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Abstract

In order to improve the 1.53mm emission of Er3+-doped oxyfluoride glass ceramic containing CaF2 nano-crystals, series of samples

with same Er3+ doping lever thermal treated under different conditions were prepared. The UV-VIR-NIR absorption spectra, near-

infrared and up-conversion emission spectra, and 4I13/2 decay curves were measured. Based on Judd–Ofelt theory, the radiative transition

probability, fluorescence branching ratio and radiative decay time of various metastable transitions of precursor glass and glass ceramics

were evaluated. With the increasing of heating temperature, the Judd–Ofelt intensity parameter O2 monotonously decreased from

4.39� 10�20 to 2.72� 10�20 cm2; the emission lifetime and quantum efficiency significantly increased from 5.9 to 8.0ms and 70% to 98%,

respectively. The wavelength dependence of gain cross-sections of oxyfluoride glass and glass ceramics were computed to be relatively flat

in the range of 1530–1565 nm for population inversion from 0.7 to 1.0.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

With the success of the erbium-doped fiber amplifiers
(EDFA), it is well known that the fluoride environment is
preferred over the oxide one mainly to avoid non-radiative
transitions [1]. The solubility of the rare earth is also larger
in the fluoride medium than in the oxide [2]. Among
fluorides, CaF2 is a promising candidate of desired host
materials for its high solubility of both sensitizer and
activator rare-earth ions and highly transparent from 0.13
to 9.5 mm [3]. However, the synthesis of fluoride crystals is
complicated, and the stability and fiberizability as pratical
materials still remain problematic. Thus, a good solution
would be Er3+-doped oxyfluoride glass ceramic composite,
i.e., fluoride crystallites embedded among an oxide glassy
matrix with high chemical and mechanical stabilities [4–7].
In order to enhance the luminescence properties of
oxyfluoride glass ceramics, the partition of rare-earth ions
e front matter r 2006 Elsevier Inc. All rights reserved.
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into fluoride crystalline environment with large band gap
and low phonon energy is necessary [4].
Judd–Ofelt theory [8,9] is very useful in estimating the

probability of the forced electric dipole transitions of rare-
earth ions in various environments. Using this theory, three
intensity parameters could be deduced from the measured
absorption spectra of host materials, which could be
further used to evaluate the optical performance, such as
the radiative transition probability, the oscillator strength,
the branching ration, and the spontaneous emission
probability. Based on Judd–Ofelt theory, spectroscopic
properties of rare-earth ions in several oxyfluoride glasses
and glass ceramics have been studied [10–18]. Since it is
very difficult to partition all the rare-earth ions into the
precipitated fluoride crystallites, the obtained spectroscopic
parameters are considered to originate from rare-earth ions
in both fluoride crystals and glassy matrix [14]. In our
previous work [14], the effect of Er3+ content on spectro-
scopic properties of oxyfluoride glass ceramics containing
CaF2 nano-crystals was systematically investigated. It is
well known that, besides the content of Er3+, the thermal
treatment condition, which determines the microstructure

www.elsevier.com/locate/jssc
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Fig. 1. XRD patterns of (a) precursor glass, and glass ceramics obtained

by thermal treatment at (b) 600 1C, (c) 630 1C, (d) 650 1C and (e) 670 1C,

respectively.
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of glass ceramic, may also greatly affect the luminescence
of the material. In this paper, series of oxyfluoride glass
ceramics containing CaF2 nano-crystals doped with a fixed
content of Er3+ thermal treated at various conditions were
studied in order to improve Er3+ emissions. Based on the
quantitative analysis of absorption, emission spectra and
luminescence lifetimes, the suitability of this host material
as a candidate for 1530 nm amplifier was evaluated.

2. Experimental details

The precursor glass doped with 2.4� 1020 ions/cm3 Er3+

was prepared with the following composition (in mol%):
44.5SiO2–24.8Al2O3–5.0CaO–9.9NaF–14.8CaF2 (donated
as sample G). The doping of Er3+ was achieved by adding
suitable amount of ErF3. For each batch, about 20 g of
starting materials of high purity (43N) were fully mixed
and melted in a covered platinum crucible in air atmo-
sphere at 1350 1C for 1.5 h, and then cast into a brass mold
followed by annealing at 450 1C to relinquish the inner
stress. Er3+-doped CaF2 nano-crystals with different sizes
among glassy matrix were obtained by heating precursor
glass at 600, 630, 650 and 670 1C and hold 2 h, respectively
(donated as sample 600, 630, 650, and 670 GC, respec-
tively).

