 3).

For practical reasons, only one ZrOH bond was rep-
resented on zirconium atom. Its normal valence (four)
is assured by MAAH and propoxide or another OH

group.
(H3C)3Si - NH - Si(CH3)3 + 2ZrOH — Zr - O
- Zr + (H3C)3Si - O - Si(CH3)3(g) + NH3(g)

Scheme 1.

P\ ------ ozr 4 (HsC)3Si—O-Si(CH3)3
C{ ozr + H,0
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Figure I. 3'P-NMR spectrum of the initial sol modified with PA or PE.

3. Results and Discussion
3.1. ?°Si NMR Spectroscopy

Spectrum obtained on liquid solution was measured at
room temperature. Accumulation parameters are pre-
sented in Table 2. The signal chemical shift reference
was tetramethylsilane (TMS). The FID processing used
a 10 Hz line broadening.

298i NMR spectroscopy is a convenient technique to
follow the various oxobridges formed during a siloxane
hybrid network synthesis and to identify the interaction
between various minerals networks in growth [24]. It
can also be used as a technique for the analysis of al-
coxide purity.

2Si NMR spectrum of the pure MAPTMS alcox-
ide (not shown) presents a single peak at —42.8 ppm
demonstrating the absence of any hydrolysed or con-
densed species. Such species are indeed expected

Table 1. Assignments of 3'P-NMR signals for monomeric and
oligomeric species obtained from the modification of the initial sol
with PA and PE.

Chemical shift (ppm) Assignments
—04 PhP(OZr)3
3.6;5.5;6.7,6.9 PhPO(OZr); cyclic or polycyclic oligomers

15 PhPO(OZr); linear oligomers

Table 2. Experimental acquisition conditions for 2°Si NMR
spectroscopy.

Frequency Recycle
State (MHz) delay (s) Pulse

Spectral
width (ppm) Scans

Liquid 46.69 4 /3 (8 pus) 500 80

at lowers chemicals shifts as shown previously in
the same structure [16] and in analogous structures
[25-29].

This result proves the high purity and stability of
the used precursor. Humidity of ambient air is not suf-
ficient to hydrolyse MAPTMS. This is not the case
of zirconium, titanium and aluminium alcoxide which
precipitates spontaneously and need a prealable chela-
tion with strong complexing ligand in order to control
hydrolysis condensation reactions [30].

3.2.  Near Infrared Spectroscopy

The transmission spectra of the samples were taken us-
ing a near infrared spectrometer. This optical spectrum
analyzer included an infrared source, a second order
blocking filter and a scanning monochromator (Ge(1)
or PbSe(2)). The system 1 (Ge) was optimised in the
range 600-1900 nm and the system 2 (PbSe) between
1500 and 3000 nm. The resolution can be chosen be-
tween 0.25 and 20 nm. The scanning monochromator
used a continuously rotating diffraction grating driven
by an electronically controlled DC motor. Except for
MAPTMS, all spectra were measured on monolithic
samples to which thickness were close to 5 millime-
tres.

Near infrared spectroscopy enables to localize the
absorption of the harmonics bands and the combina-
tions of the fundamental vibrations in the middle in-
frared region.

Figure 2 presents spectrum obtained in the near in-
frared region for MAPTMS. It is essentially composed
of four bands located at 1200, 1400, 1630 and 1725 nm.
As the presence of SiOH groups has been excluded by
29Si NMR spectroscopy, all the bands are attributed to
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Figure 2. Near infrared spectrum of pure liquid MAPTMS.

the organic host in Table 3. This assignment is in good
agreement with previous works [31].

