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tals, precipitated in a silicate glass matrix, was obtained. Today,
the demand for alternative materials of Pb and Cd is growing,
since they have been designated as speciﬁed toxic substances by
the restriction hazardous substance (RoHS). The CaF2 has the
same ﬂuorite structure as the b-PbF2, and also has good transparency in the near UV to middle IR range. Therefore, CaF2 can
be expected for use as a good alternative material for PbF2. In
2002, Fu et al.13 reported on the optical properties of divalent
Eu21 ions in glass ceramics containing CaF2 crystal. In this
study, oxy-ﬂuoride glass ceramics containing CaF2 nano-crystals co-doped with trivalent Yb31 and Er31 ions were fabricated,
and the upconversion luminescence properties were investigated.

Transparent glass ceramics containing CaF2 nano-crystals codoped with Er–Yb were developed by heat treatment of glasses
in the system SiO2–Al2O3–CaF2–LnF3 (Ln 5 Er, Yb). The
crystal size of CaF2 increased with increasing heat-treatment
temperature. Upconversion emission intensities at 660 and 540 nm
increased dramatically with increasing heat-treatment temperature. The cathode luminescence mapping indicates that the visible Er-luminescence arises mainly from the precipitated CaF2
nano-crystals with a phonon energy lower than that of a silicate
matrix. It is concluded that both Er and Yb were concentrated in
the CaF2 nano-crystals, and the quantum efﬁciency of Er31-luminescence and the energy transfer efﬁciency from Yb31 were
considerably improved after ceramization.

II. Experimental Procedure
I. Introduction

I

Oxy-ﬂuoride glasses in the system 45SiO2–20Al2O3–10CaO–
xCaF2–yYbF3–zErF3 z 5 1, 0.5), where (x, y) is (20, 5) or (22,
2), were prepared by the melting method; 20 g batches in a
platinum crucible were melted at 13001C for 1 h. The glass
transition temperature (Tg) and the onset of crystallization
temperature (Tx) were measured by differential thermal analysis (DTA) measurement (Rigaku, Tokyo, Japan, Thermal plus,
TG-DTA TG8120). Glass ceramics containing CaF2 were prepared by heat treatment at 7001–7801C for 4 h. The crystal
phases precipitated in the glass matrix were identiﬁed by X-ray
diffraction (XRD) measurement (Shimadzu, Kyoto, Japan,
XRD6000). The scanning electron microscopy (SEM) image at
the fracture surface of the glass ceramic sample was measured by
ﬁeld emission (FE)-SEM (JEOL, Tokyo, Japan, JSM-6500M).
The upconversion spectra in the visible range of Er31 in oxy-ﬂuoride glass and glass ceramics were measured by pumping with a
970 nm laser diode (LD) (SDL, 6362-P1), and using a monochromator (Nikon, Tokyo, Japan, G-250) and a photo-multiplier
(Hamamatsu Photonics, Hamamatsu, Japan, E717–37). Cathode luminescence spectra from the area of SEM observation of
the glass ceramic sample heat treated at 7801C were measured by
a cathode luminescence spectroscopic system (JOBIN YVON,
St.-Genis-Pouilly, France, CLM-32, TRIAX320).

recent years, the near infrared (NIR) to visible (VIS) and
ultraviolet (UV) upconversion luminescence by rare-earth
ions-doped materials has been investigated, due to the possibility of all-solid-state upconversion lasers operating in the VIS
and UV spectral range. Also, the potential applications in areas
such as color display, optical data storage, and sensor can be
expected. Optical properties of trivalent lanthanide ions such as
Er31, Tm31, and Ho31 in glasses, crystals, or glass ceramics
have been extensively studied to develop visible upconversion
lasers and optical ampliﬁers for telecommunication.1–4 Among
the trivalent lanthanide ions, the upconversion process of Er31
ion has been widely investigated in various kinds of host materials.5,6 The sensitization of Er31 emission with Yb31 ions is a
well-known phenomenon for increasing the optical pumping efﬁciency for 1.5 and 0.55 mm applications because of the efﬁcient
energy transfer from Yb31 to Er31 ions.7 Host materials with a
low phonon energy for Er31 ions can reduce the multi-phonon
relaxation, and thus a high-efﬁciency upconversion luminescence can be obtained. Fluoride glass and crystal, which
have a phonon energy lower than that of oxide glass, are well
known as good host material for lanthanide ions.8 However, for
practical applications, oxide glasses have an advantage superior
to ﬂuoride due to their chemical durability, thermal stability,
and mechanical strength. Oxy-ﬂuoride glass ceramics with the
advantage of both ﬂuoride and oxide materials have been studied since 1993.9–12 In these studies, highly efﬁcient upconversion
luminescence of lanthanide ions in PbF2 and CdF2 nano-crysN

