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Abstract: Tb*>'/Eu*" co-doped transparent glass ceramics containing CaF, nanocrystals were successfully synthesized by high tem-
perature melt-quenching method and subsequent heating. The structure and morphology of the samples were investigated by X-ray
diffraction (XRD), transmittance electron microscopy (TEM), high resolution TEM (HRTEM) and selected area electron diffraction
(SAED). The photoluminescence properties and energy transfer process from Tb*" to Eu*" of CaF,:Tb*",Eu*" phosphors were also
investigated through excitation spectra and decay curves. In addition, the emission spectra of the glass ceramics in a wide temperature
range from 21 to 320 K were recorded under the excitation of 485 nm. It was found that the fluorescence intensity ratios of Tb>" at
545 nm (°D4—Fs) to Eu®" at 615 nm (*Dy—'F,) was highly temperature-dependent with an approximate linear relationship, and the
temperature sensitivity was about 0.4%/K. It is expected that the investigated Tb*'/Eu’** co-doped CaF, glass ceramics may have pro-

spective application in optical thermometry.
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Temperature is one of the most important fundamental
physical parameters, and the accuracy measurement of
temperature is crucial in many fields of science, engi-
neering and industry. Recently, optical thermometry
based on luminescent materials has been extensively in-
vestigated for its non-invasive operating mode, high-
spatial resolution and quick response!' . To achieve
high detection sensitivity, many optical temperature
sensing techniques have been developed, such as the
spectral shift of emission bands, absolute fluorescent in-
tensity, fluorescence lifetime, and the fluorescence inten-
sity ratiol® . Furthermore, sensing temperature with
intensity ratio of dual emission bands rather than indi-
vidual emission peak is regarded as a very promising ap-
proach, because it can reduce dependence on measure-
ment conditions and improve sensing accuracy.

The Tb’* and Eu’" co-doped materials have recently
received considerable interests for possible applications
in temperature sensing, owing to the tempera-
ture-dependent energy transfer from Tb*" to Eu’. Self-
reference temperature determination based on the inten-
sity ratio of emission bands from different ions rather
than a single ion is therefore much preferred, which has
been demonstrated with e.g. Eu’" and Tb’* co-doped
metal organic frameworks and nanomaterials!” . As
the °Dj state (20500 cm ') of Tb*" is located near the cen-

ter of °D, (21500 cm ') and °D; (19000 cm ') states of
Eu’’, the energy mismatch between these excited states
of Tb** and Eu*" is much closer to the maximal phonon
energy of the host, resulting in a strong interaction be-
tween Tb*" and Eu*"**. With the participation of several
phonons, the multi-phonon-assisted energy transfer from
Tb*" to Eu’" ions is efficient in co-doped samples and its
possibility increases rapidly with temperature. Conse-
quently, the intensity ratio between *Dy—'F, (Tb*" at 545
nm) and *Dy—'F, (Eu®" at 615 nm) was temperature de-
pendent, giving high sensitivity to a temperature change.

Oxyfluoride glass ceramics have been widely investi-
gated as host materials for rare earth ions recently be-
cause they have the advantages of not only fluorides with
comparatively low phonon energies, but also oxide mate-
rials with high chemical and mechanical stabilities'. On
the other hand, CaF, is a promising candidate for desired
host materials due to its high solubility of both sensitizer
and activator rare-earth ions, wide transparent spectral
region (about from 0.125 to 10 pm), good chemical sta-
bility, low phonon energy, friendliness to environment,
and gives a good match of refractive index with the alu-
mino-silicate glass®* =",

In this paper, transparent glass ceramics containing
CaF,:5%Tb*"/1%Eu’" nanocrystals were successfully
prepared by melt-quenching and subsequent heating. The
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fluorescence intensity ratio between the Tb*':’D;—'Fs
transition and the Eu®":’Dy—F, one in the glass ceram-
ics was found to be highly temperature-dependent.

