N

N

Er3+-doped silica-hafnia films for optical waveguides and
spherical resonators
Giancarlo C. Righini, Simone Berneschi, Gualtiero Nunzi Conti, Stefano Pelli, E.

Moser, R. Retoux, Patrice Feron, R. R. Goncalves, G. Speranza, Yoann Jestin, et al.

» To cite this version:

Giancarlo C. Righini, Simone Berneschi, Gualtiero Nunzi Conti, Stefano Pelli, E. Moser, et al.. Er3+-
doped silica-hafnia films for optical waveguides and spherical resonators. 16th International Symposium
on Non Oxyde and new optical Glasses (ISNOG 2008), Apr 2008, Montpellier, France. pp.1853-1860,
{10.1016/j.jnoncrysol.2008.12.022). <hal-00368033)

HAL Id: hal-00368033
https://hal.science/hal-00368033v1

Submitted on 27 Apr 2022

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-

for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-

search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY-NC 4.0 - Attribution - Non-commercial use - International
License


https://hal.science/hal-00368033v1
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Er3+-doped silica-hafnia films for optical waveguides
and spherical resonators

G.C. Righini®P, S. Berneschi?, G. Nunzi Conti®<, S. Pelli?, E. Moser ¢, R. Retoux ¢, P. Féron®, R.R. Goncalves?,

G. Speranza® Y. Jestin', M. Ferrari’, A. Chiasera’*, A. Chiappini!, C. Armellini'

2 CNR-IFAC, Nello Carrara Institute of Applied Physics, Via Madonna del Piano 10, 50019 Sesto Fiorentino, Italy

Y CNR-DMD, Department of Materials and Devices, Via dei Taurini 19, 00185 Roma, Italy
€Centro Enrico Fermi, Complesso del Viminale, 00185 Roma, Italy
d Dipartimento di Fisica, Universita di Trento and CSMFO Lab., Via Sommarive 14, 38050 Povo-Trento, Italy
€ Laboratoire CRISMAT, UMR 6508, ENSICAEN, 6 Blvd. Maréchal Juin, 14050 Caen, France
fLaboratoire d’optronique (CNRS-UMR 6082-Foton), ENSSAT, 6 rue de kérampont, 22300 Lannion, France
& Departamento de Quimica, Universitade de Sdo Paulo, Av. Bandeirantes 3900, Ribeirdo Preto, SP, CEP 14040-901, Brazil
" Fondazione Bruno Kessler, Via Sommarive 18, 38050 Povo-Trento, Italy
YCNR-IFN, Istituto di Fotonica e Nanotecnologie, CSMFO Lab., Via alla Cascata 56/c, 38050 Povo-Trento, TN, Italy

In this paper we present some result on sol-gel derived silica-hafnia systems. In particular we focus on
fabrication, morphological and spectroscopic assessment of Er**-activated thin films. Two examples of
silica-hafnia-derived waveguiding glass ceramics, prepared by top-down and bottom-up techniques
are reported, and the main optical properties are discussed. Finally, some properties of activated micro-
spherical resonators, having a silica core, obtained by melting the end of a telecom fiber, coated with an

Er**-doped 70Si0,-30HfO, film, are presented.

1. Introduction

Since the discovery of optical fibers, the possibility to develop
optically confined structures has opened new possibilities for mak-
ing novel optical components [1]. Rare earth-activated confined
structures offer thus interesting solutions for this end. The growing
activity in this field is aimed to the development of optical
amplifiers in planar form based on rare-earth-activated glasses to
provide devices such as lossless splitters, which can find applica-
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tions in the metropolitan and local area networks [2]. Since the
pioneer work of 1993, when Wang and Ohwaki discovered novel
glass—-ceramic system characterized by a transparency comparable
to a glass [3], considerable efforts have been made in order to fab-
ricate rare earth activated glass—ceramic materials with active ions
embedded in the crystalline phase [4]. The motivation for this re-
search is combining the mechanical and optical properties of the
glass with a crystal-like environment for the rare-earth ions, where
their higher cross-sections can be exploited in order to fabricate
more compact devices [5,6]. Moreover, ceramic glasses materials
may be a valid alternative method to control chemical parameters
of the rare earth, and thus may avoid undesirable effect like



