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Glasses with compositions (100-x)SiOy-xHfO4:0.3Eu®* (molar ratio, x=0,10,20,30) for optical applica-
tions were prepared using the sol-gel route. The introduction of hafnium into the glass matrix induced the
energy splitting of the 7F2 state of Eu®* ions. Furthermore, fluorescence line narrowing (FLN) spectra indi-
cated that Eu?* clustering occurred in glasses containing no hafnium. The addition of hafnium promoted
better dispersion of Eu®* ions in the glass matrix. The role of hafnium on modifying the properties of glasses
was discussed with respect to x-ray diffraction and FLN analysis. © 2009 Optical Society of America

OCIS codes: 160.2750, 160.6060, 260.3800.

The incorporation of rare-earth ions (REIs) into silica
glasses is of great interest for fundamental studies
and technical applications in optical devices such as
laser materials, chemical sensors, fiber amplifiers,
and waveguides, etc. [1-4]. The optical properties of
doped silicate systems depend intimately on the local
structure and bonding of dopant cations. Therefore, a
detailed understanding of these factors is important
from a device engineering perspective. For REI-
doped silicate materials, high concentrations of REI
are often necessary to achieve good efficiency. Evi-
dence is presented in this Letter suggesting that
Eu?* ions are clustered in sol-gel silicate glasses con-
taining no hafnium. Rare-earth clustering generally
has adverse effects, e.g., quenching of the fluores-
cence, on optical properties. Several researchers have
noted that codoping with Al3* is effective at dispers-
ing REIs in silica gel and silicate glasses [5], but un-
fortunately the presence of Al3* also leads to more se-
vere hydroxyl quenching [6].

The goals of the current study are to investigate
the effect of hafnium on isolation and luminescence
properties of doped Eu®* ions in silicate glasses pro-
duced by the sol-gel method. The effects observed for
Eu?* are expected to impact the development of an
understanding of other luminescent-ion-doped sol-gel
systems. The results will also assist in the identifica-
tion of reaction and processing conditions conductive
to the establishment of a spatially uniform distribu-
tion of luminescent ions in sol-gel materials. To the
best of our knowledge, little effort has been made to
examine the effect of hafnium on the clustering of
Eu?* in silicate glasses. Also, some previous studies
by other researchers indicate that the addition of
hafnium into silicate system can adjust the refractive
index [7], which enable these materials to be used as
valuable candidates for waveguides fabrication.
Therefore, the introduction of hafnium in silicate
glass systems is scientifically intriguing and could
also be technically important to the fabrication of op-
tical devices.
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(100-x)Si0y—xHfO,:0.3Eu* (x=0,10,20,30, mo-
lar compositions) glasses were synthesized by using
the sol-gel route. The starting solution obtained by
mixing tetramethyl orthosilicate (TMOS, purity
>99.0%), methanol (MeOH, analytical reagent
grade), and deionized water, in the presence of nitric
acid (HNOg) as a catalyst, was prehydrolyzed for half
an hour at room temperature. The chosen pre-
hydrolysis conditions were TMOS:MeOH:H,0:
HNO;j in a 1:6:10:0.6 molar ratio. The appropriate
quantity of HfOCl,.8H,0O (purity >98%) was then
slowly added to the prehydrolyzed TMOS solution
during stirring. Europium was then introduced using
Eu(NOg3)3.6H,0 (purity >99.90%) in the solutions
mentioned above, and the final mixture was let to
react under stirring for 2 h at room temperature.
Then the aging and drying process were performed,
and some details can be found in our previous papers
[6]. The dried gel was heated in air at
1°C/min to 1100°C and held at that temperature for
4 h. The emission spectra was measured at room
temperature by using the 355 nm UV light from a
Nd:YAG laser. Crystalline structures were evaluated
by x-ray diffraction (XRD), using Bruker D8 Advance
x-ray diffractometer. Fluorescence line narrowing
(FLN) spectra were measured at 77 K using 532 nm
line of a Nd:YAG laser pumped rhodamine 6 G dye
laser setup (Quanta Ray).

The emission spectra of samples with different con-
tent of HfO, are presented in Fig. 1. All spectra were
normalized to the peak intensity of °D,— 'F, transi-
tion of Eu* around 612 nm for comparison. The spec-
tra are constituted by a group of emission lines rang-
ing from 570 to 720 nm that are associated with the
transitions from the excited state °D,, to the ground
levels 7Fj (j=0—4) of Eu®* ions. The electronic transi-
tions corresponding to each emission band are indi-
cated in Fig. 1. In the spectrum of samples containing
no HfO,, the emission related to the °D,— "F, tran-
sition exhibits only one peak. While for the samples
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duce a shortening of Eu-O distance. The overlap
between Eu3* and O?~ orbits with a short Eu-O dis-
tance leads to a strong crystal field in the surround-
ing of Eu?*. 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 °D,— "F, transition of the Eu®* ions of the
samples containing hafnium occurred, resulting in
two emission peaks.

