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We report on the sol-gel fabrication and characterization of �100−x�SiO2–xSnO2 �x=8, 16, and
25 mol %� glass-ceramic waveguides doped with 1 mol % Eu3+. A suitable top-down thermal
process led to the formation of SnO2 nanocrystals �4 nm embedding Eu3+ ions. The excitation
spectra evidence the role of interband electronic transition of SnO2 nanocrystals on the
luminescence of Eu3+. Monitoring the 5D0→ 7F2 Eu3+ emission, we observe about 15 times increase
in the intensity of SnO2 absorption band, moving from x=8 to 25 mol %. These waveguides also
exhibit low losses, making them quite promising for development of high-gain integrated optical
amplifiers. © 2008 American Institute of Physics. �DOI: 10.1063/1.3037224�

Nowadays rare-earth �RE�-activated optical waveguide
structures represent the cornerstone in a wide number of
technological applications. This is definitely true for inte-
grated optical amplifiers and laser systems.1,2 There are,
however, chemical and physical effects, mainly linked to the
ion-ion interactions as well as to the nonradiative relaxation
processes, which are detrimental for the efficiency of active
waveguide and have been the subject of several scientific and
technological investigations.3,4 Thus, even if commercial de-
vices have long been available, the search for more efficient
glass compositions and guiding structures is still going on.

In this context glass-ceramic waveguides play a signifi-
cant role because they combine the mechanical and optical
properties of the glass with a crystal-like environment for the
RE ions.5–8 These composite materials allow the control of
the chemical environment of the RE ion, and thus reduce the
clustering and the consequent luminescence quenching.3

Moreover, glass-ceramic waveguides are a valid alternative
to the widely used glass hosts such as silica, which has a
high phonon energy of 1100 cm−1. In fact, the embedded
RE-doped nanocrystals with low cutoff vibrational energy,
such as hafnia,7 fluoride,8 and zirconia,9 reduce the nonradi-
ative contribution to the relaxation mechanism, allowing
high fluorescence efficiency.

RE-activated SnO2-based bulk glass ceramics have been
extensively studied for improving luminescence efficiencies
of various RE ions by exciton mediated energy transfer from
SnO2 nanocrystals to the RE ion.10–13 SnO2 is a wide band
gap �Eg=3.6 eV at 300 K� n-type semiconductor and exhib-
its a maximum phonon energy of about 630 cm−1.10 The RE
ion can be incorporated in the SnO2 nanocrystal and, in the
case of the Eu3+ doped SiO2–SnO2 system, Eu3+ ions were
found to substitute for the Sn4+ ions in the cassiterite-

structured SnO2 nanocrystals.12 Looking at the state of art of
RE-activated SnO2-based glass ceramics there are two main
points to be considered: �i� the maximum SnO2 content in
glass-ceramic systems reported in literature is 16 mol %14

and �ii� optical guiding multimode structures have been ob-
tained in nanostructured tin silicates only by femtosecond
laser writing.15

In the present work, we propose low-loss SiO2–SnO2
glass-ceramic waveguides with high SnO2 content, doped
with Eu3+, and grown by a suitable top-down thermal pro-
cess. The optical and spectroscopic properties of the
waveguiding system are discussed as a function of SnO2
content.

�100−x�SiO2–xSnO2 �x=8, 16, and 25 mol %� glass-
ceramic thin-film waveguides doped with 1 mol % Eu3+

were fabricated by the sol-gel technique and dip coating pro-
cess. The starting solution was obtained by mixing tetraethy-
lorthosilicate �TEOS�, ethanol, de-ionized water, and hydro-
chloric acid as a catalyst and was prehydrolyzed for 1 h at
65 °C. The molar ratio of TEOS:HCl:EtOH:H2O was
1:0.01:37.9:2. An ethanolic colloidal suspension, prepared
using SnCl2 ·2H2O and Eu�NO3�3 ·5H2O as precursors was
added to the solution containing TEOS. The final mixture
was left at room temperature under stirring for 16 h, and then
the resulting sol was filtered with a 0.2 �m Millipore filter.
Eu3+-activated SiO2–SnO2 films were deposited by dip coat-
ing on pure vitreous-SiO2 and silicon substrates. Each layer
was annealed in air for 3 min at 800 °C prior to the next dip.
Finally, the films resulting from 20 coatings were stabilized
by a treatment for 10 min in air at 800 °C. As a result of this
procedure, crack-free waveguides were obtained.