1 Experimental

The samples were prepared with nominal composition
(in mol.%) 45Si0,-20AL,05-10Ca0-25[(1-x—y)CaF,-x
TbF;-y EuF;](x=0.05, y=0; x=0, »=0.01, 0; x=0.05, y=
0.01) by melt-quenching method. The raw materials of
SiO; (AR), ALOs (AR), CaCO; (AR) and CaF, (AR) and
high purity TbF; (99.99%), EuF; (99.99%) were com-
pletely mixed and crashed in an agate mortar. The well
ground stoichiometric chemicals were put into an alu-
mina crucible and melted at 1400 °C for an hour. The
melt was poured into a preheated hot copper mold and
then was pressed by another plate to form transparent
precursor glass (labeled as PG). The PG was followed by
annealing at 450 °C for 10 h to release internal stress.
Subsequently, PG glass was heat-treated at 700 °C for 2 h to
form glass ceramics sample, which was labeled as GC700.

Differential scanning calorimetry (DSC) measurement
was carried out in a simultaneous thermal analyzer
(NETZSCH STA 449F3) at a heating rate of 10 K/min
under N, atmosphere to determine the glass transition (73)
and crystallization (7) temperatures. The phase struc-
tures and the mean crystallite size of samples were iden-
tified via the XRD measurement (MAC Science Co. Ltd.
Mxpl8. AHF, Tokyo, Japan) with nickel-filter Cu
Ka radiation in the range of 26=10°-80°. The accelerat-
ing voltage was 40.0 kV and the tube current was 100.0
mA. The microstructure of glass ceramics was analyzed
by a HRTEM (FEI Talos F200X, FEI Ltd., Hillsboro,
Oregon, United States). The excitation spectra of the
samples were recorded with a JY Fluorolog-3-Tou fluo-
rescence spectrophotometer (JobinYvon Ltd., France)
using a 450 W Xenon lamp as the excitation light source.
The emission spectra were obtained by a Jobin-Yvon
HRD-1 equipped with a
Hamamatsu R928 photomultiplier. The signals were ana-
lyzed by an EG&G 7265 DSP lock-in amplifier and
stored into computer memories. For the measurements at
low temperature, the powder sample was pressed into a
round tablet with thickness of 0.8 mm and diameter of
8.0 mm. And the tablet was glued to a copper pedestal
with cryogenic glue, then fixed in a closed-cycle cryostat
fed by a WC50 helium compressor. Temperature of the
sample was controlled over the range of 21-300 K by a
Lake Shore Model 321 temperature controller.

double monochromator

2 Results and discussion

Fig. 1 shows the DSC curve of the glass with (x, y)=
(0.05, 0.01) composition. The glass transition tempera-
ture T,, the CaF, crystallization temperature Ty, and the
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Fig. 1 Differential thermal analysis curve of 45Si0,-0A1,05-
10Ca0-25[(1-x—y)CaF,-xTbF;3-yEuF;] (x=0.05, »=0.01)
glass

crystallization temperature of oxide matrix 7, were esti-
mated to be 630, 712, and 852 °C, respectively. Fig. 2
shows the XRD patterns of as-synthesized 5 mol.% Tb*",
1 mol.% Eu**, and 5 mol.% Tb**/1 mol.% Eu’" co-doped
CaF, PG and GC700. PG is determined to be structurally
amorphous, characterized by two diffuse humps without
any sharp peaks. After heat treatment at 700 °C for 2 h,
four strong diffraction peaks unambiguously indexed to
cubic CaF, phase (JCPDS No. 35-816) with space group
Fm-3m (No. 225) emerge in the XRD pattern for GC700,
suggesting that the CaF,-based glass ceramics have been
successfully synthesized. Based on the diffraction peak
widths, the mean crystalline size of 5% Tb*"/1% Eu’"
GC700 nanocrystals were estimated to be 15 nm with
Scherrer equation:*”!
kA
Pcosf

where D is the crystal size, £=0.89, 1 (0.154056 nm)
represents the wavelength of Cu Ko radiation, 6 is the
Bragg angle of XRD peak, and f is the full-width at
half-maximum of the diffraction peak.

