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Nucleation of Titania Nanocrystals in Silica Titania Waveguides
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I-35100 Padova, Italy

M. IVANDA
Rudjer Boskovic Institute, P.O. Box 1016, 10001 Zagreb, Croatia

Abstract. SiO2(1−x)-TiO2(x) monomode waveguides at 632.8 nm, with x in the range 0.07–0.2 and thickness of
about 0.4 µm, were deposited on silica substrates by a dip-coating technique. Nucleation of TiO2 nanocrystals
and the growth of their size by thermal annealing up to 1300◦C were studied by waveguided Raman scattering in
the SiO2(0.8)-TiO2(0.2) composition. In the low frequency region (5–50 cm−1) of the VV and HV polarized Raman
spectra the symmetric and quadrupolar acoustic vibrations are observed. The mean size of the titania particles are
obtained from the frequencies of the Raman peaks. The results are compared with those obtained from the measure
of the linewidths in the X-ray diffraction spectra. Nanocrystals with a mean size in the range 4–20 nm are obtained
by thermal annealing in a corresponding range of 700–1300◦C.
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1. Introduction

SiO2-TiO2 is an important glassy system for many ap-
plications, in particular for planar waveguides because
of the easy tunability of the refractive index and losses
lower than 1 dB/cm [1–5]. The glass is not stable and
TiO2 crystals nucleate and grow after thermal anneal-
ing at temperatures around 900◦C [5–7]. Therefore,
crystallization occurs before or together with densifi-
cation by thermal annealing in sol-gel derived glasses,
at least for relatively high TiO2 contents (>20%) [5].
Devitrification can also occur during the technological
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processes for producing channel waveguides, if high
temperatures are needed. Since devitrification produces
losses, which strongly depend on the size of the crys-
tallites, it is important to know the sizes of the nanopar-
ticles that are produced by annealing at a temperature
T for a time τ [5, 7].

In this paper, the crystallization of TiO2 is studied
by low frequency Raman spectroscopy [8–10].

2. Experimental

SiO2(1−x)-TiO2(x) films, with x in the range 0.07–
0.2, were deposited on silica substrates by a dip-
coating technique. The starting solution were obtained
by mixing tetraethylorthosilicate (TEOS), ethanol,
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deionized water and hydrochloric acid as a catalyst.
Titanium isopropoxide (TiPOT) was used as TiO2 pre-
cursor. As TEOS and TiPOT have very different hydrol-
ysis rates, TEOS was first pre-hydrolyzed for 1 hour at
65◦C before adding TiPOT solution. The final solution
was let to react under stirring for 16 h at room tempera-
ture. The samples were annealed after each deposition
at 700◦C for 2′or at 900◦C for 30′′. After 10 deposition
cycles, the film thickness ranges from 0.3 to 0.5 µm,
enough for these systems to support one mode in the
visible spectral region. The produced waveguides were
then annealed at temperatures ranging from 700◦C to
1300◦C for times between 1′ and 1 h.

Raman spectra were collected by a double
monochromator with a focal length of 1 m from the
front of the waveguide, by exciting in the TE0 mode
by prism-coupling technique with the 514.5 nm line
of an Ar+ ion laser. VV and VH polarizations were
selected by an optical set up with a polarizer and a
scrambler. The collected signals were analysed by a
photon-counting apparatus.

X-ray diffraction measurement were performed us-
ing Cu radiation at 1.54 Å and a Philips diffractome-
ter equipped with glancing-incidence X-ray optics.
The average crystallite size was calculated from the
Scherrer equation, after fitting the experimental pro-
files by the method described in Ref. [11].

The refractive index and the thickness of the waveg-
uides were measured for both transverse electric and
transverse magnetic polizations by an m-line apparatus
at 632.8 and 543.5 nm. In order to measure propagation
losses, the light intensity scattered out of the waveguide
plane was recorded by a video camera. The losses were
valuated by fitting the intensity to an exponential de-
cay function, assuming a homogeneous distribution of
the scattering centers in the waveguide. The measure-
ments were performed by exciting the TE0 mode with
a He-Ne laser operating at 632.8 nm.

3. Results and Discussion

Modal measurement showed an increase in the refrac-
tive index n from 1.5 to 1.60 for titania contents increas-
ing from x = 0.07 to x = 0.2. A further small increase
of n is observed with thermal annealing, due to the
densification of the glass and possibly to crystalliza-
tion. Here we present the study by Raman scattering of
the waveguides with x = 0.2.

The V-V spectra of some samples are shown in
Fig. 1. The spectrum of s700 shows the typical bands

Figure 1. VV polarized Raman spectra of the waveguides s700 (a),
s800 (b), s900 (II) (c), s1000 (d), s1200 (I) (e).

of silica-titania amorphous network [12]. For higher
annealing temperatures, sharp peaks appear in the re-
gion between 100 and 800 cm−1, and become more
intense with increasing annealing temperature. These
peaks are due to optical vibrations of crystalline TiO2.
Comparing our spectra with those reported in liter-
ature, we found that titania is in a mixed anatase-
brookite phase [13], which evolves towards the anatase
phase with increasing the annealing temperature; for
T ≥ 1200◦C only the characteristic peaks of the anatase
phase are observed [14]. Below 100 cm−1 two bands
appear. Figure 2 shows that these two bands shift to-
wards low frequency with the annealing temperature.
A single band is present in the VH spectra. It is cen-
tered at the frequency of the lowest frequency band
in the VV spectra. We attribute these bands to acous-
tic vibration of the TiO2 nanocrystals; their position in
the spectrum scale as the inverse of the particle linear
dimension.