The band centred at 1725 nm correspond to the first
harmonic of CH bonds contained in CH3 and CH, satu-
rated groups. CH; groups are both linked to an oxygen
atom, in the alcoxide function, and to a carbon atom, in
the methacrylate function. CH, saturated groups are es-
sentially positioned in the aliphatic propyl chain wich
connects the two ends of the molecule. Finally five en-
vironments are determined for CH aliphatic bonds in
CH3; and CH; which explain the important broadening
(about 95 nm) of the band centered at 1725 nm which
results from combination of CH fondamental modes.
The band centered at 1630 nm correspond to the first
harmonic linked to the vinylic CH groups. Its weak
width (20 nm) is due to the single configuration of
the unsaturated CH groups in MAPTMS. On the other
hand, the large band positioned between 1380 and 1450
nm is due to the many combinations possibles between
the first harmonics and the bending of the CH aliphat-
ics groups. In the same spectral range, combinations
between the first harmonic of CH groups and the fun-

Table 3.  Attribution of the absorptions bands of the experimen-
tal MAPTMS spectrum.

‘Wavelength (nm) Assignments
1200 3v CH [CH3 ou CH»]
1380-1450 2v CH [CH3] + 6 CH[CHj3 or CH;]

2v CH [CH3] + v SiOCH3
1630 2v CH [CH=CH]
1680-1750 2v CH [CH3 ou CH;]

damental vibrations of the mineral network contribute
to the broadening of the bond. At 1200 nm, the second
harmonics of CH aliphatics groups is located. It is finer
and less intense that the first harmonic since it requires
a three order process which probability is weaker than
a two order process.

Transmissions for the second and the third telecom-
munication windows are respectively of 100 and 92%.
There is thus no contribution of the CH absorption at
1300 nm. On the other hand, at 1550 nm, there is a prob-
able contribution of aliphatic or vinylic CH absorption.
To precise their respective contributions, it is necessary
to make a theoretical study based on the decomposition
of all the bands. The technique of decomposition used
here has been already described [32].

The modelling of the spectrum of the MAPTMS by
gaussian functions shows the combinations of many
absorptions bands for the reconstitution of the bands
centred at 1200, 1400, 1630 and 1725 nm (Fig. 3) and
reveals existence of two bands localized at 1587 nm
(6300 cm™!) and at 1515 nm (6600 cm™') who are
responsible for the absorptions at 1550 nm. Then a
more precise attribution of all the absorptions bands
has been realized (Table 4).

Although these measurements were carried out on
the liquid precursor, the highlighted absorptions bands
will be found in the solid final material. Their contribu-
tion near that of OH groups is then certain to the total
attenuation. This result indicates that a free OH system
shows inherent absorptions around 1550 nm, linked
to the organic precursor. Consequently, it will be nec-
essary to minimize the concentration of CH aliphatic
groups.
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Figure 3. Decomposition of the near infrared spectrum of pure liquid MAPTMS, by gaussian lines.

The near infrared spectra issued from the material
modified respectively with HMDSZ, PA and PE do not
show any difference with the initial spectrum (Fig. 3).
The effect of the chemical modifiers, although obvious
from a chemical point of view, does not modify the near
infrared absorption spectra.

However, if the ZrOH concentration was effectively
decreased, the refractive index should be decreased and
then the optical characteristics affected. This is the pur-
pose of the following refractometry analysis.

3.3.  Refractometry

Refractometry is a convenient technique to determine
the refractive index of coatings, which depend essen-

Table 4. Attribution of the absorptions bands of the theoretical
MAPTMS spectrum.

Vibrations Vibrations

(cm™h) (nm) Attributions

5550 1800 2vC—H [CHj; saturated or CH3]

5815 1719 2vC—H [CHj; saturated]

6154 1625 2vC—H [CH; unsaturated]

6300 1587 2vC—H [CH; ou CH3] 4+ 6C—C
6600 1515 2vC—H [CH; ou CH3] 4 6C—0O
7105 1407 2vC—H [CH; ou CH3] 4+ 6C—H
7270 1375 2vC—H [CH; ou CH3] + 6C—H
6915 1446 2vC—H [CH2 ou CH3] +§C—H
8330 1200 3vC—H [CH; saturated or CH3]

8390 1191 3vC—H [CH; saturated]

8700 1149 3vC—H [CHj; saturated]

tially on chemical and physical parameters such as
composition and heat treatment densification. Refrac-
tive indexes of all coatings have been measured with
an Abbe refractometer in the visible (632.8 nm).

