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Sol-gel processing was used to obtain two different kinds of confined structures for photonic applica-
tions: (i) Er’**-activated sol-gel silica derived spherical microresonators and (ii) Er**-activated silica
inverse opal. Optical and spectroscopic assessment, as well as morphological and structural characteriza-

PACS: tion of the systems, were performed.
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1. Introduction

During the last years, the spreading of optical networks toward
the final customers has triggered the research in innovative mate-
rials and processes for the development of compact and integrated
optical devices. The possibility of developing optical confined
structures and fabricating nanostructured multi-component mate-
rials has opened new possibilities in the field of basic and applied
physics in a vast variety of areas covering information communica-
tion technologies, health and biology, structural engineering, and
environment monitoring systems.

In this scenario the optical amplifier is a key enabling technol-
ogy for the achievement of high-speed and high-volume transmis-
sion required in current optical transmission systems [1,2]. Since
the photoluminescence peak of Er is at a wavelength around
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1.5 pm, just inside the so-called third window of fiber communica-
tion systems, erbium-activated glasses have become one of the key
materials in active photonic systems.

The short-term deliverable is to develop appropriate systems
to optimize the exploitation of luminescence properties of Er-
bium. Er**-activated confined structures at different scales fabri-
cated by the sol-gel route thus offer interesting and cheap
solutions. The last decade has seen a remarkable increase in
the experimental efforts to control and enhance emission prop-
erties of emitters by tailoring the dielectric surrounding the
source. The aim of this paper is to highlight and discuss some
advances in erbium-activated glass-based photonic systems,
where suitable geometries and appropriate innovative materials
will all the tailoring and enhancement of optical and spectro-
scopic properties. In particular, the following topics are
presented:

(i) Er**-activated silica derived

microresonators.

(ii) Er**-activated silica inverse opal.

sol-gel spherical
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2. Experimental
2.1. Er¥*-activated sol-gel silica derived spherical microresonators

Er?*-activated silica microspheres were made using the sol-gel
route in acid catalysis. Tetraethylorthosilicate (TEOS, Aldrich,
>99%), glacial acetic acid (Carlo-Erba, 99.9%), distilled water (resis-
tivity >15 MQ/cm) and erbium (III) chloride (ErCls, Aldrich, 99%)
were used as reagents. Briefly, a solution with the molar ratio
TEOS:CH3COOH:H,0 of 1:4:4, plus 1wt% ErCl; was stirred for
30 min at room temperature. After synthesis, the SiO, particles
were separated from the solution by centrifuging and then washed
with pure ethanol. Finally, the particles were dried at 80 °C over-
night and subsequently heat-treated at 1100 °C for 30 min. Particle
sizes were determined from SEM (JEOL-JSM 6300) micrographs
and the surface quality was investigated by TEM (JEOL 2010)
measurements.

Photoluminescence spectroscopy (PL), in the region of the 4113,
5 - 4115/2 transition of Er** ions was performed using the
514.5 nm line of an Ar" ion laser and the 980 nm line of a Ti:Sap-
phire laser as excitation sources. The luminescence was dispersed
by a 320 mm single-grating monochromator with a resolution of
1 nm. The light was detected using a NIR photomultiplier tube
and standard lock-in techniques. PL spectra were performed on
single sphere. Decay curves were obtained by recording the signal
with a digital oscilloscope.

2.2. Er¥*-activated silica inverse opal

Er**-activated silica inverse opals were synthesized by the sol-
gel process as follows:

The opal templates were assembled using a commercially avail-
able monodispersed polystyrene (PS) microsphere colloidal sus-
pension (Duke Company - 1 wt%) with an average diameter of
270 nm. The PS template was prepared using a vertical deposition
technique detailed elsewhere [3,4]. The silicon substrate was
placed in a vial with deionized water containing 0.036 wt% PS in
suspension. The water was then slowly evaporated at 50 °C in an
oven [5].

The silica sol activated by erbium ions (SsEi) was obtained after
stirring a solution of the following precursors for 2 h at room tem-
perature: 0.428cc Tetraethyl Orthosilicate (TEOS), 0.001cc HCI,
3.6¢c Ethanol, 0.069cc H20 and 1.68 mg ErCls. The SsEi was filtered
using a syringe filter with a 0.2 pm pore size. The void spaces of the

opal template were then infiltrated by dropping ~10 pl of SeEi over
the samples and were left to dry at room temperature.

