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Eu31-doped SiO2–HfO2 glasses for optical applications were
prepared using sol–gel technology. The effect of heat treatment
on structure, emission properties and decay kinetics was investigated. The results show that the energy splitting of the 7F2
state of Eu31 ions occurs for the samples sintered at temperatures 410001C. This behavior can be explained by the fact that
crystal phases are formed in those samples, which can be conﬁrmed by X-ray diffraction analysis. Moreover, ﬂuorescence
line narrowing spectra for the samples sintered at different temperatures were measured, and the results were interpreted in
terms of structural changes in the glass matrix and the Eu31
bonding environment.

ties of RE-doped materials depend intimately on the local structure and bonding of doped RE ions, a detailed understanding of
these factors is important from a device engineering perspective.
To the best of our knowledge, little effort has been made to investigate the effect of thermal treatment on the properties of
SiO2–HfO2 glasses. In this paper, we will describe the properties
of Eu31-doped SiO2–HfO2 materials produced by sol–gel method
and focus on the inﬂuence of the sintering temperature on the
structure transition and its consequences on the photoluminescence and decay kinetics. Changes in spectroscopic properties
with sintering temperature were observed. Besides, ﬂuorescence
line narrowing (FLN) spectra were also investigated. The observed changes of the FLN spectra as a function of the excitation
wavelength are discussed in terms of the local environment of the
Eu31 ions, using elementary crystal-ﬁeld theory.

I. Introduction

I

NORGANIC glasses doped with rare earth (RE) or transitional
metal ions are of great interest for fundamental studies and
technical applications in optical devices such as laser materials,
ﬁber ampliﬁers and waveguides, etc.1–4 The sol–gel process provides a potentially attractive technique for synthesizing these
materials because of the wide range of compositions that is
achievable and the ability to systematically study relationships
among glass composition, structure, and optical properties of
luminescent dopants.5,6 In addition, sol–gel technique allows the
formation of the glass network at room temperature as a result
of hydrolysis and condensation reactions of the precursors
mixed in solution. The glass densiﬁcation process can be realized by thermal treatment at much lower temperature than that
of melting methods.7
In recent years, the study of integrated optical devices for
telecommunication technology has attracted great research attention.8–10 In particular, much concern has been focused on RE
ions-doped waveguides due to their low cost and reduced size. It
was reported that the SiO2–HfO2 system is promising for successful applications in photonics.11,12 Moreover, the high refractive index and a good transparency in the visible range enable
these kinds of materials to be used as valuable candidates for
waveguides fabrication. Some reports are available regarding
Er31-doped SiO2–HfO2 materials. Sigoli et al.13 reported erbium
and ytterbium co-doped SiO2–HfO2 glasses prepared by sol–gel
method. They found the properties of this material can be modiﬁed by varying hafnia concentration in the silicate matrix. Jestin
et al. investigated erbium activated SiO2–HfO2 glass ceramics
waveguides. The role of hafnia on the structural, optical properties of this material was studied in their work.11
Some properties of Eu31-doped SiO2–HfO2 glasses have been
reported in our previous paper.8 Luminescence properties of materials can be modiﬁed by means of structure evolution which can
be induced through thermal treatment. Since the optical proper-

