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Abstract

A complete spectroscopic investigation of energy transfer processes in oxyfluoride glass ceramics containing CaF2 nano-crystals
doped with various amounts of Er3+ and Yb3+ was reported. An enhancement of the 1.53 lm emission and infrared to visible up-
conversion fluorescence was confirmed experimentally due to efficient non-radiative energy transfer from Yb3+ to Er3+ ions concentrated
in CaF2 nano-crystals. The efficiency of Yb3+ to Er3+ energy transfer in excess of 85% was obtained for 0.5 mol% Er3+/2.0 mol% Yb3+

co-doped glass ceramic. Using rate equation formulism, the coefficient of Yb3+ to Er3+ energy transfer was determined to be about 3.5
times higher than that of Er3+ to Yb3+ energy back transfer, which is sufficient to provide high 4I11/2 population of Er3+ to improve the
fluorescence of the co-doped glass ceramics.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In order to improve the fluorescence properties of
erbium ions, it is well known that the fluoride environment
is preferred over the oxide one mainly to avoid non-radia-
tive 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 acti-
vator rare earth ions and highly transparent from 0.13 to
9.5 lm [3]. However, the synthesis of fluoride crystals is
complicated, and the stability and fiberizability as practical
materials still remain problematic. Thus, a good solution
would be Er3+-doped oxyfluoride glass ceramic composite,
i.e., fluoride crystallites embedded among an oxide
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glassy matrix with high chemical and mechanical stabilities
[4–7]. The advantages of this kind of materials are that the
rare earth ions would be incorporated selectively into the
fluoride crystalline phase after crystallization, and these
materials could remain good transparency due to much
smaller size of precipitated crystals than the wavelength
of visible light [8].

Er3+-doped glass ceramics containing CaF2 nano-crys-
tals has been recently reported and demonstrated having
potential application as the red up-conversion material
and Er3+-doped fiber amplifier [9,10]. In order to improve
the emission of Er3+, the sensitization of this nano-com-
posite with Yb3+ ions may be a good choice because of
the efficient energy transfer from Yb3+ to Er3+ ions. In this
work, we studied the partition of rare earth ions, the infra-
red fluorescence, the up-conversion fluorescence and the
energy transfer and back transfer processes in Er3+/Yb3+

co-doped glass ceramics containing CaF2 nano-crystals.
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Fig. 1. TEM image and the corresponding selected area electron
diffraction (SAED) pattern of 0.5 mol% Er3+/0.5 mol% Yb3+ glass
ceramic.
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Fig. 2. The near infrared emissions under 800 nm excitation of: (a)
0.5 mol% Er3+-doped glass ceramic, (b) 0.5 mol% Er3+/0.5 mol% Yb3+ co-
doped glass ceramic and (c) 0.5 mol% Er3+/0.5 mol% Yb3+ co-doped
glass.
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2. Experimental

The Er3+/Yb3+ co-doped precursor glasses were pre-
pared with the following composition (in mol%): 45SiO2–
25Al2O3–5CaO–10NaF–15CaF2–0.5ErF3–xYbF3 (x = 0.1,
0.5, 1.0 and 2.0, respectively). In addition, in order to inves-
tigate the energy transfer efficiency, Yb3+ single-doped (the
concentration was 0.1, 0.5, 1.0 and 2.0 mol%, respectively)
precursor glasses of the same matrix were also fabricated.
For each batch, about 20 g of starting materials were fully
mixed and melted in a covered platinum crucible in air
atmosphere at 1350 �C for 1.5 h, and then cast into a brass
mold followed by annealing to relinquish the inner stress.
The precursor glasses thus obtained were then heated and
hold for 2 h at 650 �C to induce crystallization. To charac-
terize the crystallization phase, X-ray diffraction (XRD,
DMAX2500 RIGAKU) analysis and transmission electron
microscopy (TEM, JEM-2010, equipped with the energy
dispersive X-ray spectroscopy system) observation were
carried out. The absorption spectra were recorded on a
spectrophotometer (Lambda900, Perkin–Elmer) with a
spectral range from 200 to 2000 nm and a resolution of
1.0 nm. By using an InP/InGaAs photomultiplier tubes
(PMT) detector (R5509), the infrared luminescence signals
through the emission monochromator (M300) were
detected. The fluorescence decay curves were recorded with
a NIR PMT (R5509) excited by a microsecond flash lamp
(lF900). The visible up-conversion luminescence excited
with a 30 mW diode laser at 980 nm was detected with a
PMT detector (R928). All the measurements were carried
out at room temperature.

3. Results and discussion

3.1. Partition of rare earth ions into nano-crystals

X-ray diffraction and transmission electron microscope
analyses evidenced the amorphous structure of precursor
glass and demonstrated the homogeneous distribution of
spherical CaF2 crystals with 15–25 nm in size among the
glassy matrix after crystallization. As an example, TEM
micrograph and corresponding SAED patter of 0.5 mol%
Er3+/0.5 mol% Yb3+ glass ceramic are presented in Fig. 1.