For investigating the morphology of GC700 sample
with 5 mol.% Tb**/1 mol.% Eu** co-doped CaF,, TEM,
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Fig. 2 XRD patterns of PG and GC700 with 5 mol.%Tb*, 1

mol.%Eu*", and 5 mol.% Tb**/1 mol.% Eu®* co-doped CaF,
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HRTEM and SAED of GC700 were performed, as
shown in Fig. 3(a, b). The TEM bright-field images dem-
onstrate that the well formed CaF, nanocrystals were
homogeneously dispersed among glass matrix and the
diameters of the nanocrystals were about 7-15 nm, in
agreement with the average nanocrystal size calculated
from XRD data. Further the HRTEM image is shown in
Fig. 3(b) with their SAED rings well indexed to cubic
CaF,. The selected particle in Fig. 3(b) shows an inter
planar spacing of 0.1908 nm, corresponding to the (220)
lattice plane of CaF, (dx»¢=0.1930 nm). To summarize,
the TEM, HRTEM and SAED images further confirm
the formation of the cubic phase of CaF, glass ceramics.
In order to investigate the luminescent properties of
PG and GC700 with 5 mol.% Tb**,1 mol.% Eu’’, and 5
mol.% Tb**/1 mol.% Eu’" co-doped CaF,, their excita-
tion spectra (monitoring the emission of the Tb*" ions at
541 nm and emission of the Eu’" ions at 615 nm) were
recorded and are depicted in Fig. 4. From the excitation
spectra monitored with the ’D,— Fs transition of Tb>" at
541 nm of the 5 mol.% Tb**CaF, PG and GC700 sam-
ples in Fig. 4(a—b), the excitation peaks situated at 377
and 485 nm are ascribed to the 'Fe—’L,o and 'Fe—’D,
transition of Tb>*, respectively. In the excitation spectra
of Eu*" by monitoring the Dy— 'F, transition at 615 nm
of 1 mol.% Eu*" CaF, PG and GC700 in Fig. 4(a-b), the
characteristic absorption peaks of Eu’" at 394, 415, and
465 nm were observed, corresponding to the "Fo—"Le,
7F0—>5D3, and "Fy—°D, transitions of Eu3+, respectively.

@

Fig. 3 (a) TEM image of GC700 with 5 mol.%Tb**/1 mol.%
Eu®* co- doped CaFy; (b) HRTEM image of GC700 with
5 mol.%Tb*"/1 mol.%Eu’" co-doped CaF, (the inset is
the SAED)
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Fig. 4 Excitation spectra of PG (a) and GC700 (b) containing 5
mol.%Tb*, 1 mol.%Eu"", and 5 mol.%Tb**/1 mol.%
Eu*" co-doped CaF, by monitoring the *Dy;—’Fs emis-
sion of the Tb®" ions at 541 nm and ’Dy—'F, emission
of the Eu*" ions at 615 nm, respectively

Aside from the characteristic absorption peaks of Eu’”,
the characteristic absorption peaks of Tb*" are also ob-
served in the excitation spectra of Eu’" for 5 mol.%
Tb**/1 mol.% Eu’* co-doped CaF,PG and GC700, which
is a clear evidence for the occurrence of the ET from
Tb** to Eu’". Moreover, the intensity ratio of 465 to 485
nm in PG decreases from 4.4 to 3.9 after crystallization.
It can be deduced that the ET is more effective in GC700
than PGP Due to the thermo-sensitive luminescent
properties of Tb*"/Eu’" co-doped samples caused by the
ET between Tb* and Eu’* ions, it is better to choose the
characteristic excitation band of Tb*" for effective excita-
tion. However, the strongest peak of Tb*" at 377 nm was
overlapped with the peak of Eu®" at 394 nm. As a result, we
selected the excitation band around 485 nm correspond-
ing to the "Fs—°D, of Tb*" as the best choice.