III. Results
(1) Oxy-Fluoride Glass Ceramics Containing CaF2
Nano-Crystals
Figure 1 shows the DTA curve of the as-made glass of (x, y,
z) 5 (20,5,1) composition. The glass transition temperature, Tg,
the onset of CaF2 crystallization temperature, Tx, and the crystallization temperature of oxide matrix, Tc, were estimated to be
6201, 7021, and 8721C, respectively. Figure 2 shows XRD patterns of Er–Yb co-doped glass and glass ceramics heat treated at
7001–7501C. It can be seen that the single phases of CaF2 crystals were precipitated in the glass matrix by heat treatment.
Figure 3 shows the SEM images at the fracture surface of glass
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Fig. 1. Differential thermal analysis curve of 45SiO2–20Al2O3–10CaO–
22CaF2–2YbF3–1ErF3 glass.

ceramics heat treated at 7001 and 7501C. The average crystal size
of CaF2 was about 20 nm with heat-treatment at 7001C and
increased up to 40 nm with heat treatment at 7501C.

(2) Upconversion of Er31 in Glass Ceramics
Figure 4 shows upconversion spectra of Er31–Yb31 co-doped
glass and glass ceramics of all compositions. No upconversion
luminescence was observed in the as-made glasses, while greenupconversion at 540 nm due to the 4S3/2-4I15/2 transition and
red-upconversion at 660 nm due to the 4F9/2-4I15/2 were observed in all the glass ceramics.
(3) Cathode Luminescence Measurement
Figure 5 shows the cathode luminescence spectra collected at a
glass matrix point and at a ﬂuoride crystal phase point as indicated by the number in Fig. 6. Emissions at 540 and 660 nm
were observed in both the glass matrix and crystal phase. Figure
6 shows the mapping image of cathode luminescence monitored
at 660 nm of the 45SiO2–20Al2O3–10CaO–22CaF2–2YbF3–
1ErF3 glass ceramics heat treated at 7801C. In the mapping image, dots of the crystal phase area (100 nm) with strong redupconversion appears bright in color.

Fig. 3. Scanning electron microscopy image (  70 000) at fracture surface of glass ceramics heat treated at (a) 7001C and (b) 7501C.

CaF2 crystal were estimated by using the Bragg’s law and the
following Sherrer’s equation:
D¼

Kl
b cos y

(1)

IV. Discussion
(1) Oxy-Fluoride Transparent Glass Ceramics Containing
CaF2 Nano-Crystals
From the obtained peak width of XRD patterns shown in
Fig. 2, the lattice constant, a, and crystallite size, D, of the
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where b is the diffraction line-width, which was calculated after
subtracting contributions of the strain in the crystallites by
Hall’s plot and the instrument constant from the measured value. Figure 7 shows the heat-treatment temperature dependence
of the lattice constant and crystallite size of CaF2 crystal. The
crystallite size increased monotonically from about 20 to 40nm
with increasing temperature. These values correspond to the
observed size in the SEM images in Fig. 3. Figure 8 shows the
phase diagram of the CaF2–YbF3 system.14 CaF2 and YbF3
yield a solid solution in the range of about 0–35 mol% YbF3
content. The lattice constant of the nano-crystals in the present
glass ceramics was about 5.49 Å at any heat-treated temperature, larger than that of the pure CaF2 crystal (a 5 5.46Å).
Therefore, the Yb31 and Er31 are considered to be incorporated into the CaF2 to form (Ca1x, Lnx)F21x solid-solution crystals containing trivalent lanthanide ions, Yb31 and Er31.
The present glass ceramics heat treated at 7001–7501C maintained good transparency. The main reason for transparency of
these glass ceramics could be much smaller crystallite size
(20B40 nm) than the wavelength of visible light. It is concluded that the transparent glass ceramics containing (Ca1x,
Lnx)F21x nano-crystals were fabricated in these compositions.

60

Fig. 2. X-ray diffraction pattern of Er31–Yb31 co-doped glass and
glass ceramics heat treated at 7001–7501C.