II. Experimental Procedure
(1) Materials
Tetramethyl orthosilicate (TMOS, purity 499.0%) was
purchased from Sigma-Aldrich (St. Louis, MO). Methanol
(MeOH, analytical reagent grade) was obtained from Fisher
Scientiﬁc (Illkirch, France). Nitric acid (HNO3, ca. 65% solution in water) and europium (III) nitrate hexahydrate (Eu
(NO3)3  6H2O, purity 499.90%) were purchased from Acros
Organics. Hafnium (IV) dichloride oxide octahydrate
(HfOCl2  8H2O, purity 498%) was purchased from Strem
Chemicals (Newburyport, MA). All the chemicals were used
as received.
(2) Synthesis of Eu31-Doped SiO2–HfO2 Glasses
In the present work, 90SiO2–10HfO2:0.3Eu31 (molar compositions) glasses were synthesized by using sol–gel route. The starting solution obtained by mixing TMOS, MeOH, and deionized
water, in the presence of HNO3 as a catalyst to promote the
hydrolysis and condensation reactions, was prehydrolyzed for
half an hour at room temperature to maximize the number
of SiOH groups before mixing with the more reactive
HfOCl2  8H2O and to promote homogeneity within the mixed
oxide samples. The chosen pre-hydrolysis conditions were
TMOS:MeOH:H2O:HNO3 in a 1:6:10:0.6 molar ratio, stirring
for 0.5 h. The appropriate quantity of HfOCl2  8H2O was then
slowly added to the prehydrolyzed TMOS solution while stirring. Europium was then introduced using Eu(NO3)3  6H2O in
the solutions mentioned above and the ﬁnal mixture was let to
react under stirring for 2 h at room temperature. Then the solutions were transferred into plastic beakers. The closed beakers
were kept at 601C for 5 days and heated to 801C for 1 day.14,15
Gelation and aging of the samples took place within this period.
The covers were then unscrewed to allow vaporization of residual solvents, and the samples were dried for 5 weeks at room
temperature. Next, the dried samples were cut into several pieces
and transferred into an electrical furnace and sintered in air using a heating rate of 11C/min up to different ﬁnal temperature.
The samples were kept for 4 h at these temperatures and ﬁnally
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cooled to room temperature. The obtained samples have the
approximate shape of a cuboid with the dimension of
B4 mm  4 mm  5 mm.

(3) Characterizations
The photoluminescence spectra was measured by using the 355
nm ultraviolet light from Nd-YAG laser. Fluorescence was
focused on the entrance slit of a Jobin-Yvon THR 1500 spectrometer (Les Ulis, France) and detected by a cooled R943-02
Hamamatsu photomultiplier tube (PMT, Hamamatsu City,
Japan). The PMT was connected to photon-counting electronics. The decay process of luminescence was recorded with a
multichannel analyzer Stanford Research SR 430 via a fast ampliﬁer discriminator (Stanford SR 445, Sunnyvale, CA). FLN
spectra were measured at 77 K under excitation with a wavelength within the 7F0-5D0 transition of Eu31 ions using 532 nm
line of Nd:YAG laser pumped Rhodamine 6G dye laser setup(Quanta Ray). Low temperature measurement conditions
were obtained by placing the samples in a liquid nitrogen
closed-cycle cryostat (Optistat DN-V cryostat, Oxfordshire,
U.K.). Crystalline structures were evaluated by X-ray diffraction (XRD), using Bruker D8 Advance X-ray diffractometer
(Karlsruhe, Germany) with CuKa radiation (l 5 0.1540 nm).
III. Results and Discussion
Figure 1 displays the room temperature luminescence spectra of
samples sintered at different temperatures, under 355 nm excitation. All spectra were normalized to the peak intensity of
5
D0-7F2 transition of Eu31 around 612 nm for comparison.
The spectra are essentially constituted by a group of emission
lines ranging from 570 to 720 nm, which are associated with the
transitions from the excited state 5D0 to the ground levels 7Fj
( j 5 0–4) of Eu31 ions. The emission lines observed between 580
and 605 nm and between 635 and 660 nm are assigned to the
magnetic dipole transition, 5D0-7F1 and 5D0-7F3, respectively.16,17 On the other hand, the emissions in the region of
605–635 nm, and centered at around 705 nm are attributed to
the electronic dipole transitions, 5D0-7F2 and 5D0-7F4, respectively.16,17 In Fig. 1, there is one signiﬁcant point worthy of
discussion. Although the major peak positions in the emission
spectra are all nearly identical, the emission behaviors are quite
different. In the spectrum of samples sintered at 7001 and 9001C,
the emission related to the 5D0-7F2 transition exhibits only one
peak. While for the samples sintered at 10001 and 11001C, the
emissions due to the same electronic transition split into two
peaks at 610 and 626 nm, which suggests that the environment