clustering as proposed by Auzel and Goldner [7]. It should be men-
tioned that these nanocomposite systems are of particular interest
for photonic application when the glass ceramics can be prepared
in waveguiding configuration as recently reported by Jestin et al.
that have shown that SiO,-HfO,: Er’* glass—ceramic planar wave-
guides prepared by sol-gel route present valuable optical, spectro-
scopic and structural features for successful applications in the
telecommunication area [8,9]. A further development in the con-
trol of luminescence properties can be achieved by rare earth-acti-
vated microcavities, which represent a particular class of photonic
crystals, as well as spherical microresonators where light can be
guided in dielectric spheres through high-Q whispering-gallery-
modes (WGMs). A unique combination of strong temporal and spa-
tial confinement of light can be achieved in such structures: this
makes microspheres very interesting for a large number of applica-
tions as diverse as cavity quantum electrodynamics, nonlinear op-
tics, photonics, and chemical/biological sensing [10].

Although these systems can be prepared by several techniques
the always-growing number of papers devoted to sol-gel-based
photonics materials and devices, is the better demonstration that
sol-gel process is a useful method for fabrication of optoelectronic
components and their integration. Among the several binary sys-
tems, which are possible to prepare by sol-gel route, the SiO,-
HfO, binary system has demonstrated to be really efficient for suc-
cessful applications in photonics [11]. In fact, not only the prepara-
tion is simple and samples with high reproducibility can be
prepared with a suitable protocol, but also refractive index can
be tailored as a function of the composition and phase separation
can be controlled by the HfO, concentration and the annealing
procedure.

The aim of this paper is to give a short review of the use of SiO,-
HfO, in the following glass-based photonic systems: (i) rare earth-
activated glass ceramics planar waveguides, where the active ions
are embedded in the crystalline phase, combining the mechanical
and optical properties of the glass with a crystal-like environment
for the rare-earth ions; (ii) microspheres prepared by fusion of a
standard telecom fiber and coated by a 70SiO,-30HfO, film acti-
vated by Er** ions. Optical and spectroscopic assessment, as well
as morphological and structural characterization of these systems
is reported.

2. Erbium-activated silica-hafnia amorphous planar
waveguides

Eight 70Si0,-30HfO, planar waveguides activated by different
molar percentages of erbium ion were prepared by sol-gel route
using the dip-coating technique [11,12]. The waveguides were pre-
pared using the sol-gel method and dip-coating technique. The
starting solution, obtained by mixing tetraethylorthosilicate
(TEOS), ethanol, deionised water and hydrochloric acid as a cata-
lyst, was pre-hydrolysed for 1h at 65°C. The molar ratio of
TEOS:HCI:EtOH:H,0 was 1:0.01:37.9:2. An ethanolic colloidal sus-
pension was prepared using as a precursor HfOCl, and then added
to the TEOS solutions, with a Si/Hf molar ratio of 70/30. Erbium
was added as Er(NOs);-5H,0 with a Er/(Si + Hf) molar concentra-
tion ranging from 0.01 to 4 mol%. The final mixture was left at
room temperature under stirring for 16 h. The obtained sol was fil-
tered with a 0.2 pm Millipore filter.

Erbium-doped silica-hafnia films were deposited on cleaned
pure v-SiO, substrates by dip-coating, with a dipping rate of
40 mm/min. Before further coating, each layer was annealed in
air for 50 s at 900 °C. After a 10 dipping cycle, the film was heated
for 2 min at 900 °C. Final films, resulting from 20 or 25 coatings,
were stabilized by the last treatment for 5 min in air at 900 °C.
As a result of the procedure, transparent and crack-free wave-

guides were obtained. The thickness of the waveguide and the
refractive index at 543.5 and 632.8 were measured in TE and TM
polarizations, by an m-line apparatus [11].

The waveguides presented thickness ranging from 0.6 to
1.0 um, and a refractive index of 1.61+0.01 measured at
632.8 nm in the TE polarization. For all samples and both at
632.8 and 543.5 nm the refractive index measured in TE polariza-
tion is higher (An = 0.013 £ 0.002) than in TM polarization, indicat-
ing that birefringence is not negligible in our system.

The TE, mode excitation was used for photoluminescence (PL)
measurements, detecting the scattered light from the front
face of the waveguide. The PL spectroscopy, in the region of the
32 — ‘152 transition of Er** ions, was performed using
the 980 nm emission of a Ti:sapphire laser. The details about the
experimental setup were previously reported [11].

