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Hybrid Inorganic-Organic Sol–Gel Coatings in the SiO2-TiO2 System
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Abstract. In the present work, the influence of substituted Si-alkoxides on the structural and optical properties of
films obtained in the SiO2-TiO2 system was studied. Methyltriethoxysilane (MTEOS) and 3-(tri-methoxysilyl)propyl
methacrylate (TSPM) were used as SiO2 sources and Ti(OBu)4 was used as TiO2 source. Acetylacetone was added
to the Ti(OBu)4 as chelating agent and the synthesis was carried out in acid medium. The films were deposited on
oxidized Si-wafers by spin-coating. The films were characterized by XRD, spectro-ellipsometry (SE), and atomic
force microscopy (AFM). The results obtained have shown that in the case of hybrid films the desired thickness
could be obtained in a single deposition step. The thickness of the films and the optical properties are controlled by
the bulkiness of the organic substitute bounded to Si. Among other optical applications, the potential use of such
films as optical waveguides is proposed.
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1. Introduction

The sol–gel process, with its intrinsically low process-
ing temperatures, allows the incorporation of organic
moieties within inorganic networks, leading to the for-
mation of organic-inorganic hybrid materials. Such
hybrid materials can offer multifunctionality and al-
low properties to be tailored from subnanometer (near-
atomic) to submicron (mesoscopic) length scales. The
organic groups can modify the inorganic backbone by
reducing the connectivity of the gel network, allowing
thick film deposition and lowering of the processing
temperature. These films could play a significant role in
the field of micro- and nano-photonic devices (waveg-
uides, emitting devices, quantum dot devices, photonic
band gaps and holographic materials).

In spite of the fact that the study of waveguides
started many years ago on inorganic systems, the first
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hybrid inorganic-organic waveguides, obtained by the
sol–gel method, were reported by Krug et al. [1] and
by Najafi and Sanchez [2, 3]. In the last few years,
hybrid waveguides obtained from methacryloxypropy-
ltrimethoxysilane (MEMO) and Zr(OPr)4 were inves-
tigated [4–6] and new films for integrated optics based
on organic modified silica were developed [7–9].

It is well known that sol–gel films in the SiO2-TiO2

system are suitable for a variety of optical applications,
due to the high refractive index of TiO2 that enables
the refractive index of coatings to be controlled by
varying the amount of TiO2 in the composition. As
compared with the similar pure oxide compositions, in
the case of the sol–gel hybrid inorganic-organic com-
positions, monolayer films with desired thickness can
also be obtained. SiO2-TiO2 coatings with a thickness
of 2 µm, made by single step dip coating, were pre-
pared as planar waveguides by Brusatin et al. [10], us-
ing acid catalysed solutions of methyltriethoxysilane
(MTEOS) mixed with tetraethoxysilane (TEOS) and
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tetrabutoxytitanate as precursors. Inorganic and hybrid
organic-inorganic silica (SiO2)-titania (TiO2) planar
waveguides, with a relative molar composition of 70–
30, have been fabricated by Innocenzi et al. [11] via
dip coating.

In one of our previous studies [12], sol–gel oxide
films with special optical properties in the SiO2-TiO2

system were obtained. A systematic study of the sol–gel
process in model systems based on tetraethoxysilane
(TEOS), methyltriethoxysilane (MTEOS) and vinyltri-
ethoxysilane (VTEOS) was also undertaken [13] and
the results were discussed in comparison with a more
complex system prepared using phenyltriethoxysi-
lane (PTEOS) and methacryloxypropyltrimethoxysi-
lane (MEMO) [14].

In the present work, a study of the influence of
substituted Si-alkoxides on the structural and opti-
cal properties of hybrid films obtained in the SiO2-
TiO2 system, using methyltriethoxysilane (MTEOS)
and 3-(tri-methoxysilyl)propyl methacrylate (TSPM)
as SiO2 sources, and Ti(OBu)4 as TiO2 source is
reported.