around Eu31 ions in low-temperature sintered samples is quite
different from that in samples sintered at higher temperature.
Since the 5D0 state can not be split,18 the number of emission
peaks corresponding to the 5D0-7F2 transition is dependent
on the energy level splitting of the 7F2 state. The presence of two
emission peaks for the 5D0-7F2 transition in the samples
sintered at 10001 and 11001C indicates that the 7F2 state is
separated into two different energy levels.
The sintering temperature dependence of the structure of the
samples is investigated by using XRD, as shown in Fig. 2. XRD
patterns show that the samples remain amorphous up to heat
treatment at 9001C. Along with the enhancement of heat treatment, it is obvious that the crystallization process starts after
heat treatment at 10001C. The diffraction peaks could be indexed to tetragonal HfO2 crystal phase according to the research
result reported by Aﬁfy et al.19 The average crystallite size (D) of
crystalline HfO2 can be determined using the Scherrer formula:
D 5 kl/b cos y, where l is the X-ray wavelength (l 5 0.1540 nm)
and the value of k is 0.89, b (in radians) is the full-width at
half-maximum (FWHM) of diffraction peak, and y is the peak
position. The average crystallites size of HfO2 in the samples
sintered at 10001 and 11001C are 2.3 and 3.9 nm, respectively.
This result allows to correlate the sintering temperature with the
crystallites size.
Some previous studies show that the electric dipole transition
5
D0-7F2 is a hypersensitive transition,20 which is sensitive to
the chemical bonds formed between Eu31 and its surrounding
ligands.21 The luminescence properties of the samples are closely
related to the local environment of the Eu31 site, such as symmetry and Eu–O distance. In the present work, the results of
XRD analysis indicate that crystal phases are present in the
samples sintered at 10001 and 11001C. Herein, we think the creation of crystals can induce a shortening of the Eu–O distance.
Indeed, previous experimental studies have reported a shorter Er–
O distance in Er2O3 crystal than in Er-doped silica matrix.22,23
The overlap between Eu31 and O2 orbits with a short Eu–O
distance leads to a strong crystal ﬁeld in the surrounding of Eu31.
On the other hand, energy splitting of the Stark components of
the 7F2 state is caused by the strong crystal ﬁeld. As a result, energy level splitting at the 5D0-7F2 transition of the Eu31 ions of
the samples sintered at higher temperature occurred, resulting in
two emission peaks. Hence, the formation of crystals is the factor
responsible for the splitting of the 5D0-7F2 emission band.
In an attempt to shed additional light on the inﬂuence of
sintering temperature on the properties of glasses, measurements
were made of the ﬂuorescence decay for samples sintered at
different temperature, as shown in Fig. 3. The decay proﬁles were
performed with an excitation wavelength of 355 nm while mon-
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Fig. 1. Luminescence spectra of 90SiO2–10HfO2:0.3Eu31 glasses sintered at different temperature. (a) 7001C; (b) 9001C; (c) 10001C;
(d) 11001C.
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Fig. 2. X-ray diffraction patterns of 90SiO2–10HfO2:0.3Eu31 glasses
sintered at different temperature. (a) 7001C; (b) 9001C; (c) 10001C;
(d) 11001C.
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Fig. 3. Decay curves of 90SiO2–10HfO2:0.3Eu31 glasses sintered at
different temperature. Black dotted line, experimental data; red solid
line, ﬁtting result by IðtÞ ¼ I1 expðt=t1 Þ þ I2 expðt=t2 Þ. (a) 7001C
/tS 5 1.97 ms; (b) 9001C /tS 5 2.26 ms; (c) 10001C /tS 5 2.50 ms;
(d) 11001C /tS 5 2.65 ms.
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itoring emission at the most intense peak of the 5D0-7F2 band.
The decay curves exhibited a not complete single-exponential
proﬁle for all the samples. For this reason, the lifetimes have
been obtained by ﬁtting the experimental decay data with a double-exponential curve of the form: I(t) 5 I1exp(t/t1)1I2exp
(t/t2), where I(t) is the luminescence intensity at the time t,
t1, and t2 are lifetimes corresponding to the two components of
the decay. The lifetimes have been calculated in evaluating an
average value of the form /tS 5 (I1t211I2t22)/(I1t11I2t2), and
were found to be 1.97, 2.26, 2.50, and 2.65 ms for the samples
sintered at 7001, 9001, 10001, and 11001C, respectively. Thermal
treatment process signiﬁcantly affects the luminescent decays, i.e.
lifetime increases with the increase of the sintering temperature.
The samples investigated in this paper were prepared by a
sol–gel technique, therefore, in the gelation process, dry gels
formed through hydrolysis and condensation always entrap
some water, methanol, and other organic groups. An important
effect of an aqueous environment is the quenching of luminescence of Eu31 ions.15 In general, the organic residuals have high
vibration frequencies and can efﬁciently quench luminescence of
optically active ions. It is reported that the OH vibration frequency can be as high as 3340 cm1,24 so that only ﬁve phonons
are needed to bridge the excited state 5D0 and the ground state
7
Fj levels of Eu31. As a result, the presence of OH group near
Eu31 ions provides a nonradiative relaxation pathway and
causes ﬂuorescence quenching. On the other hand, thermal
treatment can reduce or eliminate residual hydroxyl and other
organic groups in the samples, reducing OH vibration quenching, and consequently increase the decay time. So, the lifetime
increase with increasing sintering temperature is due to the
reduction of the quenching centers.
FLN spectra are a good tool to examine the local structure
around Eu31 ions in glasses because each subset of Eu31 ions
can be selectively excited.25 FLN spectra obtained by selective
excitation at different energies inside the 7F0-5D0 transition
between 570 and 580 nm for samples sintered at 7001 and
11001C are shown in Fig. 4. Variations in the positions and
shapes of the emission band under different excitation energy
are clearly observed. The 5D0-7F1 transition is obviously structured due to the Stark splitting of the 7F1 state, suggesting that
the Eu31 ions are located in sites with symmetry of C2v or lower.
It is apparent for the two samples that the shape and the peak
position of components of the 7F1 level are dependent on the
excitation energy. When the excitation wavelength is longer than
about 576 nm, the 5D0-7F1 transition band in the FLN spectrum was clearly split into three peaks, while, the lower resolu-
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Fig. 4. Fluorescence line narrowing spectra obtained by selective excitation at different wavelengths between 570 and 580 nm with a 1 nm step
for samples sintered at 7001C (a) and 11001C (b), respectively. The spectra are normalized to the largest peak intensity and excitation wavelength is explicitly indicated in the ﬁgure.