The more significant spectroscopic parameters of the wave-
guides are reported in Table 1. A spectral bandwidth of 48 nm,
measured at 3 dB from the maximum of the 1533 nm emission
was observed in all waveguides. The fact that both shape and
FWHM of the *I;3, — “I;5; transition are independent on erbium
content is related to the specific properties of Hf** on the glass net-
work. Hf** increases the number of Si-O non-bridging groups [13]
accounting for a general network flexibility, which may conceiv-
ably accommodate Er®* contents without appreciable matrix
strains.

The active ions concentration is a critical parameter to design
planar waveguides for photonics applications. In fact, when the er-
bium concentration increases, other problems become important.
The average distance between neighboring erbium ions decreases,
and electric dipole-dipole interactions between the different er-
bium ions become more significant.

Under this condition, processes including energy migration and
upconversion can take place, lowering the fraction of excited Er**
at a given pump power [14]. As a consequence, a decrease of the
luminescence lifetime of the metastable 4I;5/, state as a function
of the increasing Er>* concentration occurs, as described in the fol-
lowing empirical formula [15]:
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where 7., is the observed luminescence lifetime, 7, the ideal lumi-
nescence lifetime in the limit of zero concentration, r is the Er** ion
concentration, Q is the quenching concentration and p a phenome-
nological parameter characterizing the steepness of the correspond-
ing quenching curve. By fitting the experimental data of Table 1
with the empirical formula (1) we have obtained the following
parameters: 7o = 6.8 ms, Q = 0.81 mol% and p = 1.3. Finally, we note

that for all the waveguides the 1,3, level decay curves presented a
single-exponential profile. As an example, Fig. 1 shows the normal-

(1)
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Table 1

Spectroscopic parameters characterizing the 70SiO,-30HfO, planar waveguides
activated by different Er/(Si+ Hf) mol% content. Decay time constants of the 4113/2
level of Er** ions and FWHM spectral bandwidth of the *I;3, — “lysp transition are
reported. Measurements were performed at room temperature upon 980 nm
excitation.

Waveguides Er>* (mol%) FWHM (£2 nm) Lifetime (£0.5 ms)
SHO001 0.01 48 6.7
SHO003 0.03 48 6.5
SHO1 0.1 48 6.5
SHO3 0.3 48 5.0
SHO5 0.5 48 4.2
SH1 1.0 48 29
SH2 2.0 48 1.8
SH4 4.0 48 1.8
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Fig. 1. Room temperature decay curves of the luminescence from the 4113,2
metastable state of Er** ions for the 70Si0,-30HfO, planar waveguide doped with
0.01 (SHO01), 0.03 (SH03), 0.5 (SHO5), and 4 (SH4) Er/(Si + Hf) mol%. Measurements
were performed upon excitation at 980 nm. The solid lines represent single
exponential fits to the decay data.

ized decay curves of the 4113/2 state for some silica-hafnia wave-
guides. The measured lifetime of 6.7 ms, which characterize the
SHO01 waveguide, can be assumed very close to the radiative life-
time of the 1,3/, metastable level of Er** ion in 70Si0,-30HfO, glass
since at this low concentration no interaction between Er** ions oc-
curs. It is worthy of note that the quenching concentration effect
and correlated energy transfer processes appear negligible in
70Si0,-30HfO, waveguides, for Er** concentration up to 0.1 mol%
(see Table 1 and Fig. 1) indicating the high quantum efficiency of
the *I;3), state in this system.

The Raman spectrum reported in Fig. 2 gives further informa-
tion about the useful properties of the SiO,-HfO, binary system.
The Raman spectrum of the v-SiO, is also reported for comparison.
Raman spectra were collected in the VV polarization, by exciting
the TE, mode with an Ar* ion laser.