2. Experimental

2.1. Film Preparation

Two reaction mixtures, with different alkoxide pre-
cursors as SiO2 source, namely methyltriethoxysilane
(MTEOS) and 3-trimethoxysilylpropylmethacrylate
(TSPM), were synthesized that correspond to mo-
lar composition (mol%): 70SiO2-30TiO2. Tetra-
butoxyorthotitanate, Ti(OBut)4, was used as the TiO2

source. The composition of the initial solutions (molar
ratios) and the experimental conditions used are pre-
sented in Table 1. An equivalent oxide concentration
of wt% was used for both precursor solutions.

In order to avoid the tendency for titania phase
separation or precipitation during the sol–gel process,
AcAc was used as a chelating agent. The molar ratio
AcAc/Ti(OBu)4 = 0.05–0.5. The compositions were
selected from the paper [11].

Table 1. Composition of the initial solution and experimental conditions used for preparation of the hybrid films in the SiO2-TiO2 system.

Molar ratio Reaction conditions

Sample Precursors ROH: �(precursor) H2O: �(precursor) H+: �(precursor) pH T (◦C) T (hrs)

A MTEOS: Ti(OBut)4 = 2.33, AcAc 11.34 1.4 0.097 4 20 2 in air

B TSPM: Ti(OBut)4 = 2.50, AcAc 2.3 1.25 0.071 3 20 2 in air

2.2. Film Deposition

Supported films on SiO2 (300 nm)/silicon wafer sub-
strates were obtained by spin-coating (2000 rpm), us-
ing the solutions presented in Table 1. Before depo-
sition, the solutions were aged for 24 h. The films
were heated at 100◦C for 1 h, using a heating rate of
1◦C/min.

2.3. Film Characterization

The optical properties of the SiO2-TiO2 hybrid films
were determined by spectroellipsometry (SE) mea-
surements in the visible range (0.4–0.7 µm). The
modelling of the experimental ellipsometric spec-
tra was made with the multilayer and multicompo-
nent Bruggemann’s effective medium approximation
(BEMA) model. The thickness and the volume frac-
tion of the components (R-SiO2, TiO2 for hybrid films;
and SiO2, TiO2 for oxide films) were used as fit pa-
rameters. Optical bandgaps were calculated using the
Wemple Di Domenico model [15]:

n2 (ω) − 1 ∼= Ed E0(
E2

0 − E2
)

where Ed is the dispersion energy, which measures the
average strength of the interband optical transitions (as-
sociated with changes in the structural order of the ma-
terial) and E0 is the oscillation energy, which can be
correlated with the optical gap by empirical formula
[16]:

E0 = 1.7Eg

Structural characterization was undertaken with XRD
(TuR M-62 with HZG-3 equipment), and the mor-
phology of the films was investigated by scanning
electron microscopy (SEM; AMR MODEL 1000
equipment).

3. Results and Discussion

With the conditions used, continuous and homoge-
neous films, with good adherence to the substrates were
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Table 2. Thickness and volume fractions of the components obtained from ellipsometric measurements (SE) together with thickness from
SEM.

Type of film Precursors T (◦C) dSEM(nm) dSE (nm) R-SiO2 (%) SiO2 (%) TiO2 (%) Eg (eV)

Hybrid MTEOS + Ti(OBu)4 20 – 294 70.1 29.9 4.09

Hybrid MTEOS + Ti(OBu)4 100 214 285 70.5 – 29.5 4.11

Hybrid TSPM + Ti(OBu)4 100 2670 – – – – –

Oxide [12] TEOS + Ti(OBu)4 300 – 98 – 69.9 30.1 4.30

obtained. XRD results have demonstrated the amor-
phous character of the initial and thermally treated (1
h 100◦C) coatings. The optical properties of the films
determined by SE measurements are presented in Ta-
ble 2 and Fig. 1(a) and (b). It can be observed that the
refractive index (n) of the oxide films is higher than that
of the hybrid films (due to the lower refractive index
of the organic components), while the optical band gap
exhibits a similar trend.

In Table 2, the thickness and volume fractions of
the components obtained from ellipsometric measure-
ments, together with the thickness obtained from SEM
determination (dSEM) for the samples thermally treated

Figure 1. (a) The dispersion of the refractive indices of the films. (b) Fits obtained using the Wemple DiDomenico model.

