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Thermal stability and 2-um fluorescence of high and low Al(POs)s content of fluorophosphate glasses
are investigated. Thermal stability of high Al(POs3)s content of fluorophosphate glass is better than low
Al(POs3)s content of fluorophosphate glass. However, 2.04-um fluorescence intensity of high Al(POs3)s
content of fluorophosphate glass is only 48.2, lower than low Al(PO3)s content of fluorophosphate glass.
Raman spectroscopy is employed to investigate the difference in thermal stability and 2-pm fluorescence.
Moreover, fluorescence peak intensity ratios of 2.04 to 1.81 pm and 2.04 to 1.57 pm are calculated, which
indicate that Er-Tm-Ho doped fluorophosphate glasses are suitable materials in 2-pm applications.
OCIS codes: 160.5690, 160.4670, 300.6280, 160.2750.
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2-pm region laser emission has drawn considerable atten-
tion because of its numerous potential applications in-
cluding remote sensing, eye-safe laser lidar, and biomed-
ical applications!'=. In recent years, there are man
reports of fluoride glasses operating in 2-pm region!®°l,
but the unsatisfactory chemical and environmental sta-
bility limits their application. Fluorophosphate glasses,
which possesses the merits of both fluoride and phos-
phate glasses, is an interesting candidate for 2-pm region
fiber and other optical material applications. According
to the recent research!” the physical and chemical prop-
erties of fluorophosphate glasses compare well against
fluoride glasses, and its maximum phonon energy which
is smaller than phosphate glasses, can lead to low nonra-
diative relaxation in fluorophosphate glasses benefitting
to 2-pm region. Meanwhile, they are characterized with
extensive compositions, complicated network construc-
tions, and high content of doped rare earth ions!®%. All
the favorable properties make them suitable to develop
rare earth doped optical materials.

However, the different phosphate content in fluo-
rophosphate glasses engenders distinct effect on phys-
ical, chemical, and optical properties. This letter aims
to investigate the effect of high phosphate content (20-
mol% Al(POs)s) and low phosphate content (5-mol%
Al(PO3)3) on thermal stability, 2-um fluorescence, and
structure in Er-Tm-Ho doped fluorophosphate glasses.

The studied fluorophosphate glasses were prepared
in compositions: 20A1(POg3)3-13MgF2-47BaF2-13LiF-
4ErF3-2TmF3-1HoF4(mol%) named FHP where the
F/P ratiois 2.6 and 5A1(PO3)3-32A1F3-10MgF3-15CaFo-
7SrF2-14BaF3-10NaF-4ErF3-2TmF5-1HoF3 (mol%) na-
med FLP where the F/P ratio is 14.8. All started materi-
als were of analytical grade. About thirty-gram batches
of powders were weighed and mixed thoroughly, and
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then placed into a platinum crucible and melt at 1000—
1080 °C for 30 min. After completely melting and fining,
the glass liquid was cast into graphite moulds, and then
annealed for several hours at the glass transition tem-
perature before they were cooled to room temperature
at a rate of 20 °C/h. Finally, the annealed samples were
cut and polished with the size of 15x10x1.5 (mm) for
optical measurements.

The characteristic temperatures (temperature of glass
transition Ty, temperature of onset crystallization peak
T, and temperature of top crystallization peak T},) were
determined by differential scanning calorimetry (DSC)
using NETZSCH STA 409PC. The fluorescence spec-
tra were measured with a Triax 550 type spectrometer
(Jobin-Yvon Co., France) upon excitation of 808-nm
laser diode (LD) in the range of 1.4 — 2.2 ym. The Ra-
man spectra were measured using Micro Raman Spectra
Lab Ram-1B. All the measurements were performed at
room temperature.

The typical DSC graphs of FHP and FLP samples are
represented in Fig. 1. The characteristic temperatures
are listed in Table 1. AT, defined as the temperature
gap between Ty and Tg, is often used as a measure of
thermal stability of glass. With the increase of AT, the
thermal stability of glass changes to be better. Table 1
shows that AT of FHP glass sample is 129 °C, and it is
a little larger than that of FLP sample. According to the
research of Lebullenger'?, characteristic temperature of
glass was correlated with breaking of the chemical bonds
by thermal motion. Comparing with FLP sample, high
phosphate content in FHP sample increases the strength
of the average chemical bond or produces a more linked
or interconnected glass network, and enhances the ther-
mal stability of fluorophosphate glass. Therefore, FHP
sample possesses a little better thermal stability than
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FLP glass sample. However, no matter high or low
the phosphate content of fluorophosphate glasses is, the
thermal stability is more desirable than fluoride glasses
whose AT is 89 °C1U and it is obviously important in
glass bulk or fiber fabrication.

Figure 2 presents the fluorescence spectra of an FEr-
Tm-Ho doped FHP and FLP samples pumped by an
808-nm laser. In the spectra, it can be found that three
fluorescence bands center at near 2.04, 1.81 and 1.57 pm,
corresponding to the emission from the excited states
Ho%**: 517, Tm®*: 3Fy, and Er**: *I;3/5 to the ground
states. FLP sample shows stronger 2.04-um fluorescence
than FHP sample, whereas the 1.81- and 1.57-pum fluo-
rescence intensities are a little lower, and the intensity
values are listed in Table 2. In addition, Table 2 also
shows the peak intensity ratios of 2.04 to 1.81 um and
2.04 to 1.57 . The ratios I2.O4/Il.81 and 12,04/11,57 of
FLP sample can reach to 7.2 and 19.8 respectively, and
are much higher than those of FHP sample. The results
indicate that the energy of Tm3* and Er®* ions in Er-
Tm-Ho doped FLP sample can transfer more sufficiently
to Ho?t ions than FHP sample, leading to stronger 2-
pm fluorescence. From the ratios, it is also worthwhile
to mention that in Er-Tm-Ho doped fluorophosphate
glasses, the 2.04-um fluorescence is so intense that the
1.81-and 1.57-um fluorescence can be ignored, and this
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Fig. 1. DSC graphs of FHP and FLP samples.