As observed comparing the Raman spectrum of the silica-hafnia
waveguides SHO3 with that of the fused silica, the presence of haf-
nium oxide promotes a strong modification of the silica structure.
The appearance of the 970 cm~! Raman band suggests the effective
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Fig. 2. Room temperature Raman spectra of the SHO3 70SiO,-30HfO, planar
waveguide collected in VV polarization with excitation of the TE, mode at 457.9 nm

(A) and 514.5nm (B). Raman spectrum of the v-SiO, is also reported for
comparison.

molecular mingling of SiO,-HfO, components of the films [13]. A
complete densification is achieved for all samples. In fact, the
bands characteristic of the OH groups in silicate glasses, generally
observable at 3670 and 3750 cm™!, are absent in the portion of the
Raman spectra shown with a magnification of 100 [16]. The Raman
spectra do not show any evidence of hafnia crystallization, that
would display several sharp peaks in the region between 100 and
800cm ! [17].

A 70Si0,-30HfO, mol% planar waveguide activated with
0.3 mol% of Er**, deposited on silica-on-silicon (SoS) substrate,
was prepared by using sol-gel route and dip-coating technique.
We have chosen this erbium concentration in order to have the
best compromise between signal intensity and lifetimes. The
waveguide shows thickness of 1.0 um, and a refractive index of
1.60 at 632.8 nm, supporting a well confined single propagation
mode at 1.5 pm (confinement coefficient of 0.85).

An attenuation coefficient of 0.8 dB/cm at 632.8 nm was mea-
sured. A lifetime of 5.9 ms for the 4113,2 metastable state of the
Er®* jons was measured. The spectral bandwidth at 1.53 pm, mea-
sured at 3 dB from the maximum of the intensity, was of about
44 nm. We have prepared channel waveguides by using a dry-etch-
ing process on this planar waveguide.

3. Silica-hafnia-derived waveguiding glass ceramics prepared
by top-down technique

Er**-doped silica-hafnia planar waveguides were fabricated by
sol-gel technique. The erbium content was 1 mol% for a silica haf-
nia ratio of 70:30. We use the fabrication protocol described above
to deposit the starting amorphous waveguides. Nanocrystals were
obtained with an additional heat treatment in air at temperature
between 1000 °C and 1100 °C for 30 min in order to investigate
more precisely the effect of crystallization on spectroscopic prop-
erties. The samples were introduced in the furnace at the temper-
ature of 800 °C with a heating rate of 15 °C/min in order to avoid
surface cracking. The thermal treatments of each glass—ceramics
samples are summarized in Table 2 [18,19].

The waveguides presents a thickness from 0.3 to 0.6 um and a
refractive index close to 1.61 measured at 632.8 nm in the TE
polarization. All waveguides support at least one TE mode at
1.5 um. For all the samples, the refractive index measured at
632.8 nm, 543 nm, 1319 nm and 1542 nm in TE polarization is
higher than in TM polarization, indicating that birefringence is
not negligible in the system. The waveguides W900 and W1000
were prepared following the same protocol and they differed from
one another only in the thermal treatments. The losses observed
for the samples W900 and W1000 are respectively 0.7 and 1 dB/cm:
this makes them suitable for operation in the C telecommuni-
cation band. The increase of losses is due to the scattering induced
by the nanocrystals. The relatively high propagation losses ob-
served for the sample W1100 are due to a larger size of the nano-

Table 2
Annealing temperature, size of nanocrystals, attenuation coefficient, and 4113/2
lifetime of the Er*-activated SiO,-HfO, planar waveguides [18,19].

Waveguide labeling W900 W1000 W1100
Thermal treatment (°C) 900 1000 1100
Number of dips 20 20 30
Crystallite size (nm) - 3 5
Number of mode@1542 1 1 2
Thickness (+0.1 pm) ~0.3 ~0.3 0.6
Attenuation coefficient@1542 nm 0.7 1.0 =2
(0.3 dB/cm)

Lifetime@1542 nm (+0.5 ms) 2.0 5.1 6.1
FWHM (nm) 48 21 20
(£0.2 nm)




crystals but also to the surface degradation caused by the high
temperature thermal treatment.