Furthermore, the ET transfer of Tb®" to Eu** was also
investigated through decay curves of Tb®" emission by
monitoring SD,—Fs transition of Tb®" under the 485 nm
excitation in 5 mol.%Tb*" and 5 mol.%Tb*"/1 mol.%
Eu** co-doped CaF,PG and GC700 samples. It can be
clearly seen that the fluorescence decay becomes quick
after the Eu’" ions co-doped as the acceptor of ET in Fig.
5. It is found that all decay curves can be well fitted by
double exponential decay mode with the following equa-

tion*!:
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Fig. 5 Decay curves of PG (a) and GC700 (b) containing 5
mol.%Tb*, and 5 mol.%Tb**/1 mol.%Eu*" co-doped
CaF, by monitoring the emission of Tb*>" at 541 nm

I=4 exp(—L) + 4, exp(—L) 2)
Tl 7.'2

where [ is the luminescence intensity; 4, and 4, are fit-

ting parameters; ¢ is the time, 7; and 7, are rapid and slow

lifetimes for exponential components, respectively.

Based on these parameters, the average decay times of

Tb** can be calculated by the following equation’*':

At + At
;=

= 3)
Az, + Az,
The average lifetimes (7) were determined to be 2.86,
2.61,2.78, and 2.39 ms for PG and GC700 with 5%Tb**
and 5 mol.%Tb*"/1 mol.%Eu’", respectively. The lumi-
nesce lifetime of sensitizer Th*" is shortened after the
Eu’" co-doping, which is an evidence of the ET from
Tb’* to Eu® in PG and GC700.
Besides, the ET efficiency 77:7 of Tb*" to Eu’" can be
calculated based on the following equation™:

T

My =1=— 4
TO

where 7, and 7 are the lifetimes of Tb*>" ions in the ab-

sence and presence of Eu’", respectively. The calculated

ET efficiency 77 is 8.7% and 14% in PG and GC700,

respectively. It is further demonstrated that the ET proc-

ess from Tb** to Eu’" is more efficient in GC700 than

PG.

To examine the thermal effect on the photolumines-
cence, the photoluminescence intensity was investigated
in a temperature range from 21 to 300 K under excitation
of 485 nm. All the emission spectra were normalized to
the 541 nm emission band of Tb*":’D,—Fs, as shown in
Fig. 6(a). It is interesting that the intensity of Tb>*
(~541 nm) exhibits a significantly different tempera-
ture-dependent luminescence behavior as compared with
that of Eu’" (~620 nm). As a consequence, energy trans-
fer from Tb*" to Eu’" in glass ceramics enhances greatly
with the increase of temperature, which can be used as a
self-calibrated reference for the sample temperature. As
shown in Fig. 6(b), the temperature-dependent FIR from
21 to 320 K can be linearly fitted by the following equa-
tion:

L 30800047 (5)

The fitting of experimental data gives a sensitivity of
0.4%/K for temperature sensing. This result suggests that
5 mol.%Tb*"/1 mol.%Eu’" co-doped CaF, GC700 is a
promising candidate for thermometer in this temperature
range under the 485 nm excitation.
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Fig. 6 (a) Normalized emission spectra of GC700 under the ex-
citation of 485 nm in the temperature range of 21-320 K;
(b) Dependence of FIR (Is41/s0) on temperature for
GC700 and the fitted line for experimental data

3 Conclusions

In summary, the transparent glass ceramics containing
5 mol.%Tb’"/1 mol.%Eu’" co-doped CaF, nanocrystals
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were successfully fabricated by conventional melt-
quenching method and subsequent heat treatment. The
formation of CaF, nanocrystals were confirmed by XRD,
TEM, HRTEM, SAED and photoluminescence spectra.
Moreover, the fluorescence intensity ratio between Tb**
at 545 nm (°D4—Fs) and Eu’” at 615 nm (°Dy—F,) was
investigated and found to be highly tempera-
ture-dependent in a wide range from 21 to 320 K under
the excitation of 485 nm. The temperature sensitivity of
fluorescence intensity ratio was about 0.4%/K, which
suggested that the investigated glass ceramics might be a
promising candidate as optical temperature sensor.
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