The near infrared emission spectra under 800 nm excita-
tion recorded in the range of 900 to 1100 nm for the precur-
sor glass and glass ceramics are presented in Fig. 2. The
fluorescence spectra were detected under the same instru-
mental conditions for all the polished bulk samples with
the same thickness of 3.0 mm. Compared with the precur-
sor glass, the obvious augment of Er3+ emission intensities
around 980 nm for the glass ceramics implies the incorpo-
ration of Er3+ ions into CaF2 nano-crystals during crystal-
lization, which decreased the non-radiative relaxation of
Er3+ concentrated in lower phonon energy environment
[11], and the occurring emission of Yb3+in the range of
1020–1080 nm in co-doped glass ceramic, due to energy
transfer from Er3+ to Yb3+ in nano-crystals, implies the
partition of Yb3+ into nano-crystals too. The 4I11/2!
4I15/2 fluorescence decays of Er3+ under 525 nm excitation
measured at room temperature for 0.5 mol% Er3+-doped
precursor glass and glass ceramic are presented in Fig. 3.
Therefore, the obvious increase of fluorescence lifetime
from the precursor glass (97 lm) to the glass ceramic
(616 lm) also supports the incorporation of Er3+ ions into
CaF2 nano-crystals. It is worthy to mention that the life-
time in glass ceramic is much low compared with the radi-
ative lifetime in the bulk calculated by Judd–Ofelt theory
[12], which could be ascribed to the following reasons:
the enhanced non-radiative decay probability due to the
short distance between Er3+ ions concentrated in CaF2

nano-crystals; the integrated contribution of decay from
Er3+ ions in CaF2 nano-crystals and in glass matrix; and
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Fig. 3. Fluorescence decay curves from 4I11/2 level of Er3+ under 525 nm
excitation in: (a) 0.5 mol% Er3+-doped glass and (b) glass ceramic.
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the effect of nano-crystal size on the decay behavior of Er3+

incorporated in CaF2.
In order to detect directly the distribution of rare earth

ions in the sample, the energy dispersive X-ray spectros-
copy (EDS) analysis with nano-sized probe on the glass
matrix and an individual nano-crystal in 0.5 mol% Er3+/
0.5 mol% Yb3+ co-doped glass ceramic were conducted.
The spectrum from the glass matrix, presented in Fig. 4a,
shows high content of Si, Al, O and small amount of resid-
Fig. 4. EDS spectra from: (a) the glass matrix and (b) an individual CaF2 na
presence of Cu peaks is due to copper grid used to support TEM specimen.
ual Ca and F, while Er and Yb contents are under detecting
limit. As a comparison, the spectrum from an individual
nano-crystal, shown in Fig. 4b, exhibits strong signals of
Ca, F, Er and Yb (the Al, Si and O peaks are attributed
to the matrix surrounding the nano-crystal), which further
confirms that Er3+ and Yb3+ ions are mainly concentrated
in CaF2 crystals.
3.2. Fluorescence properties

The room temperature absorption spectra in the 350–
1650 nm region of 0.5 mol% Er3+-doped and 0.5 mol%
Er3+/1.0 mol% Yb3+ co-doped glass ceramic samples are
shown in Fig. 5. The absorption bands are assigned to
the transitions from the 4I15/2 ground state to the excited
states of Er3+ ions, and to the 2F7/2! 2F5/2 transition of
Yb3+ ions, respectively. In the co-doped sample the
absorption bands in the range of 870–1100 nm correspond
to the superposition of 4I15/2! 4I11/2 transition of Er3+

plus 2F7/2! 2F5/2 transition of Yb3+ ions. It is apparent
that sensitization Yb3+ ions improve the excitation of
Er3+-doped glass ceramics, providing a broader and more
intense absorption band suitable for laser diode excitation.