Table 1. Characteristic Temperatures of FHP and
FLP Samples

Glass Samples T, (°C) 1k (°C) T, (°C) AT (°C)
FHP 435 564 597 129
FLP 429 555 586 126
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Fig. 2. Fluorescence spectra of Er-Tm-Ho doped FHP and
FLP samples pumped by an 808-nm laser.
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Table 2. Fluorescence Intensities and Intensity
ratios of FHP and FLP Samples pumped by an
808-nm Laser

Glass Samples Isosa Iis1 Iis7 Izo0a/Irs1 I2.0a/I1.57
FHP 48.2 10.2 4.7 4.7 10.3
FLP 63.2 8.8 3.2 7.2 19.8

phenomenon is significant in the 2-pm region fluores-
cence research. Consequently, Er-Tm-Ho doped FLP
sample is a more suitable material than FHP sample in
2-pm region application.

The pumping scheme and energy transfer process of
Er-Tm-Ho doped fluorophoshpate glasses are illustrated
in the energy level diagram of Fig. 3. Comparing with
Tm-Ho doped glasses, Er-Tm-Ho doped glasses also have
effective sensitization effect while there are a few reports
about that. From Fig. 3, Er®t and Tm3* ions both
can absorb the 808-nm pumping beam, and the energy
sufficiently transfers form Er®*T: 4133/, and Tm?®*: 3F,
levels to Ho3*: 51; level, finally the strong 2.0-um fluo-
rescence can be obtained.

The Raman spectra of FHP and FLP glass samples are
shown in Fig. 4. Nine bands labeled a — ¢ are defined.
Band a is observed clearly in the spectra of FHP and
FLP samples, and it is related to M — F (M = Mg?*,
Ba?t in FHP sample and M = Mg?*, Ca?*, Sr?*, and
Ba?* in FLP sample) bond vibration!'%l. Band b is only
observed in the spectrum of FLP sample and ascribed to
[AIF,] vibration!'?. Band c is observed in the spectrum
of FHP sample and can be related to the symmetric
stretching of P-O-P in metaphosphate tetrahedron!'3].
Band d in the spectrum of FLP sample is due to the sym-
metric vibration of terminal groups of (~-OPO,F)2~[14],
Band e can be observed clearly in the spectrum of FHP
sample, while there is a little shoulder in the spectrum
of FLP sample which is also assumed to be band e. It
is attributed to the symmetric stretching of F-P-F in
(PO2F3)~ group!’®. In the spectrum of FLP sample,
the strongest peak appears at 1012 cm™! defined as
band f, which presents as a shoulder in the spectrum of
FHP sample. It is ascribed to O—P-F stretching vibra-
tion in the (PO3F)?~ group!’®l. However, the strongest
peak in the spectrum of FHP sample is observed at
1049 cm ™' defined as band ¢ and related to the sym-
metric stretching of O-P-O in Py(0O, F); group!'®.
Band h can be both observed in the spectra of
FHP and FLP samples and is attributed to the
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Fig. 3. Energy level diagram and energy transfer sketch map
of Er-Tm-Ho doped fluorophosphate glasses pumped by an
808-nm laser.
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Fig. 4. Raman spectra of FHP and FLP samples.

symmetric stretching vibration of O—P-O in metaphos-
phate tetrahedron™®/. Band i only presents in the spec-
trum of FHP sample and is due to the asymmetric
stretching of non-bridging oxygen in O-P-O13]. Based
on the results of the Raman spectra, the maximum
phonon energy of FLP sample is smaller than FHP sam-
ple. According to the report of Peng!'”, the fluores-
cence intensity of Ho3*:%1,—%Ig transition is mainly con-
trolled by the quantum efficiency driven primarily by
the phonon energy. The higher maximum phonon energy
leads to the larger nonradiative relaxation, and depresses
the fluorescence intensity. Consequently, the 2.04-pm flu-
orescence intensity of FLP sample is stronger than FHP
sample. In addition, the structure of FHP sample is
mainly affected by the symmetric stretching of O-P-O
in P2(O, F)7 group, and the larger number of O-P-0 in
FHP sample maybe results in that the thermal stability
of FHP glass sample is better than that of FLP sample.
Therefore, from the comparative 2-pm fluorescence of
FHP and FLP samples, the low phosphate content of
fluorophosphate glasses should be chosen, although the
thermal stability is a little worse than the high phos-
phate content of fluorophosphate glasses. Moreover, in
order to achieve the most sufficient and intense 2-pum
fluorescence, the optimization of rare earth ions doped
concentration should be investigated in further study.
In this letter, the thermal stability 2-um fluorescence
and Raman spectra of high and low phosphate content
of Er-Tm-Ho doped fluorophosphate glasses are investi-
gated and compared. Low phosphate content of fluo-
rophosphate glass possesses much stronger 2-um fluores-
cence and a little worse thermal stability than high phos-
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phate content of fluorophosphate glass. From the Raman
analysis, the comparative results of thermal stability and
2-pum fluorescence are correlated to the difference of the
maximum phonon energy. From the study, low phosphate
content of fluorophosphate glasses should be chosen for
2-pm region applications.
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