Formation and growth of nanocrystals in the parent
amorphous waveguides was induced by an additional heat
treatment in air at temperatures ranging from
900 to 1100 °C. The parent waveguides were introduced
into the furnace at ambient temperature and then heated witha�Electronic mail: kiran@science.unitn.it.
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a ramp of 15 °C /min in order to avoid surface cracking.
Films deposited on silicon substrates were employed for

transmission electron microscope �TEM� imaging. They
were prepared by polishing and ion-etching processes and
then mounted on a copper grid. Figures 1�a� and 1�b� show
the TEM images at different magnifications for the x
=25 mol %, 1100 °C, 5 h heat treated glass-ceramic wave-
guide. A narrow size distribution of uniformly dispersed
nanocrystals in the silica matrix is seen in Fig. 1�a�; Fig. 1�b�
shows the lattice fringes of SnO2 nanocrystals, with dimen-
sions of about 4 nm. Furthermore, the formation of tetrago-
nal rutile SnO2 crystals in the films is confirmed by Raman
spectra, which exhibit the characteristic peaks at 475 and
631 cm−1 as presented in Ref. 16.

Room temperature excitation spectra were recorded in
the range of 280–400 nm, monitoring the 5D0→ 7F2 emis-
sion of Eu3+ ions at 613 nm. A 1000 W Xe lamp combined
with a monochromator was employed as excitation source.
Figure 2�a� shows the excitation spectra of the x
=25 mol % sample as a function of the thermal annealing.
The broad band centered at about 310–330 nm
�3.8–4.0 eV�, depending on the heat treatment, corresponds
to the interband electronic transition of the SnO2
nanocrystals.11,12 The blueshifted position of this band in
comparison with that of the bulk SnO2 �3.6 eV, 345 nm�
attests for the presence of nanocrystals in the silica matrix, in
agreement with TEM images of Fig. 1�b�.17 The presence of

the intense absorption band of the SnO2 nanocrystals indi-
cates that the Eu3+ luminescence is not due to resonant exci-
tation of europium crystal field transitions but is related to an
indirect excitation process.12,17 The intensity of the UV band
increases with the increase in the heat treatment, and an en-
hancement of more than seven times is observed for the glass
ceramic heat treated at 1100 °C, 5 h compared to the as
prepared sample treated at 800 °C. Figure 2�b� shows the
excitation spectra of the 1 mol % Eu3+ doped �100
−x�SiO2–xSnO2 glass ceramics treated at 1100 °C for
30 min as a function of SnO2 content. The intensity of the
320 nm SnO2 absorption band increases by about 15 times,
moving from x=8 to x=25 mol %. This behavior reflects an
increase in the number of the Eu3+ ions embedded in the
SnO2 nanocrystals �Eu3+:SnO2� with the increase in the an-
nealing temperature and SnO2 content. This can also be ob-
served in Figs. 2�c� and 2�d�, which are photographs of the
x=8 and 25 mol % samples, respectively, heat treated at
800 °C and excited at 351 nm; the reddish color of the latter
sample is a clear proof of the much more intense emission at
613 nm.

Figure 3 shows the room temperature Eu3+ photolumi-
nescence spectra of the x=25 mol % samples as a function of
the heat treatment. The emission spectra were obtained in
waveguiding configuration by exciting the TE0 mode.7,18 Ex-
citation was in the SnO2 nanocrystal absorption band �Fig.
2�a�� using the 351 nm line of a cw Coherent Ar+ laser. The
fluorescence spectra consist of peaks in the visible range of
570–640 nm, which are assigned to 5D0→ 7FJ �J=0,1 ,2�
transitions of the Eu3+ ions. The emission spectrum for the
waveguide annealed at 800 °C is typical of Eu3+ ion in
glass.19 For the 900 °C heat treated sample, the appearance
of sharp peaks over the broad luminescence bands indicates
the beginning of Eu3+ :SnO2 nanocrystal formation. For an-
nealing temperature higher than 900 °C the emission fea-
tures typical of Eu3+ ion in a crystalline like environment are
predominant, indicating that most part of Eu3+ ions are em-
bedded in SnO2 nanocrystals.12 The full width at half maxi-
mum �FWHM� of the 5D0→ 7F2 emission is reported in
Table I as a function of the thermal treatment. FWHM moves
from 13.2 nm for the glass waveguide to 0.6 nm for the
glass-ceramic waveguide, and this behavior is attributed to
the ordering of the local environment around Eu3+.20,21 An

FIG. 1. TEM images of the 1 mol % Eu3+ doped 75SiO2–25SnO2 glass-
ceramic waveguide treated at 1100 °C for 5 h, showing SnO2 nanocrystals
dispersed in the amorphous matrix. Bar denotes �a� 100 nm and �b� 5 nm
unit scales.