The average of the crystallite size obtained by X-ray diffraction
are summarized in Table 2 as a function of the heat treatment. The
size of the crystallites becomes more important with the thermal
treatment, from 3 nm for the sample W1000 to 5 nm for the sam-
ple W1100. Higher temperature and longer annealing times cause
an increase in the average crystallite size. An important require-
ment for ultra-transparent glass ceramics fabrication is that the
crystallites should be sufficiently small to keep Rayleigh scattering
losses to an acceptable low level. This seems to be the present case.
In fact, the waveguide heat-treated at 1000 °C shows good propa-
gation properties at 1.5 pm with losses around 1 dB/cm, which
thus make it a suitable component for low losses amplifier in the
C band of telecommunication. Further information about the struc-
tural properties of the waveguides were obtained by Raman mea-
surements. Fig. 3 shows the Raman spectra of W1000 and W1100
samples collected in VV polarization using the 457.9 nm line of a
CW Argon-laser as excitation source. Those ones are compared to
the W900 sample heat treated at 900 °C. The heat treatment pro-
mote a strong modification in the spectra and in particular a crys-
tallization process, evidenced by (i) the structures in the region
between 100 and 1000 cm ™! attributed to HfO, crystals vibrations;
(ii) the decrease of the intensity of the band at about 970 cm™!
attributed to the Si-O-Hf stretching [11]; (iii) the presence of a band
centred at about 310 cm™!, which is assigned to the Hf-O-Hf
vibrations [20]; (iv) the presence of intense sharp band in the low
frequency region, indicating the presence of nanocrystals. This band
shifts toward low frequency with the annealing temperature. We
attribute these bands to acoustic vibrations of the HfO, nanocrystals.
Their position in the spectra is proportional to the inverse of the
particle diameter [21].

Fig. 4 show the room photoluminescence spectra of erbium
doped SiO,-HfO, planar waveguides, as a function of the heat
treatment. For precursor waveguide, as well as for glass—-ceramics
planar waveguides, luminescence from the excited 4113/2 state is
observed, with a main emission peak at 1532 nm. The shape of
the luminescence spectra, relative to the *l;3;; — “li5p2 in the
1.5 pm region, is very sensitive to the local environment of the rare
earth ion. The modifications of the spectra confirm the significant
modification of erbium ions environment in glass—ceramics sys-
tems. The order of the crystal-like local environment, limits the
inhomogeneous broadening typical of glassy environment and,
therefore, the bandwidth decreases from 48 nm to 21 nm and
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Fig. 3. Raman spectra of (a) W900, (b) W1000, (c) W1100 planar waveguides,
collected in VV polarization with excitation of the TE, mode at 457.9 nm [19].
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Fig. 4. Room temperature luminescence spectra of the “113/2 -, 552 transition of
Er** ion for the (a) W900, (b) W1000, (c) W1100 planar waveguides, obtained by
exciting the TE, mode at 514.5 nm. In the inset are reported the decay curves of the
luminescence from the “I;3;, — “I;5/, metastable state of Er** ions for the respective
samples upon 514.5 nm excitation [18,19].

20 nm for the waveguides W900, W1000 and W1100, respectively.
The 4113,2 — 4115,2 emission band of the glass—ceramics presents
well-resolved Stark components in agreement with a crystalline-
like environment for the Er** ion [18,19].

The shape and the bandwidth of the emission spectra do
not change with the excitation wavelength, i.e. 980 nm and
514.5 nm, indicating that site selection is negligible.

The lifetime of the metastable level 4113/2 have been measured
at 1532 nm for the different samples. The decay curves are shown
in the inset of Fig. 4. According to the decay curves measured for
the 4113/2 emission upon 514.5 nm excitation, the lifetime of the
emission increases with the increase of the heat-treatment tem-
perature, from 2.0 ms for the precursor waveguide, to 5.1 ms for
the waveguide glass ceramic W1000 heat treated at 1000 °C, and
6.1 ms for the waveguide glass ceramic W1100 heat treated at
1100 °C. This behavior clearly demonstrate that Er** ions are
embedded in nanocrystals. The decay curves cannot be fitted by
a single exponential function, which probably means that the er-
bium ions are not feeling the same local environment. By fitting
the decay curves with two different single exponential, we can no-
tice two different parts: one part corresponding at the erbium ions
in the glass matrix leading to a lifetime close to 2.0 ms, and the sec-
ond part corresponding to erbium ions embedded in the crystalline
environment leading to a lifetime close to 7.0 ms. It’s important to
note that the embedding of erbium ions in the HfO, crystalline
phase induces an important enhancement of the lifetime of the
metastable level *l;3,.