To identify the crystallization phase, XRD analysis was
carried out with a powder diffractometer (DMAX2500
RIGAKU) using CuKa radiation at 40 kV and 100mA. A
transmission electron microscope (TEM, JEM-2010) was
used to investigate the microstructures of the samples.
Sample densities were determined by the Archimedes’
method using distilled water as medium. Refractive indices
were measured by the prism minimum deviation method.
To simplify the computation, the refractive index measured
at a specific wavelength was used in spectroscopic analysis
for the whole range of spectra. The absorption spectra in
the range of 200–2000 nm were recorded on a spectro-
photometer (Lambda900, Perkin-Elmer) with a resolution
of 0.5 nm. The emission spectra were recorded under
980 nm excitation light from a 450W Xenon lamp. Using
an InP/InGaAs photomultiplier tubes (PMT), the infrared
luminescence signals through the emission monochromator
(M300) were detected. The fluorescence decay curves at
1530 nm were recorded with an NIR PMT (R5509) under
the excitation of 980 nm by a microsecond flash lamp
(900 mF). The visible up-conversion luminescence excited
with a 30mW diode laser at 980 nm was detected with a
PMT detector (R928). All the above measurements were
carried out at room temperature.

3. Results and discussion

3.1. Structural characterizations

The XRD patterns obtained from precursor glass and
glass ceramics heat-treated at different temperatures are
shown in Fig. 1. The precursor glass shows the amorphous
humps, while after heating, several CaF2 crystalline peaks
appear in the diffraction curve. Based on the peak width
and Debby–Scherrer formula, the mean sizes of CaF2

crystals for glass ceramics heat-treated at different tem-
peratures are evaluated to be about 5, 9, 15 and 38 nm,
respectively. For 650GC sample, the TEM micrograph, as
presented in Fig. 2(a), demonstrates the homogeneous
distribution of spherical CaF2 crystals with 12–18 nm in
size among the glassy matrix, which might be a key factor
determining the optical properties of glass ceramic [19].
The corresponding selected area electron diffraction
(SAED) pattern, shown in Fig. 2(b), presents the poly-
crystalline diffraction rings of CaF2 nano-crystals.

3.2. Absorption spectra and Judd–Ofelt analysis

The absorption spectrum of precursor glass in the range
from 350 to 1650 nm is shown in Fig. 3. The absorption
peaks, corresponding to the transitions from the ground
state 4I15/2 to the excited states, are marked in the figure.
The UV absorption edge, which limits the transparency of
sample at shorter wavelength, is caused by the electronic
transitions of the host glass. Compared to that of the
precursor glass, the obvious decrease of optical density for
the transitions of 4I15/2-

4G11/2 and 4I15/2-
2H11/2 in glass

ceramic, as shown in the inset of Fig. 3, implies that the
circumstance or ligand field around Er3+ ions must have
been altered, since these two transitions are sensitive to the
environment around the active ions [20]. It is useful to
analyze all these absorption transitions in terms of the
standard Judd–Ofelt theory. It is well known that the
transitions to 4G11/2 and 2H11/2 are determined by the
intensity parameters O2, O4 and O6, the transitions to

4F9/2

and 4F7/2 by O4 and O6, and the transitions to 4F5/2 and
4F3/2 by just one parameter O6. As shown in the inset of
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Fig. 2. TEM micrograph and the corresponding selected area electron diffraction (SAED) pattern of 650 GC sample.
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Fig. 3. Room temperature absorption spectrum of precursor glass; the inset shows the enlarged absorption spectra of precursor glass and glass ceramics in

the range from 350 to 550nm.
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Fig. 3, the intensities of the 4I15/2-
4G11/2 and

4I15/2-
2H11/2

transitions are obviously changed with heating tempera-
ture, while those of the remaining ones keep almost the
same. In the language of the theory, this behavior should
be attributed to the variation of intensity parameter O2.
With the help of absorption spectra, experimental
oscillator strengths for precursor glass and glass ceramics
were obtained. These values were used to calculate the
Judd–Ofelt intensity parameters O2,4,6 by a least-square
program to yield the best fit with theoretical oscillator
strengths. The variations of Judd–Ofelt intensity para-
meters versus thermal treatment temperatures are shown in
Fig. 4. According to Judd–Ofelt theory, O2 is sensitive to
the environmental configuration symmetry of rare-earth
ions, and it decreases with the host changing from oxides
to fluorides [21–24]. On the other hand, O6 increases
usually with the covalence decreasing between rare-
earth ions and the surrounding elements [25]. From
precursor glass to glass ceramics, the value of O2

greatly decreases. This may be explained as follows: with
increasing of thermal treatment temperature, the crystal-
lized fraction and the crystallinity of CaF2 nano-crystals
containing Er3+ increase, thus leading more Er3+ ions to
locate at a more symmetrical site, which results in the
decrease of O2 [16]. However, the value of O6 is almost
unchanged within the error scope (about 5%), indicating
the rigidity stability of the material [12]. It is worthy to
note that the parameters for glass ceramics are originated
from Er3+ ions in nano-crystals and residual ones in
glass matrix.
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The Judd–Ofelt intensity parameters can be used to
calculated the radiative transition probability (Arad) using
the expression [26]