For Er3+ single-doped or Er3+/Yb3+ co-doped precur-
sor glasses, no up-conversion signals were detected. Fig. 6
shows the room temperature up-conversion fluorescence
spectra of 0.5 mol% Er3+-doped and 0.5 mol% Er3+/
no-crystal in 0.5 mol% Er3+/0.5 mol% Yb3+ co-doped glass ceramic; the
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Fig. 5. Room temperature absorption spectra for: (a) 0.5 mol% Er3+-
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Fig. 6. Up-conversion fluorescence under 980 nm excitation for: (a)
0.5 mol% Er3+/1.0 mol% Yb3+ co-doped and (b) 0.5 mol% Er3+-doped
glass ceramics; the inset shows the variation of up-conversion emission
intensities under near-infrared excitation at 980 nm versus Yb3+ concen-
trations in the co-doped glass ceramics.
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Fig. 7. Log–log plots of the up-conversion emission intensities as a
function of the excitation power at 980 nm for 0.5 mol% Er3+/1.0 mol%
Yb3+ co-doped glass ceramic.
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1.0 mol% Yb3+ co-doped glass ceramics under 980 excita-
tion with the same instrumental conditions. For both sam-
ples, the up-conversion spectra show bands centered
around 545 and 660 nm which are attributed to transitions
of 2H11/2, 4S3/2! 4I15/2 and 4F9/2! 4I15/2, respectively. It
is found that the red emission is dominant in both samples,
and the up-conversion emission intensities in co-doped
sample is higher by a factor of about 20 than that in sin-
gle-doped one, which confirms that there exists an effective
energy transfer process between Yb3+ and Er3+ ions con-
centrated in CaF2 nano-crystals. The inset of Fig. 6 shows
the variation of up-conversion emission intensities of co-
doped glass ceramics versus Yb3+ concentration. The
intensities of green and red emissions strongly enhance,
indicating the enhanced probability of energy transfer from
Yb3+ to Er3+, with increasing of Yb3+ concentration.

To investigate the excitation mechanisms for populating
the 2H11/2, 4S3/2 and 4F9/2 levels of Er3+ after infrared exci-
tation, we measured the evolution of the up-conversion
intensity for different pumping powers. In up-conversion
processes the emission intensity IUP is proportional to a
power n of the infrared excitation intensity IIR

IUP / ðI IRÞn ð1Þ
where n is the number of IR photons absorbed to populate
per visible photon emitting. A plot of logarithm of IUP ver-
sus logarithm of IIR should yield a straight line with slope
n. Fig. 7 shows such a plot for 0.5 mol% Er3+/1.0 mol%
Yb3+ co-doped glass ceramic, where the dependence of
green or red emission intensity on the pump power is nearly
quadratic (1.90 or 1.95 respectively), indicating two-photon
up-conversion process to populate the 2H11/2 and 4S3/2 or
4F9/2 levels. The same behavior is also performed in the sin-
gle-doped [10] and other co-doped glass ceramics.

The fluorescence spectra around 1.53 lm of Er3+ single-
doped precursor glass and co-doped glass ceramics with
variation of Yb3+ concentration were recorded by exciting
at 980 nm and shown in Fig. 8. All the samples were mea-
sured in the same conditions, enabling a comparison of the
emission intensities. Compared with the emission of pre-
cursor glass, the appearance of Stark split peaks suggested
the incorporation of Er3+ ions into CaF2 nano-crystals in
glass ceramics. The spectra of glass ceramic appear similar
with fluorescence lines occurring at the same wavelength.
The only difference is that the emission intensity enhances
with increasing of Yb3+ concentration. The 4I13/2! 4I15/2

fluorescence decays of Er3+ have been measured at room
temperature for all the co-doped glass ceramics and pre-
sented in Fig. 9. With the increase of Yb3+ doping content,
the electron population of Er3+ ions in 4I13/2 level is largely
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increased due to energy transfer from Yb3+ to Er3+, which
results in the enhancement of non-radiative decay
probability of Er3+ and the decrease of lifetime of Er3+

4I13/2! 4I15/2 transition, as presented in Fig. 9.
3.3. Energy transfer and back transfer

In order to determine the Yb3+! Er3+ energy transfer
efficiency, the glass ceramics doped only with different con-
tent of Yb3+ were prepared, and their lifetimes were mea-
sured. For the Er3+/Yb3+ co-doped samples, the energy
transfer efficiency from Yb3+ to Er3+ can be evaluated by
the following expression:

g ¼ 1� sYb–Er=sYb ð2Þ

where sYb–Er and sYb are 2F5/2 lifetimes of Yb3+ ions
with and without Er3+ ions, respectively. The inset of
Fig. 10 presents the concentration dependence of the
2F5/2 lifetime for the Er3+/Yb3+ co-doped and the
Yb3+ single-doped glass ceramics. The reasons for
the lower lifetime of Yb3+ in single Yb3+-doped glass
ceramic than that in the bulk CaF2 [13] is considered
similar to those above discussion for Er3+ lifetime. The
obvious decrease of Yb3+ lifetime from the Yb3+ sin-
gle-doped sample to the co-doped one verifies the non-
radiative characteristic of energy transfer from Yb3+ to
Er3+. The transfer efficiency as a function of donor con-
centration obtained from expression (2) is presented in
Fig. 10. It is seen that the energy transfer efficiency
increases with increasing of Yb3+ concentration, and
excesses 85% for the sample of 0.5 mol% Er3+/
2.0 mol% Yb3+ co-doped glass ceramic. For the glass
ceramics, Er3+ and Yb3+ ions are mainly incorporated
into CaF2 nano-crystals, and located closer to each other
than those uniformly dispersed in the precursor glasses.
The short distances between Er3+ and Yb3+ ions in
CaF2 nano-crystals favor inter-ionic interactions, result-
ing in an efficient energy transfer process.