4. Silica-hafnia-derived waveguiding glass ceramics prepared
by bottom-up technique

Using a bottom-up approach SiO,-HfO,:Er®* glass—ceramic pla-
nar waveguides were realized by following the described protocol
[9]: (1) preparation of a colloidal suspension of HfO, nanoparticles,
starting from a HfOCI; solution in ethanol and using a reflux tech-
nique. (2) Separation of HfO, nanoparticles from the colloidal sus-
pension. (3) Preparation of a solution of TEOS, alcohol, deionised
water and hydrochloridric acid prehydrolized for 1 h at 65 °C, in
which has been added the hafnia precursor HfOCI, in order to ob-
tain a final solution with a molar ration Si/Hf = 80/20. (4) At this



solution has been added Er(NOs)s-5H,0 with a molar concentra-
tion Er/(Si+Hf)=1, and hafnia nanoparticles in order to have
2.5 mol% of nanoparticles in the solution. Nanocomposite planar
waveguides were produced by dip-coating the final solution on
SiO, substrate and were stabilized by a thermal treatment at
900 °C in air for 22 h (see Table 3).

After introduction of hafnia nanoparticles, in the silica-hafnia
sol, a HRTEM image of the produced waveguide has been per-
formed as shown in Fig. 5. Nanocrystals of about 3-4 nm in size
are visible and homogeneously dispersed in the amorphous matrix.
Thus confirming the feasibility of the bottom-up approach for the
production of nanocomposite waveguides. The EDS analysis has
confirmed that the nanocrystals are composed by hafnium oxide.

Fig. 6 compares the 4113,2 — 4115,2 photoluminescence spectrum
of the nanocomposite waveguide (W1) activated by Er** ions, and
the PL spectrum of a silica-hafnia: Er** waveguide without nano-
crystals (W2). As previously seen on the top-down prepared sam-
ples, the modification of the emission spectrum of W1 is attributed
to the presence of hafnia nanocrystals. The ordering of the local
environment limit the inhomogeneous broadening typical of glassy
structural environments and therefore the FWHM become smaller
from 45 nm to 27 nm for W2 and W1 respectively. We can consider
that the thermal treatment at 900 °C which does not damage the
surface of the film, promote the migration of erbium ions toward
hafnia nanocrystals [22].

The lifetime of the metastable level %I, 352 has been measured at
1532 nm. The decay curves present a single exponential behavior
and show that the lifetime of the emission increases for the sample
W1 containing nanocrystals, from 4.5 ms for the sample W2, to
5.6 ms for the W1. So the same behavior is observed for the so
called bottom-up samples and the top—-down samples, indicating
that for the bottom-up sample simple a thermal treatment at
900 °C is necessary to promote the migration of erbium ions to-
ward hafnia nanocrystals.

Table 3
Annealing temperature, size of nanocrystals, attenuation coefficient, and “113,2
lifetime of the Er’*-activated SiO,-HfO, planar waveguides.

Waveguide labeling W1 w2
Thermal treatment (°C) 900 900
Crystallites size (+1 nm) 3-4 0
Losses@1542 nm (+0.3 dB/cm) 0.3 <0.3
Lifetime@1532 nm (ms) 5.6 45

Fig. 5. HRTEM image of the glass—-ceramic waveguide W1 showing HfO, nanocrys-
tals dispersed in the amorphous matrix.
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Fig. 6. Room temperature luminescence spectra of the 4113/2 — 4,5, transition of
Er** ion for the for the W1, W2 planar waveguides, obtained by exciting the TE,
mode at 514.5 nm.

The bottom up waveguide W1 presents excellent propagation
properties at 1.5 pum with losses around 0.3 dB/cm which thus
make it a suitable component for low losses amplifier in the C band
of telecommunication [9,23].

It’s important to note how the bottom-up method permits to
ameliorate the optical properties of the glass-ceramic waveguide
with respect to the ones obtained by the top-down method. The
top-down method requiring a high thermal treatment at 1000 °C,
to grow nanocrystals in the matrix, induces optical losses of
1dB/cm at 1542 nm, caused by a degradation of the waveguide
surface [9].

5. Activated microspherical resonators

Silica is an important material for the preparation of micro-
sphere due to the low losses observed at the telecom wavelength
and in particular at 1.55 pm. In our case, silica microspheres serv-
ing as a base resonator structure were made by melting the end of
a stripped standard telecommunication fiber (SMF 28). After melt-
ing and solidification controlled by surface tension, a near-perfect
spherical shape, with a radius of thousand of micrometer was
achieved.