Arad½ðS;LÞJ; ðS
0;L0ÞJ 0�

¼
64p4e2

3hð2J þ 1Þl3
nðn2 þ 2Þ2

9

�
X

t¼2;4;6

OtjoðS;LÞJjjU ðtÞjjðS0;L0ÞJ 04j2

þ
4p2e2hn3

3m2c2ð2J þ 1Þl3
joðS;LÞJjjLþ 2SjjðS0;L0ÞJ 04j2,

ð1Þ

where J and J0 are the total angular momentum quantum
number of the initial and final states, respectively, U(t)

(t ¼ 2, 4, 6) unit tensor operators whose matrix elements
had been calculated by Carnall et al. [26] and shown in
Table 2, h the Planck constant, e the charge of electron, m

the mass of electron, c the velocity of light, l the
wavelength, n the refractive index of samples and assumed
to be same at different wavelength (n ¼ 1.520) for
precursor glass and glass ceramics.

The radiative lifetime of an emitting state is related to the
total spontaneous emission probability of all the transi-
tions from an excited state by

trad ¼
X

A�1JJ 0

� �
. (2)

The luminescence branching ratio of a transition is
obtained from the expression

bJ 0J ¼ AJJ 0trad. (3)

The calculated values of the above three parameters for
precursor glass and glass ceramics are listed in Table 1.
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3.3. Near-infrared fluorescence and decay

Owing to the important potential application of
1530nm emission, the spectral features of the 4I13/2-

4I15/2
transition of Er3+ ions was specifically examined. The
emission spectra, recorded under the same instrumental
conditions, of this transition for all the samples with the
same thickness are shown in Fig. 5. The relative intensity of
the peak at 1546 nm and the integral intensity of 1530 nm
emission (as shown in Fig. 6) increase obviously with the
increasing of heating temperature, implying the alteration
of Er3+ environment, in other words, more CaF2 nano-
crystals containing Er3+ were precipitated among the glass
matrix. For precursor glass, the visible up-conversion
emission was too weak to detect when pumped at
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980 nm, while for glass ceramic the green (2H11/2,
4S3/2-

4I15/2) and red (4F9/2-
4I15/2) emissions were recorded

under the same conditions, as presented in the inset of
Fig 6. With increasing of heating temperature, the
intensities of visible up-conversion emissions were mono-
tonously enhanced, as shown in Fig. 6, further revealing
Er3+ ions entered into CaF2 nano-crystals. The low
phonon energy circumstance of CaF2 nano-crystals (about
280 cm�1 [27]) is beneficial to the efficient up-conversion
emissions of Er3+ [28]. For EDFA application, the up-
conversion emission is a disadvantage to the 1.53 mm
emission. To enhance the 1.53 mm emission intensity, it is
helpful to introduce trivalent cerium ions to Er3+-doped
hosts [29,30]. Indeed, it was reported that the addition of
Ce3+ ions enabled increase of laser slope efficiency by a
factor of 2 and decrease of laser threshold to about 20%
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further improve the near-infrared emission of our system,
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The emission peak wavelength le and the full width

at half maximum (FWHM) of these spectra are listed in
Table 2. The FWHM of glass ceramics is slightly larger
than that of precursor glass. The FWHM of the emission
band of Er3+ at 1.53 mm is an important parameter for
EDFA. It is commonly expected that the emission band
will be narrower in glass ceramics than in the correspond-
ing precursor glass due to the lack of the disorder
inhomogeneous broadening, as had indeed been observed
in some Er3+-doped glass ceramics [33,34]. However, the
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Table 2

Judd–Ofelt intensity parameters and spectroscopic parameters for the 4I13/2-
4I15/2 transition of Er3+ ions in precursor glass and glass ceramics

Sample O2 (10
�20 cm2) O4 (10

�20 cm2) O6 (10
�20 cm2) trad (ms) texp (ms) Z(%) le (nm) FWHM (nm) sem(le) (10

�20 cm2)

G 4.40 1.61 1.12 8.32 5.84 70.3 1534 73 0.52

600 GC 3.31 1.32 1.06 8.30 6.20 74.7 1533 85 0.45

630 GC 3.22 1.30 1.15 8.22 6.85 83.3 1533 80 0.48

650 GC 2.79 1.25 1.19 8.34 7.12 85.4 1533 81 0.47

670 GC 2.70 1.14 1.27 8.21 8.03 97.8 1546 85 0.45
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Fig. 7. A typical decay curve of 1530 nm emission in glass ceramic

obtained by heat treated at 630 1C.
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efficiency of Er3+ versus thermal treatment temperature.