Figure 4 shows the evolution of the refractive index
of coatings, sintered ten min at 60°C and UV photo-
cured during 90 sec, as a function of the composition
MAPTMS/Zr(OCsH7)4/MAA:10/X/X. Refractive in-
dex varies from 1.502, for pure MAPTMS, to 1.532,
for the higher zirconate concentration (10/4.5/4.5 com-
position). The initial zirconate contribution provokes
an increase of 33% of the total increase induced by
the 10/4.5/4.5 composition which is nine times more
concentrated. Contrary to pure mineral materials, this
refractive index behavior is not following a classical
law of mixing [33, 34]. A similar behavior has been
already observed [34] for organic and inorganic hy-
brids materials and can constitute a specificity of these
materials.

If one neglects the pure MAPTMS refractive index,
the curves becomes linear, represented by the linear
regression indicated by dotted lines. The non linear be-
havior can be explained by the transition from a simple
to a mixed oxide. Initially, only the silicon atom has
the vocation to form the three-dimensional network.
The zirconate introduction induces a reorganization of
the roles. It becomes the principal agent of gelation.
As soon as the system becomes mixed, the linear
increase depends on the regular zirconate content of
which its high atomic size and its strong polarizability
provoke a more important molar refraction.

Results indicated by Krug [15] reveal a linear
behavior and lower refractive index values for all



Sol-Gel Derived Organic and Inorganic Hybrid Materials for Photonic Applications

1,635

1,53
1,525
1,52
1,515 1

Refractive index

1,505
® 1,502
1,5

-
-
-

&
-~ 1526

-~ 1,522

.®° T 1518
1,516

1,511 1,512

. -8 1,532

1,53

0
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Figure 5. Refractive index of the 10/4/4 coating (1) modified by HMDSZ (2), PA (3) and PE (4).

concentrations. This is due probably to the higher heat
treatment (one hour at 130°C) imposed to the coatings,
which increase the network connexity by an increase in
the ZrOH bonds condensation rate. The consequence
is then a decrease in the total molar refraction traduced
by a decrease of the refractive index.

Figure 5 shows the refractive index values for the
different 10/4/4 modified composition. In general,
compared to the initial material, one can observe a
decrease of about 5 to 7 thousandths. This reproducible
result proves a real modification on the morphology of
the material since it traduces an effect on the average
molar refraction or on the density or both. However,
the difficulty to measure the density of the resulting
bulks cannot permit us to separate the mentioned
hypothesis.

On the basis of 3'P-NMR results, which demon-
strated an effective condensation of the ZrOH groups,

and by analogy with preceding results on similar ma-
terials [35], we can suggest that the reaction of PA
and PE on the initial sol does not increase the density.
Hence, the observed phenomenon is a consequence of
a decrease of the average molar refraction. Indeed, it
is well known that the molar refraction of a hydroxyl
group is higher than its analogue oxide [35].

4. Conclusion

Through the spectroscopic and optical study of a ref-
erence organic and inorganic hybrid material, in this
paper, we have highlighted the chemical groups respon-
sible for the attenuation at the third telecommunication
window. Near infrared spectroscopy revealed the exis-
tence of absorption at 1550 nm in a free OH precur-
sor. The theoretical study of the various near infrared
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spectrum absorption bands showed the responsibility
of CH aliphatic groups at 1550 nm. Various chemi-
cal treatments imposed to the final material in order
to reduce the OH concentration have not permitted to
improve transmission at 1550 nm.

The whole of these results shows that the measured
attenuation at 1550 nm are ascribable to the organic
network. The excellent performances indicated in the
literature and attributed to the absence of OH groups
are probably linked to the decrease in the aliphatic
CH groups concentration for the benefit of aromatic CH
groups, which absorption is probably lower at 1550 nm.
Their respective contribution will be discussed in fur-
ther studies.
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