In order to funzionalize the surface, a thin film has been depos-
ited using a sol-gel method. For the deposition of the active coat-
ing of the microspheres we use the fabrication protocol develop for
the deposition of the silica-hafnia amorphous planar waveguides.
The erbium content has been fixed to 0.1 mol% and 1 mol% for a sil-
ica hafnia ratio of 70:30. As a result of these procedures, crack free
films surrounding microspheres were obtained. The main charac-
teristics of the microspheres are summarized in Table 4.

Photoluminescence measurements in the region of the 4113,2
N 4115/2 transition of the Er*" jons were performed using the
514.5 line of an Ar"* laser as excitation source, detecting the scat-
tered light from the microsphere in free space configuration and
dispersing the luminescence light with a 320 mm single grating.

Table 4

Physical characteristics of the microresonators.

Microsphere Base sphere  Erbium Thickness estimation Refractive
diameter content (mol%) of the active film index
(Hm+5 pum) (pm)

M1 250 1 0.8 1.53

M2 430 0.1 1.1 1.56




The light was detected using a InGaAs photodiode and a lock-in
technique. Decay curves were obtained by chopping the CW excit-
ing beam with a mechanical chopper and recording the signal with
a digital oscilloscope. All the measurements were performed at
room temperature [9,18,19].

To excite High-Q WGMs (lowest n which correspond to the
lowest value of the radial order), light has to be launched from a
phase-matched evanescent wave in an adjacent waveguide or a
prism under total internal reflection. For microspherical lasers,
most of couplings have been realized by prisms [24], tapers
[25,26] and half tapers [27]. Among the different pumping wave-
lengths which can be used with Erbium doped glasses (810 nm,
975 mm and 1480 mm) we chose 1480 nm to obtain a good
overlap between the pump and laser mode volumes in the
micro-sphere and to optimize the lasing process in our system.
Another advantage of using one single tapered-fiber is that the
pump wavelength is close enough to that of the laser field, so both
pump and laser fields can be coupled in and out the microsphere.
The fiber coupling experiments were performed with a tapered
fiber, that we obtained by heating and stretching standard
telecommunication fiber (single mode at 1.55 pm). Further details
on the experimental setup can be found in Ref. [28].

Fig. 7 represents the SEM image of a previous microsphere pre-
pared to have an estimation of the rugosity of the deposited film
with a diameter of about 200 um after the dip coating, and also a
part of the fiber, also permitting to estimate the thickness of the
deposited film (0.8 um). We can notice here the good quality of
the coating. The observed defects are due to the silica based micro-
sphere used as substrate.

In our case the quality factor Q could be limited by the quality
factor of the surface of the sphere, which, for the mode with gen-
eric radial order n at the wavelength /, is given by the Eq. (2) [29]:

Quur = (342d"°)/(16m° 32N’ n’/2), )

where ¢ is the roughness, Ns is the refractive index of the sphere,
and d is the sphere diameter. In our case a low roughness ¢ inferior
to 1 nm has been measured, thus indicating that the global quality
factor won't be limited by the surface quality of the coating.

The PL spectra relative to the 4113,2 — 4115/2 transition of the Er-
bium ions obtained upon excitation at 514 nm for M1 and M2 mic-
roresonator exhibits a main emission peak at 1.53 pm with a
shoulder at about 1.55 um and a spectral bandwidth of about

48 nm, measured at 3 dB from the maximum of the intensity. Upon
excitation at 980 nm, it has been seen that the shape and the band-
width of the emission spectra do not change with the excitation
wavelength, indicating negligible site selection for erbium ions.
The PL spectra are quite similar, according to a constant site-to-site
inhomogeneity. The decay curves have a single exponential behav-
ior with a lifetime of 4.4 ms and 6.2 ms is respectively obtained for
the microsphere doped with 1 mol% and 0.1 mol%. The same life-
times were measured upon 980 nm excitation. The decrease of
the lifetime with the increase of the erbium concentration suggests
that energy transfer processes, including cross-relaxation and up-
conversion, are effective. In fact, infrared-to-green up-conversion
upon 987 nm excitation is observed in the most concentrated mic-
roresonator M1 (1 mol%), green emission being visible with the
naked eye.