Table 3

Comparison of the spectroscopic parameters of Er3+ in different host

materials

Host materials le (nm) FWHM

(nm)

se
(10�20 cm2)

Z (%) Ref.

670 GC 1546 85 0.45 98 This work

ZBLAN 1550 82 0.42 91 [37]

ED-2 (silicate) — 40 0.65 100 [38]
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FWHM of Er3+ in glass ceramics at 1.53 mm emission is
larger than that of corresponding glass in our system.
Rodriguez et al. had reported the similar phenomenon for
glass ceramics containing PbF2 nano-crystals and ascribed
it to the thermal population of higher Stark sublevels in the
excited 4I13/2 state by investigating the low-temperature
behaviors of absorption and emission spectra of Er3+ [35].
This mechanism could also be applicable to explain our
result. In addition, the complementary emissions of Er3+

in CaF2 and the residual Er3+ in glass matrix may also
contribute to the broadening of FWHM.

A typical decay curve of 4I13/2-
4I15/2 transition for 630

GC sample is shown in Fig. 7. Because of the non-exponential
nature the effective decay time was calculated by

texp ¼
Z

IðtÞdt=Ip, (4)

where Ip is the peak intensity in the decay curve. With these
measured values quantum efficiency (Z) was calculated as the
ratio of the effective fluorescence decay time to the radiative
decay time (t�) and the results are presented in Fig. 8. It can
be seen that the radiative quantum efficiency obviously
increases with the increasing of heating temperature due to
the incorporation of more Er3+ into CaF2 with lower phonon
energy that reduces non-radiative relaxation. The stimulated
emission cross sections of the 4I13/2-

4I15/2 transition could be
estimated from the emission spectra by [36]

semðlÞ ¼
l5bIðlÞ

8pcn2
R
lIðlÞ dl

X
AJJ 0 , (5)

where IðlÞ is the emission intensity at wavelength l. The exact
values of semðleÞ, trad, texp and Z are also summarized in
Table 2.
At present, the silica-based and ZBLAN glasses are

widely used as the media of the EDFA. As listed in Table 3,
the FWHM values of the silica-based and ZBLAN glasses
are about 40 and 80 nm, respectively. It is evident that the
FWHM of 670 GC about 85 nm is wider than that of the
silica-based glass and comparable to that of the ZBLAN
glass. In addition, a large stimulated emission cross-section
and high radiative quantum efficiency benefit the high gain
and low threshold in laser operation. These two values for
670 GC are close to those of silica-based glass and
ZBLAN.
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Fig. 9. Gain cross-section spectra of the 4I13/2-
4I15/2 transition of Er3+ at different population inversion P for 650 GC sample; the inset shows the gain

cross-section spectra for all samples at P ¼ 0:8.
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3.4. 1.53 mm emission gain cross-section spectra

For laser application, one of the relevant parameters is
the gain cross-section, which is calculated by

gðlÞ ¼ PsemðlÞ � ð1� PÞsabsðlÞ, (6)

where the population inversion P is the ratio of Er3+

concentration in the excited state 4I13/2 over that in the ground
state, and sabs the absorption cross-section. All the samples
exhibit relatively flat gain cross-section for the population
inversion ranging from 0.7 to 1.0. As an example, Fig. 9
displays the gain cross-section spectra for P ranging from 0 to
1. The curves of absorption and emission cross-section are
presented for P ¼ 0 and 1, respectively. The inset of Fig. 9
shows gain cross-section for all the samples at P ¼ 0:8.
Obviously, the gain spectra in the range from 1530 to 1565nm
are relatively flat, which covers the C-band of telecommunica-
tion, indicating the potential applicability of the investigated
oxyfluoride glass and glass ceramics as EDFA.

4. Conclusions

Spectroscopic measurements and analysis based on
Judd–Ofelt theory on Er3+-doped glass ceramic nano-
composites thermal treated at different temperatures
demonstrated that, with increasing of heating temperature,
the emission lifetime, the quantum efficiency and the
intensities of near-infrared and up-conversion emissions
increased significantly, attributing to the fact that more
fraction of Er3+ ions incorporated into the precipitated
CaF2 nano-crystals with lower phonon energy. Broad
bandwidth and large stimulated emission cross-section of
1.53 mm fluorescence were obtained, and the gain cross-
sections were computed to be relatively flat in the range
from 1530 to 1565 nm for population inversion from 0.7 to
1.0 for the investigated systems.
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