tion of the Stark components of 7F1 level for high excitation
energies is assigned to phonon sideband absorption. Although
the emission from the 5D0 level to the 7F1 state is split into three
components, the behavior of these components is obviously
different. The shortest wavelength component of the 5D0-7F1
transition is considerably narrower than the other two and its
position more sensitive to the excitation wavelength. Among the
three emission lines of the 5D0-7F1 band, the highest-energy
line shifted to the higher-energy side with increasing the excitation energy, while the two low-energy lines became broader and
shifted separately into the opposite side. Since the 7F0-5D0 excitation energy is a measure of the strength of the crystal ﬁeld
acting on central Eu31 ions, such phenomenon displayed in FLN
spectra can be attributed to the variation of the local crystal ﬁeld
strength around Eu31 ions. Furthermore, the splitting of the 7F1
Stark levels increases with the excitation energy, suggesting the
existence of a correlation between the crystal ﬁeld strength and
the excitation energy. With respect to the 7F2 state for the two
samples, the intensity at about 612 nm peak decreased with increasing the excitation energy, whereas the peak intensity of 620
nm was enhanced. This behavior can be interpreted as the coexistence of two kinds of Eu31 sites in the present glasses: one
highly inﬂuenced by the presence of hafnium, and the other one
unperturbed, as reported in our previous paper.8
FLN analysis provides a method to investigate variations in
the local bonding environment of Eu31 ions in inorganic glasses.
A detailed local structure of two sites around Eu31 ions can be
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Fig. 5. Crystal ﬁeld parameters Nv(B2q) as a function of the excitation
wavelength. The lines are a guide for the eye.