Figure 2. SEM images of the cross section of the films prepared with (A) MTEOS + Ti(OBu)4, and (B) TSPM + Ti(OBu)4.

at 100◦C, are presented. SEM images of the films are
shown in Fig. 2. For comparison, the results obtained
starting with un-substituted Si-alkoxides are also pre-
sented in Table 2. More details on the preparation and
characterization of the oxide films are presented in a
previous paper [12].

The hybrid film with SiO2-TiO2 inorganic network
obtained from MTEOS has a much higher thickness
then the corresponding pure oxide films. The appar-
ent thicknesses measured by spectroellipsometry and
SEM are in relatively good agreement. Due to the very
high thickness of the films obtained with TSPM, the
ellipsometric determinations were not relevant, due to
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Figure 3. AFM images of single-layer thermally treated hybrid film prepared with MTEOS + Ti(OBu)4 (A), and SiO2-TiO2 oxide films (O).

the fact that the method is only suitable for thin films
characterization (i.e. below 1 µm). However, from the
SEM results presented in Fig. 2, one may observe that
the type of organic radical chemically bonded to the
Si influences the thickness of the film obtained, de-
pending on their bulkiness (note that all other coating
parameters were maintained essentially constant). One
can see that the thickness of the films starting with
TSPM is very high (>2.6 µm) while the film obtained
starting with MTEOS has a thickness of only about
200–300 nm.

After the thermal annealing at 100◦C, the hybrid
samples undergo only small changes in thickness and
refractive index, while as expected, oxide sample ther-
mally treated at 300◦C exhibit a significant decrease in
their thickness due to densification [12].

The SEM images of the cross section of the films
show dense morphology and a very smooth surface in
both cases (Fig. 2(A) and (B)).

Figure 4. Waveguides obtained by pattering films obtained starting with (A) MTEOS + Ti(OBu)4, and (B) TSPM + Ti(OBu)4.

The AFM images (Fig. 3) obtained from the oxide
and hybrid films (MTEOS system) revealed a smooth,
featureless surface topology as expected for homoge-
neous, amorphous materials (consistent with the XRD
data). Over the length scales used in Fig. 3, the sam-
ples exhibited low roughness, ranging from 2 to 6 nm,
depending on the film composition.

4. Applications

Waveguides with a sol–gel core could be obtained by
patterning the sol–gel layer using a photoresist mask.
The sol–gel layer was deposited by spinning on oxi-
dized silicon wafers (xox = 300 nm). The thickness of
the sol gel layer was 213 nm for MTEOS + Ti(OBu)4

and 2.67 µm for the TSPM + Ti(OBu)4 composi-
tion. The etching was performed in a HF:CH3COOH
(1:2) solution, for 20–30 min. The films obtained are
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illustrated in Fig. 4. Due to the presence of the organic
component, the etching process is much slower that in
the case of pure oxide layers and the lateral walls ob-
tained are not as straight. To improve the quality of the
lateral walls, plasma etching could be used.

In future work, the waveguides will be integrated
and coupled to silicon photodiodes to measure the at-
tenuation and to fabricate photonic circuits for optical
communications.

5. Conclusions

The results obtained in this work, which investigated
the effect of selected organic modifiers (methyl and
propylmethacrylate) on the optical and structural prop-
erties of organically modified SiO2/TiO2 hybrids, em-
phasize the possibilities offered by sol–gel processing
to design and process films with tailored properties both
in oxide and hybrid inorganic-organic systems. Struc-
ture and properties of the films were determined by
XRD, spectroellipsometry, SEM and AFM methods.
As compared to the corresponding pure oxide com-
positions, the hybrid films exhibit suitable thickness
in a single deposition step for applications such as
waveguiding. Patterning of the films, using suitable
photoresist masks and etching in HF:CH3COOH so-
lutions, indicated that structures with dimensions po-
tentially suitable for waveguiding applications could
be produced. Future work will investigate the use of
these patterned coatings in photonic circuits for optical
communications.
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