FIG. 2. �Color online� Room temperature excitation spectra of 5D0→ 7F2
emission at 613 nm of Eu3+ in the 1 mol % Eu3+ doped �100
−x�SiO2–xSnO2 samples: �a� x=25 mol % sample after various heat treat-
ments in air; �b� x=8,16,25 mol % samples heat treated at 1100 °C for
30 min; ��c� and �d�� photographs of the x=8 and 25 mol % samples, re-
spectively, heat treated at 800 °C and excited at 351 nm.

FIG. 3. �Color online� Room temperature emission spectra of the 1 mol %
Eu3+ doped 75SiO2–25SnO2 glass-ceramic waveguide obtained upon
351 nm excitation as a function of the thermal annealing.
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analysis of the relative intensities of the 5D0→ 7FJ transitions
gives information on the local environment of the Eu3+ ions.
It is well known that the 5D0→ 7F1 transition is magnetic
dipole in character and is independent of the crystal fields,
unlike the 5D0→ 7F2, which is a hypersensitive electric di-
pole transition and is forbidden in a centrosymmetric
environment.19,22 An indication of the average distortion
from inversion symmetry of the sites, accommodating the
Eu3+ ion, can be obtained from the asymmetry ratio �Irel�
given by the intensity ratio of the 5D0→ 7F2 to the 5D0
→ 7F1 transition.13,22 The decrease in Irel with the increase in
the heat treatment �Table I� suggests the embedding of Eu3+

ion into a less distorted environment with respect to the
amorphous one. This is also evidenced by the decrease in the
intensity of the forbidden 5D0→ 7F0 transition relative to the
magnetic dipole 5D0→ 7F1 on passing from the glass to the
glass ceramics.

The 5D0→ 7F1 has threefold degeneracy that is fully re-
moved in low symmetry site, resulting in a triplet
structure.19,22 The 5D0→ 7F1 emission spectra of the glass-
ceramic waveguides reported in Fig. 3 show more than the
three expected lines, indicating the existence of at least two
different sites for the Eu3+ ions.12

The thickness �d� and the refractive index �n� of the x
=25 mol % waveguide measured at 543.5 nm in TE polar-
ization, presented in Table I, were obtained by modal
measurements.7,18 Increasing the temperatures of the heat
treatment from 800 to 1000 °C, an increase in n and a de-
crease in d were observed, attesting for the densification of
the waveguides. For heat treatments at 1100 °C the growth
of SnO2 nanocrystals gives rise to a further little increase in
the refractive index.

The propagation losses at 632.8 nm for the TE0 mode
were evaluated by photometric detection of the light inten-
sity scattered out of the waveguide plane.7,18 The propaga-
tion loss in the x=25 mol % waveguide annealed at 800 °C
was 0.5�0.2 dB /cm. Even with the formation and growth
of the nanocrystals, the attenuation coefficient in the
1100 °C, 5 h heat treated glass-ceramic waveguide remains

as low as 0.8�0.2 dB /cm, making this nanostructured ma-
terial suitable for integrated optics.1,2

In summary, we have fabricated SiO2–SnO2 glass-
ceramic waveguides doped with 1 mol % of Eu3+ with SnO2
content as high as 25 mol %. An attenuation coefficient as
low as 0.8�0.2 dB /cm at 632.8 nm was measured in the
75SiO2–25SnO2 glass-ceramic waveguide containing nano-
crystals of about 4 nm in size. Beneficial effect of the SnO2
nanocrystals on the Eu3+ luminescence has been demon-
strated as a function of both SnO2 content and annealing
protocol. On the basis of the obtained optical and spectro-
scopic results, RE-activated SnO2-derived glass-ceramic
waveguides appear to be a viable system for integrated op-
tics, and, in particular, investigations on Er3+ doping are be-
ing carried out.
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TABLE I. Optical and spectroscopic properties of the 1 mol % Eu3+ doped
75SiO2–25SnO2 waveguides heat treated at various temperatures in air. Re-
fractive index at 543.5 nm in TE polarization �n�, thickness �d�, FWHM of
the 5D0→ 7F2 emission at 613 nm, and asymmetry ratio �Irel� given by the
intensity ratio of the 5D0→ 7F2 to the 5D0→ 7F1 transition are given.

Samples
FWHM

��0.1 nm�
Irel

��0.1�
n

��0.001�
d

��0.1 �m�

800 °C 13.2 3.8 1.541 0.9
900 °C, 30 min 4.6 3.8 1.564 0.8

1000 °C, 30 min 1.0 3.8 1.573 0.8
1100 °C, 30 min 0.8 2.6 1.580 0.8

1100 °C, 1 h 0.7 2.5 1.580 0.8
1100 °C, 5 h 0.6 1.8 1.579 0.8
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