In order to achieve better understanding on the energy
transfer processes, the energy transfer and back transfer
rates are quantitatively evaluated according to the rate
equation formalism. These parameters are necessary for
the further analyses of the performance of optical ampli-
fiers as well as glass ceramic laser operations. Under
continuous excitation with low pumping flux, the up-
conversion excitation of Er3+ ions could not change
appreciably the dynamics of 4I11/2 level of Er3+ and
2F5/2 level of Yb3+, and thus will be neglected in the fol-
lowing analysis. The simplified energy level and energy
transfer process between Er3+ and Yb3+ are given in
Fig. 11. In the steady state rate equation formalism, the
energy transfer processes can be described as follows:
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dN 2

dt
¼rYbUN 1�ðA21þW NR

21 ÞN 2�C25N 2N 3þC52N 5N 1¼0

ð3Þ
dN 4

dt
¼ðA54þW NR

54 ÞN 5�ðA43þW NR
43 ÞN 4¼0 ð4Þ

dN 5

dt
¼C25N 2N 3�C52N 5N 1�ðA54þA53þW NR

54 ÞN 5¼0 ð5Þ

where Ni is the population of the i-level, Aij and Wij the
radiative and non-radiative transition probabilities be-
tween i and j states, rYb the Yb3+ absorption cross-section
at the pumping wavelength, U the pumping flux, and C25

and C52 the coefficients quantifying the energy transfer
from Yb3+ to Er3+ and back transfer from Er3+ to Yb3+,
respectively. In addition, under the weak pumping condi-
tion, it is reasonable to assume that N1 � NYb and
N3 � NEr.

Under 800 nm excitation, the erbium ions are excited to
the 4I9/2 multiplet. From the 4I9/2 level, they relax non-rad-
iatively to the 4I11/2 multiplet. Then, either radiative and
non-radiative intra-erbium relaxation or energy transfer
to ytterbium ions can occur, so that the variation of the
ratio (R) between the Er3+ emission (4I11/2! 4I15/2) and
the total Er3+/Yb3+ emission (4I11/2! 4I15/2 and
2F5/2! 2F7/2) for different Er3+/Yb3+ concentrations
allows the determination of the transfer coefficients [14,15]

C52 ¼
b
a

s�1
5 ð6Þ

C25 ¼
A21s�1

5

aA53N Er

ð7Þ

where s5 is the measured lifetime of levels 4I11/2, a and b are
obtained by the least squares fitting of experimental data
according to the following equation for glass ceramics
doped with fixed Er3+ and various concentrations of
Yb3+ (see Fig. 12):

1� R
R
¼ A21s�1

5

A53C25N Er

þ A21C52

A53C25NEr

NYb ¼ aþ bNYb ð8Þ

The quantities of all the parameters in the last expression
can be directly obtained from experimental measurements,
and the transfer and back transfer coefficients are evaluated
to be 5.8 · 10�16 and 1.3 · 10�16 cm3/s, respectively, with
A21 = 438 s�1 and A53 = 111 s�1. The transfer coefficient
is about 3.5 times higher than the back transfer one, being
sufficient to provide high 4I11/2 population of Er3+ to im-
prove the fluorescence of the co-doped glass ceramics, as
has been experimentally demonstrated stated above. It is
worthy to mention that the derived transfer and back
transfer coefficients are mainly originated from Er3+ and
Yb3+ ions residing inside nano-crystals since there are al-
most no energy transfer detected in the precursor glasses.

4. Conclusions

Er3+/Yb3+ co-doped transparent oxyfluoride glass
ceramics containing CaF2 nano-crystals were prepared
with Er3+ and Yb3+ ions incorporated mostly into CaF2.
Compared with that of Er3+ single-doped glass ceramics,
the emission intensities of 1.53 lm emission and infrared
to visible up-conversion fluorescence of Er3+/Yb3+ co-
doped samples were significantly enhanced under 980 nm
excitation due to energy transfer from Yb3+ to Er3+. The
quadratic pump power dependence of their green and red
emission intensities indicates that these up-conversion tran-
sitions were ascribed to the two-photon absorption pro-
cesses. The effective energy transfer efficiency, obtained
from fluorescence decay lifetimes, increased with increasing
of Yb3+ concentration. Using the rate equation formalism,
the coefficients of energy transfer from Er3+ to Yb3+ and
back transfer from Yb3+ to Er3+ for the investigated glass
ceramic system were determined to be 5.8 · 10�16 and
1.3 · 10�16 cm3/s, respectively.
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