The template was removed by heat-treatment: the samples
were slowly heated to 450 °C (at 0.1 °C/min) and then left at this
temperature for 30 min. Furthermore a rapid thermal annealing
at 900 °C for 10 min was carried out in order to promote a more
complete condensation densification of the structure and elimina-
tion of adsorbed water.

The microstructure of the Er**-activated silica inverse opal was
investigated by means of Scanning Electron Microscope (SEM)
(JEOL-JSM 6300). Optical properties of the opal structures were
investigated by reflectance measurements at different angles, using
a double beam Varian spectrophotometer in the UV-visible region.

Photoluminescence spectroscopic measurements were per-
formed using the same technique use to investigate the PL in the
Er’*-activated sol-gel silica derived spherical microresonators.

3. Results and discussions
3.1. Er’*-activated sol-gel silica derived spherical microresonators

Fig. 1a shows a SEM image of Er**-activated silica spheres after
synthesis, while Fig. 1b reports a TEM image of the spheres
obtained.

From Fig. 1a we can notice that we have produced particles of
different diameters, ranging from 100 nm to ~100 pm. Fig. 1b
shows the high quality of the surfaces of the spheres obtained.
These silica spheres can be separated and selected as a function
of the dimension and Fig. 2 shows a photo of a single Er**-activated
silica sphere of about 100 pm stuck on a silica tapered fiber by
means of an optically transparent adhesive component.

Fig. 3 shows the PL spectra obtained upon excitation at 514.5
and at 980 nm on the single sphere shown in Fig. 2. The shape of
the emission band in Fig. 3 is typical of Er** jons in silica glasses
with a main emission peak at 1537 nm, a Stark structure at
1560 nm, [4,6] and a spectral bandwidth, measured at 3 dB from
the maximum intensity, of 27 + 2 nm. Moreover we can notice that
the shape of the luminescence band is the same for both 514.5 and
980 nm excitations, indicating that no site-selection effect is pres-
ent [7].

Fig. 4 reports the luminescence decay curve from the metasta-
ble level 4113/2 of Er** in single a microsphere heat-treated at
1100 °C, obtained upon excitation at 980 nm.

Fig. 1. (a) SEM image of Er** silica spheres obtained by sol-gel route in acid catalysis. (b) TEM image obtained for the spheres which indicates the high quality of the sphere

surfaces.
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Fig. 2. Optical microphoto of a single Er**-activated silica sphere of about 100 um
stuck on a silica tapered fiber by means a transparent optical component adhesive.
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Fig. 3. PL spectra performed on a single sphere heat-treated at 1100 °C upon
excitation at: (a) 514.5 nm and (b) 980 nm.
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Fig. 4. Room temperature luminescence decay curve from the 4113/2 state of Er**
ions, obtained upon excitation at 980 nm, for a single sphere (Fig. 2) heat-treated at
1100 °C.

From Fig. 4 we can note that the decay curve exhibits a single
exponential behavior, indicating that Er>* ions all occupy sites
characterized by similar local environment and a value of the mea-
sured lifetime Teas = 13.7 £ 0.1 ms.

In order to obtain an estimate of the quantum efficiency n de-
fined by the ratio: 17 = Tmeas/Traa the measured lifetime (Tmeas) must
be compared to the radiative lifetime 7,,q.

Recently, many investigations have been performed on SiO,
spherical colloids doped with Er** ions, in order to study the spon-
taneous emission of the RE and to determine the local optical den-
sity (LOS) in these systems [8-10]. In particular, in these papers, a
radiative lifetime of 18 + 3 ms was determined, that is longer than
lifetime found in several others studies of Er-doped silica-based
glasses and structures [6,11]. Assuming this value of 18 ms for 7,4,
a quantum efficiency mn of 76% can be estimated for our micro-
spheres heat-treated at 1100 °C. Due to the important incertitude
of the radiative lifetime value the quantum efficiency incertitude
is about 13%.

3.2. Er¥*-activated silica inverse opal

An SEM image of Er**-activated silica (ErSiO,) inverse opals is
shown in Fig. 5.

Fig. 5 reveals that the hollow regions of the air spheres are well
ordered in a triangular lattice corresponding to the (111) planes of
a fcc crystalline structure [12].

The average dimension of the air-hollows is ~210 nm. This va-
lue is smaller than the diameter of the latex spheres (270 nm) used
to form the template, which demonstrates that a shrinkage occurs
during the sintering process. This fact is not surprising given that
the latex spheres are mesoporous and, in the early stages of calci-
nation, probably decrease in size as water vapour is released from
the pores [13,14].