Fig. 8(A) represent the fluorescence spectra of the microsphere
M1 after excitation of the whispering gallery modes by a fiber ta-
per as function of the intensity of the pump injected in the sphere.

In microspherical resonator the high energy concentration in
whispering gallery modes generally leads to a dependence in
wavelength of the emission spectra in function of the temperature,
as described by the Eq. (3) [30]:

1 0Ns 1ad
A)v_/l(mﬁ—kaﬁ)AT. (3)

With Ns the refractive index of the material, T the temperature, and
d the sphere diameter.

As the temperature inside the spherical resonator is directly
linked to the pump power at 1480 nm injected in the sphere, we
can expect for a shift towards high wavelengths. In our case, sol-
gel coating of silica hafnia seems to be quasi independent with this
behavior due to thermal effect linked to the injected pump, in the
studied pump power range i.e. tens of mW. We can notice that a
very low red shift is observed in this case, and must be typical of
the glass system silica hafnia. By comparison with other glass sys-
tem presented in the literature [31-33].

The measured spectra of M2 presented in Fig. 8(B) put in evi-
dence the two polarization TE and TM for the mode n=1. It’s
important to remind that the indices 1 (orbital), n (radial), and m
(azimutal) permit to write the energy repartition in whispering
gallery modes, using the following expressions (4) [29]:

Fig. 7. Silica based microsphere coated with a SiO,/HfO, thin film and activated with erbium ions (left). Coated fiber permitting to estimate the thickness of the deposited film

(right).
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Thus we can deduce the sphere diameter d. In the present case
d =430+ 10 um and the refractive index is Ns = 1.56.

By looking closer at the emission spectra of this sphere we can
notice a degenerating effect of m. We estimate at 4 the maximal
value of || — m|, the azimuthal index. This degenerating effect find
certainly his origin in the ellipticity presented by the sphere after
the coating. By measuring the spectral difference in wavelength
between the two values of m, we can deduce the ellipticity of the
sphere. We have to note that in the used configuration we measure
the m > 0. In fact we have [34]:

Al =

AJAT=1 — o L SR, Tp—Te

nlm €=

(5)
With r, as the equatorial, r,, the polar, and a the equivalent radii of
the sphere.

Using A4=0.15058 nm, we find an ellipticity of 0.12%. This
ellipticity due to an inhomogeneous thickness of the coating of
the sphere also brings a lot of losses characterized on the spectra
by too important full width at half maximum for this kind of mic-
roresonator. In this kind of configuration we usually obtain quality
factors Q of 10°.

6. Conclusions

This paper is to give a short review of the use of SiO,-HfO, in
various glass-based photonic systems. In particular we have
showed that Er’*-activated 70Si0,-30HFO, planar waveguides
with valuable optical and spectroscopic properties can be prepared
by the sol-gel technique. A full densification can be achieved with-
out crystallization, the quenching concentration effect and corre-
lated energy transfer processes appear negligible in 70SiO,-
30HfO, waveguides, for Er** concentration up to 0.1 mol% indicat-
ing the high quantum efficiency of the 4113/2 state in this system.
Moreover nanostructured silica based glass—ceramic composite
material in which the crystalline nanophase can behave as a suit-
able host for the luminescence rare earth ions have been fabricated
from and Er’* activated 70SiO,-30HfO, planar waveguide pre-
pared by the sol-gel technique with dip coating processing thus
becoming successful for EDWA applications. A fabrication proce-
dure based on the top—down approach was defined and an attenu-
ation coefficient of 1dB/cm was measured at 1542 nm of the
sample with crystallites of a mean size of 3 nm. A bottom-up ap-
proach was also employed and we have demonstrated how it per-
mit to fabricate silica-hafnia-derived waveguiding glass ceramics

with an attenuation coefficient of 0.3 dB/cm at 1542 nm and with
crystallites of a mean size of 3-4 nm.

A set of microspheres prepared by fusion of a standard telecom
fiber were coated by a 70Si0,-30HfO, film activated by Er3* ions. It
is shown how this special geometry can allow the tailoring of the
whispering gallery modes thus permitting to select the radial order
n of the active whispering galley modes. Furthermore this very
cheap protocol and simple method leads to very low roughness
surfaces. The quasi independent behavior due to thermal effect
linked to the injected pump also brings a major interest for lasing
applications.
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