In summary, Eu31-doped SiO2–HfO2 glasses were successfully
synthesized using sol–gel method and the effect of thermal treatment on the properties of this kind of material was investigated.
The splitting of emission band corresponding to 5D0-7F2 transition of Eu31 ions occurred for the samples sintered at temperatures higher than 10001C, which can be explained by the
formation of crystals in these samples. Also, an obvious lengthening of the lifetime with increasing sintering temperature of the
samples was observed. Analysis of FLN spectra using crystal
ﬁeld theory reveals the correlation between Eu31 site crystal ﬁeld
strength and the 5D0’7F0 band energy. Two kinds of Eu31 site,
one unperturbed by Hf and the other one perturbed by the
presence of Hf, are coexisting in the samples.
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discussed from the viewpoint of crystal ﬁeld theory. The secondorder crystal ﬁeld parameters, B20, B22, and crystal ﬁeld strength
Nv(B2q) can be calculated from the 7F1 multiplet using the equations as the following8:
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pﬃﬃﬃ
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Wenhua Bi (Université d’Angers) for XRD measurements and helpful discussions.

pﬃﬃﬃ
6B22 Þ=10

where Eb denotes the barycentre of the 5D0-7F1 multiplet and
E1, E2, E3 are the energies of the three Stark components of the
5
D0-7F1 transition. The wave numbers of the Stark levels
belonging to 7F1 were obtained from the FLN spectra using a
Gaussian deconvolution routine, details can be found in our
previous paper.8 The crystal ﬁeld strength Nv(B2q) are plotted in
Fig. 5 for the glass samples sintered at 7001 and 11001C as a
function of the excitation wavelength. The correlation between
the crystal ﬁeld strength of Eu31 sites and the 5D0’7F0 band
energy can be clearly observed. Speciﬁcally, the crystal-ﬁeld
strength Nv(B2q) decreased with the increase of the excitation
wavelength, indicating that high energy 5D0’7F0 bands are
linked to high-ﬁeld-strength bonding sites and low energy
5
D0’7F0 bands are related to low-ﬁeld-strength sites.
According to the excitation energy, two domains, which are
designated as site I and site II, can be clearly observed in Fig. 5.
For the higher energy domain (wavelength o574 nm), the crystal ﬁeld strength is higher and changes a little with the variation
of excitation wavelength; for the lower energy domain (wavelength 4574 nm), the crystal ﬁeld strength varies sharply with
the excitation energy. It is reported in our previous paper that
most of the Eu31 sites perturbed by the presence of Hf are excited by lower energy.8 So the Eu31 sites corresponding to high
energy wing (site I) are associated with the sites unperturbed by
Hf, while the sites excited by lower energy (site II) are related to
Eu31 sites perturbed by the presence of Hf.
An important concept for understanding local Eu31 structure
in silicate glasses is the nonbridging oxygen (NBO) concentration in the material.26 NBOs are covalently bonded to one Si
atom(Si–O) rather than the two Si atoms (Si–O–Si) linked by
bridging oxygens (BO). For the samples investigated in the present study, NBO can be formed through the incorporation of
HfO2 in the glass matrix. HfO2 can act as glass modiﬁer, depolymerizing the silicate matrix through the formation of NBO.
Eu31 sites highly inﬂuenced by the presence of hafnium are associated with a high local concentration of NBO and the other
Eu31 sites unperturbed are characterized by a low local concentration of NBO. Eu–O bonds are more covalent when the oxygens are nonbridging due to the increased partial charge and
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