(2) Upconversion of Er31 in Glass Ceramics
Figure 9 shows a possible upconversion mechanism of Er31–
Yb31 with 970 nm pumping. By the energy transfer from Yb31
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Fig. 4. Upconversion spectra of (a) 22CaF2–2YbF3–1ErF3, (b)
20CaF2–5YbF3–1ErF3, (c) 20CaF2–5YbF3–0.5ErF3-doped glass and
glass ceramics heat treated at 7001–7501C.

ions pumped by 970 nm LD, Er31 ions are excited to the 4F7/2
level by two-step process and are relaxed to lower energy levels
such as the 4S3/2 and 4F9/2 by multi-phonon relaxation. As
shown in Fig. 4, no upconversion luminescence was observed
in the as-made glasses, while upconversion emissions at 540 and
at 660 nm (Er31) were observed in glass ceramics. Figure 10
shows the heat-treatment temperature dependence of the integrated intensity of 540 and 660 nm emission bands in 45SiO2–
20Al2O3–10CaO–22CaF2–2YbF3–1ErF3 glass ceramics. Both
intensities increased dramatically with increasing heat-treatment
temperature. After crystallization, the Yb31 and Er31 ions were
incorporated into CaF2 crystals with a lower phonon energy
(_o 5 400 cm1) than SiO2 (_o 5 1100 cm1) by heat treatment.
Since the lifetimes of most excited levels of Er31 ions are largely

4S -4I
3/2 15/2

Fig. 6. Mapping image of red-upconversion at 660 nm of 45SiO2–
20Al2O3–10CaO–22CaF2–2YbF3–1ErF3 glass ceramics heat treated at
7801C by cathode luminescence (CL).

affected by the multiphonon decay rate, which is exponentially
dependent on the inverse phonon energy of host materials, the
multi-step excitation efﬁciency and radiative quantum efﬁciency
for visible upconversion luminescences can be dramatically improved when Er31 ions are incorporated into a low-phonon-energy environment. Also, upconversion luminescence efﬁciency
of glass ceramics can be improved by promoting the two-step
excitation due to the energy transfer from Yb31 to Er31 ions by
decreasing the distance between Yb31 and Er31 ions in the CaF2
crystal phases.
Green-upconversion intensity of the sample containing
5YbF3 was larger than that of the sample containing 2YbF3.
It is indicated that the green-upconversion intensity of Er31 also
depends on the concentration of Yb31.15 For the samples with a
low [Yb]/[Er] ratio, the relative intensity of 660 nm/540 nm is
high. The following energy transfer in adjacent Er31 ions can
occur easily, since the average distance between Er31 ions is
smaller:
ð4 S3=2 ! 4 F9=2 : Er3þ Þ ) ð4 I9=2 ! 4 F9=2 : Er3þ Þ

(2)

This energy transfer, as indicated in Fig. 9, populates the 4F9/2,
which is the initial level of 660 nm-emission. This is also indicated in the CL spectra in Fig. 5. The red emission intensity at
4 F -4 I
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Fig. 5. Cathode luminescence spectra of the glass matrix point and the
ﬂuoride crystal phase point in the 45SiO2–20Al2O3–10CaO–22CaF2–
2YbF3–1ErF3 glass ceramics.
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Fig. 7. Heat-treatment temperature dependence of the lattice constant
and crystallite size of CaF2 crystal in the glass ceramics.

3426

Vol. 88, No. 12

Journal of the American Ceramic Society—Kishi et al.
10

540nm

Er3+

660nm

Integrated intensity

8

6

4
2

0
As-made

700

720
Temperature (°C)

740

760

Fig. 10. Heat-treatment temperature dependence of the integrated intensity of 540 nm and 660 nm emission band in 45SiO2–20Al2O3–
10CaO–22CaF2–2YbF3–1ErF3 glass ceramics.

20–40 nm after heat-treatment at 7001–7501C. Green-upconversion luminescence at 540 nm and red-upconversion at 660 nm
were observed in glass ceramics at 970 nm pumping. These results can be explained by considering that Yb31 and Er31 ions
were incorporated into CaF2 crystals with a phonon energy
lower than that of silicate glass matrix.

Fig. 8. Phase diagram of the CaF2–YbF3 system.14

660 nm of crystal phases was clearly larger than that of the glass
matrix. As a result, the luminescence can be mainly observed
from (Ca1x, Lnx)F21x nano-crystals as shown in Fig. 6. This is
caused by the concentration of Er31 and Yb31 ions in crystal
phases.

V. Conclusion
31

31

Er –Yb -doped transparent oxy-ﬂuoride glass ceramic materials containing CaF2 were prepared. Nano-crystals of (Ca1x,
Lnx)F21x solid solution (Ln 5 Yb, Er) precipitated with size of
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Fig. 9. Energy-level diagram of Yb31 and Er31 ions and a possible
upconversion mechanism.
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