The vibrational spectrum of a free homogeneous
elastic spherical particle contains two types of modes,
spheroidal and torsional [15]. The modes are classi-
fied according to the symmetry group of the sphere
by labels (l, m) as for the Harmonic functions Ylm .
Only the spheroidal modes of l = 0 and l = 2 are
Raman-active [16]. The frequencies (in wavenumbers)
of the surface modes, i.e. the lowest energy mode of
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Figure 2. Low frequency VV and HV Raman spectra of the wave-
guides s1000 (a), s1100 (II) (b), s1200 (II) (c), s1300 (d).

the l = 0, 2 sequences, are given by:

ωi = Sivi

dc
(1)

where ω0, ω2 are the frequencies of the surface sym-
metric and quadrupolar modes, S0 and S2 are constant
of the order of unity and depend on the ratio of the
longitudinal and transverse sound velocities, v0 = vL

Table 1. Temperature and time of annealing of the SiO2(0.8)-TiO2(0.2) waveguides; peak frequencies
of the symmetric (ω0) and quadrupolar (ω2) acoustic vibrations; ratio of the peak frequency (ω0/ω2);
mean size of the TiO2 nanocrystals measured by Raman scattering (dR) and X-ray diffraction (dX).

Sample T (◦C) t (min.) ω0 (cm−1) ω2 (cm−1) ω0/ω2 dR (nm) dX (nm)

s900 (I) 900 2 52 27 1.9 4

s900 (II) 900 15 46 25 1.8 5

s950 950 30 45 22 2.1 5 2.7

s1000 1000 30 39.0 20.8 1.88 6

s1100 (I) 1100 30 28.5 13.5 2.11 7

s1100 (II) 1100 60 27.5 12.9 2.13 8 6.4

s1150 1150 30 26.2 12.3 2.13 8

s1200 (I) 1200 30 20.8 9.2 2.26 11

s1200 (II) 1200 60 15.1 6.8 2.22 14 12.0

s1250 1250 30 14.5 6.7 2.16 15

s1300 1300 30 10.7 4.8 2.23 21

and v2 = vT are the longitudinal and transverse sound
velocities, d is the diameter of the spherical particle
and c is the velocity of light. Both types of modes ap-
pear in the spectra of Fig. 2. The l = 2, which is active
both in VV and VH polarizations produces the low-
est frequency peak. The intense peak, present only in
VV spectra is attributed to the l = 0 surface mode, the
weaker peak at higher frequency is due to a inner l = 0
mode, a shorter wavelength symmetric mode with a
node in the radial wavefunction. The frequency posi-
tions of the two main peaks are reported in Table 1,
together with their frequency ratios. The frequency ra-
tio is not constant, but slightly increases with the an-
nealing temperature, showing that the ratio between
the longitudinal and transverse sound velocities also
increases. This effect is probably due to a continuous
change in the crystalline phase of the nanoparticles,
already noted in the Raman spectra relative to the op-
tical modes. To our knowledge, the sound velocities of
anatase and brookite have not been measured. In or-
der to estimate the particle size we used in Eq. (1) the
longitudinal sound velocity of rutile, 9 km/s, a value ob-
tained by averaging over the different direction of the
crystal [17]. The transverse sound velocity was then
deduced from the observed frequency ratio of the two
peaks. The Raman spectra were fitted by considering
that the line width of the peaks has two main differ-
ent sources: the homogeneous broadening due to the
interaction of the vibrating particle with the surround-
ing glass [9] and the inhomogeneous broadening due
to a distribution of the particle size [10]. The details of
the fit procedure will be reported elsewhere. In Table 1
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we report the evaluated mean size of the particles. The
error on the size can be estimated to be roughly 20%,
the main uncertainty being on the sound velocities. For
annealing temperatures between 900 and 1300◦C, the
mean size increases from about 4 to 20 nm in diameter.
Crystallites are present even after annealing at 800◦C,
but their size can not be well evaluated from the low
frequency Raman spectra, because the relative scatter-
ing is weak and not well resolvable from the Boson
peak of the glass. From the linewidth in X-ray diffrac-
tion measurements on three samples, we obtained the
mean particle size given in Table 1. The sizes obtained
by Raman data seem to be systematically larger than
those of X-ray. A possible explanation of this fact could
be the presence of a disordered layer surrounding the
crystals. This layer could contribute to the elastic prop-
erties but not to the X-ray diffraction.

Losses of the order of 1 dB/cm were measured, with
no dependence on the particle size, indicating that they
are mainly due to surface roughness.

4. Conclusions

Low frequency Raman scattering from the acoustic vi-
brations allows to measure the size of TiO2 nanocrys-
tals present in annealed SiO2(0.8)-TiO2(0.2) glasses.
Nanocrystals with mean size in the range 4–20 nm are
obtained by thermal annealing in a corresponding range
of 700–1300◦C.
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