FLN is based on the use of a narrowband excitation
source to selectively excite subsets of dopant ions in
structurally distinct bonding sites. During the FLN
experiment, only the subset of Eu?* ions with an
"F,—°D, band resonant with the laser are directly
excited. Figure 3(A) presents FLN spectra for
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Fig. 1. Emission spectra of (100-x)SiOy-xHfO,:0.3Eu?*

glasses. A, x=0; B, x=10; C, x=20; D, x=30.

containing HfO,, the emissions due to the same elec-
tronic transition split into two peaks at 610 and
626 nm, which suggest that the environment around
Eu®* ions in samples containing no hafnium is much
more different from that in samples containing
hafnium. Since the D, state cannot be split, the
number of emission peaks corresponding to the
°D,— "F, transition is dependent on the energy level
splitting of the 7F§ state. The presence of two emis-
sion peaks for the °D,— "F, transition in the samples
containing HfO, indicates that the 'F, state is sepa-
rated into two different energy levels.

It is well known that the electric dipole transition
°D,— "F, is a hypersensitive transition, which is sen-
sitive to the chemical bonds formed between Eu?*
and its surrounding ligands [8]. The luminescence
properties of the samples are closely related to the lo-
cal environment of the Eu®* site, such as symmetry
and Eu-O distance. Figure 2 shows XRD patterns of
samples. We can see in Fig. 2 that the sample con-
taining no hafnium remains amorphous. It is obvious
that some crystal phases were formed in the samples
containing hafnium. The diffraction peaks could be
indexed to tetragonal HfO, crystal phase [9]. The re-
sults of XRD analysis indicate that crystal phases ex-
ist in the samples containing hafnium, which can in-
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Fig. 2. XRD patterns of (100-x)SiOg-xHfO5:0.3Eu3*

glasses. A, x=0; B, x=10; C, x=20; D, x=30.

100Si0,:0.3Eu?* glass. The shape and the peak posi-
tion of components of the 7F'1 level are independent of
the excitation energy, indicating no line narrowing ef-
fect, and the absence of site-selective emission was
observed for this sample. This phenomenon can be
explained by phonon-assisted energy transfer be-
tween neighboring Eu?* ions in the Eu?®* clusters.
Clustering of Eu®* leads to short distances between
the Eu* ions. Because of this proximity of the ions in
the clusters, the Eu®* ions resonant with the laser
can transfer the excitation energy to adjacent non-
resonant Eu®* ions with the simultaneous creation or
annihilation of phonons. The phonon-assisted energy
transfer process destroys site selectivity, because it
provides a mechanism for exciting nonresonant ions.
Subsequent emission from the nonresonant ions
leads to spectral broadening, resulting in no line-
narrowing effect and fluorescence quenching. From
the above analysis, clustering of Eu3* ions occurred
and site-selective excitation was not possible with the
sample without hafnium. Clustering or aggregation
of REIs is undesirable in the synthesis of most optical
materials, since clustering generally leads to adverse
effects such as concentration quenching. The prob-
lems of REI clustering must be eliminated to achieve
practical optical devices based on REI-doped sol-gel
glasses.

The FLN spectra for (100-x)SiOs—xHfO,:0.3Eu?*
(x=10,20,30) exhibit nearly similar characteristic.
As an example, Figs. 3(B) and 3(C) show the FLN
spectra of the samples containing 10% and 20%
HfO,, respectively. In contrast to the Eu3*-doped
SiO, glass, introducing hafnium into glass matrix
significantly affects the FLN spectrum, namely, the
relative intensities and peak positions within the
°D,— "F, and °D,— "F, emission bands varied con-
siderably with excitation wavelength, as different
subsets of Eu?* ions within the samples were selec-
tively excited. The °D,— "F, band appears to consist
of three peaks owing to Stark splitting of the 7F1
state. The splitting behavior of the Stark components
is strongly dependent on excitation energy. For the
three emission lines corresponding to the °D,— "F,
electronic transition, the highest energy line shifts to
the higher energy side with increasing excitation en-
ergy. In the lower excitation energy range, the three
Stark components tend to converge to a triply degen-
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Fig. 3. FLN spectra obtained by selective excitation at dif-
ferent wavelengths between 570 and 580 nm with a 1 nm
step for (100-x)SiOy—xHfO4:0.3Eu®* glasses. The spectra
are normalized to the largest peak intensity and excitation
wavelength is explicitly indicated in the figure. (A) x=0, (B)
x=10, (C) x=20.
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erate point at around 585 nm and disperse with in-
creasing excitation energy. Because the 7FO—> 5D0 ex-
citation energy is a measure of the strength of the
crystal field acting on the central Eu3* ions, such a
spectral shift can be attributed to the variation of the
local crystal field strength of the Eu3* ions in glass,
which will be discussed in a future paper. From the
above analysis, unlike the samples with no hafnium,
these spectra show dramatic line-narrowing effects
with line-narrowed fluorescence peaks shifting as the
excitation wavelength is varied. This fact indicates
that the Eu3* ions do not cluster under codoping with
hafnium.

In summary, we have reported the effect of
hafnium on the properties of Eu®*-doped SiO,-HfO,
glasses. The splitting of emission band corresponding
to D, — "F, transition of Eu®* ions occurred for the
samples containing hafnium. The results of FLN
show that the Eu®* ions in the glass containing no
hafnium have a tendency to form clusters rather
than be uniformly distributed throughout the glass,
while the presence of hafnium in the glass matrix can
disperse and isolate Eu®* ions, inhibiting cluster for-
mation and leading to the development of a line-
narrowing effect.
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