The ErSiO, inverse opal sample exhibited violet regions, and the
reflected light was easily observed by the naked eye, because the
bright colour resulted from optical Bragg diffraction from the crys-
tal planes.

Fig. 6 shows the normalized reflectance spectra obtained at dif-
ferent angles of ErSiO, inverse opals measured along the normal of
the (111) plane of ErSiO, inverse opals.

From Fig. 6 we can observe that with an increase of the incident
angle, the stop band position shifts to shorter wavelengths. This
behavior can be express by modified form of Bragg’s law:

Fig. 5. Scanning Electron Microscopy image related to (111) facet of Er**-activated
silica inverse opal.
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Fig. 6. Reflectance spectra at different incidence angles performed on the Er’*-
activated silica inverse opal along the normal of the (111) plane of the sample.

/=2 % 0.816 x dy/ (ner)* — (sin 0)? (1)

where / is the free-space wavelength of light, d is the dimension
size of the hollow spheres, ne is the effective refractive index and
0 is the angle measured from the normal to the planes.

Moreover by using Eq. (1) and taking in count the following for-

mula [4]:
2 2 2
Mo = Mo -+ Njica - (1= 1) 2)

It is possible to estimate the volume fraction of ErSiO, in the in-
verse opal sample.

In fact, assuming an effective refractive index of neg=1.1268
(obtained, by fitting formula (1) with the incidence angles 0 versus
the stop band positions (free-space wavelength) 1) and considering
the following values ngjjic; = 1.4742 and ng;, = 1, we can calculate a
volume fraction of about 23%, that it is very close to a maximal
infiltration fraction for a inverse opal structure (26%). These results
confirm the very good quality of the inverse structure obtained.

Fig. 7 shows the *l;3;; — “I15/2 PL spectrum of the ErSiO, inverse
opal obtained upon excitation at 514 nm.

The PL of ErSiO, inverse opal exhibits a main emission peak at
1540 nm. The spectral width of the emission band measured at
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Fig. 7. Room temperature photoluminescence spectrum of 4113,2 — 4115/2, transition
of the Er®* ions for the activated silica inverse opal, upon excitation at 514.5 nm.
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Fig. 8. Room temperature luminescence decay curve from the I3 /2 state of E3*ions
for the activated silica inverse opal, heat-treated at 900 °C, upon excitation at
514.5 nm.

3 dB from the maximum of the intensity is 21 + 1 nm, and the Stark
structures at 1490, 1567 and 1617 nm appear well defined. This re-
sult indicates that Er>* ions occupy sites characterized by similar
local environment so that inhomogeneous broadening is not so
important with respect to the amount of the Stark splitting [15].

Fig. 8 shows the room temperature luminescence decay curve
from the 4113,2 state of E3* ions for the activated silica inverse opal,
heat-treated at 900 °C, upon excitation at 514.5 nm.

Fitting the decay curve reported in Fig. 8, we obtain a lifetime
Tije Of 16.8 = 0.1 ms. This value indicates that the inverse opal
structures present a very high quantum efficiency of the system.

4. Conclusions

In summary two different kinds of confined structures were
fabricated using sol-gel routes.

A simple and a cheap protocol of synthesis was elaborated in or-
der to obtain Er**-activated microspheres suitable for microreson-
ators. The protocol makes it possible to obtain Er’*-activated
microspheres of different dimensions that possess a very high
quality of the surfaces as revealed by TEM images. The PL spectra
observed of a single sphere were typical of Er** ions imbedded in
silica matrix. The decay curve of the metastable level %I 352 exhibits
a single exponential profile with a lifetime Tyeas Of 13.7 £ 0.1 ms
for the spheres heat-treated at 1100 °C, and an estimated quantum
efficiency of 76% for the system.

Er**-activated silica (ErSiO,) inverse opals were fabricated using
colloidal route. Large and well ordered crystals of the inverse opal
were pointed out by SEM images. Reflectance measurements
showed the presence a pseudo photonic stop band in the visible re-
gional. PL of ErSiO, inverse opal exhibits a main emission peak at
1540 nm, where the spectral width of the emission band measured
at 3 dB from the maximum intensity is 21 £ 1 nm, and the Stark
structures at 1490, 1567 and 1617 nm appear well defined. The de-
cay curve of the 4113/2 metastable state of the Er** ions presents a
lifetime 74, of 16.8 £ 0.1 ms corresponding to a very high quantum
efficiency of the system.
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