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Glasses of composition (mol%) 75KP03-(25-x)Mo0s-xNd>*, with 0 < x < 1.0, have been prepared and char-
acterized. Thermal and structural properties of the glasses were studied by Differential Scanning Calorime-
try (DSC) and Raman scattering spectroscopy. The thermal stability against crystallization on heating was
evaluated. Absorption spectra in the visible and infrared regions were collected and analysed, and

photoluminescence excitation and emission spectra were obtained under 804 nm diode laser excitations.
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Using the Judd-Ofelt formalism, the Q,, Q4 and Qg parameters and the radiative lifetime (7,) were calculat-
ed for the “Fs, excited state. A fluorescence quantum efficiency for this level (QE = 7r/ 7r) of 58% was de-
termined for glass with x = 0.6.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The utilization of rare earth (RE) ions based materials has received
considerable attention because of their potential applications including
three-dimensional displays [1], laser and optical amplifiers [2], solar
cells [3,4], bio-technologies [5,6,7].

The application of Nd>* for high power laser design has been known
for the past several decades and a lot of work has been carried out on the
spectroscopic and lasing characteristics of Nd>* ion in both crystalline
and amorphous matrices [8]. The tailoring of fluorescence and up-con-
version properties of Nd>* ions to a considerable extent could be
attained by suitably selecting the host matrix [9,10].

The selection of the host matrix is an important factor to obtain high-
ly efficient luminescence since the widths and relative intensities of
these lines are dependent on the host matrix. These features can be
used to tune the emission of the material depending on their practical
applications [11,12]. In this sense, glassy materials have been suited to
several optical applications. They are easy to fabricate into waveguide
form and in bulk, in comparison to crystalline materials [13,14]. Differ-
ent glass family hosts, including borates, phosphates, fluorides,
germanates, vanadates and tellurites have been studied extensively
for this purpose [3,8,9,15,16]. Among these families, borate and
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phosphate glasses are well known to incorporate high concentrations
of rare-earth ions [17].

Campbell and Suratwala [18] published a review on neodymium-
doped phosphate glasses used for high energy (10>-10° J) and high-
peak-power (10'2-10"> W) laser applications such as fusion energy
research. The most common base glasses are meta-phosphates (O/
P ~ 3) with the approximate composition: 60P,05-10Al,05-30M,0/MO;
K/Ba or K/Mg are typical modifiers.

Recently, studies have been presented in phosphate - molybdenum
oxide glasses and their optical properties [19,20]. The use of this glassy
family have been one challenge due to formation of reduced species
Mo°" and Mo*™ species. Poirier et al. [19] observed that an increase
of the MoOs concentration promotes a strong absorption in the
visible and near infrared attributed to Mo atoms reduction during
glass synthesis. Octahedral coordination is proposed for Mo atoms and
alarge proportion of reduced species Mo®* and Mo** of electronic con-
figurations d! and d? is present. Optical applications for Molybdenum
oxide containing glasses have been limited by the poor transparency
in the visible and near infrared due to the absorption of reduced Mo spe-
cies, resulting in dark green, brown and black glasses [19,21]. Using
phosphate glasses could be useful in the control of Mo reduction process
that occurs during the synthesis or in compositions where the reduction
is not favored [22]

In this context, this work presents results for the optical and thermal
properties of 75KP03-(25-x)MoO3-xNd>* glass system, with x varying
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Fig. 1. Differential scanning calorimetry curves of the 75KPOs-(25-x)M003-xNdO; 5 glass
compositions.

from O to 1.0 in mol%. The experimental results from the fluorescence
study are treated within the Judd-Ofelt theoretical approach [23-25].

2. Experimental procedure
2.1. Glass synthesis

The precursor KPO3 was prepared from decomposition of KH,PO4
(Aldrich, 99%) at 330 °C during 24 h and 1000 °C during 24 h in an elec-
tric furnace. Vitreous samples in the binary system 75(KPOs3)-(25-
X)Mo003-xNdO; 5 with x = 0.0 to 1.0 mol% were prepared by the
conventional melt-quenching method using molybdenum oxide
(Sigma, 99.5%), potassium polyphosphate prepared previously and
Nd,05 (99.5%). The powdered starting materials were mixed and
melted in a platinum crucible at a temperature of 750 °C. The resulting
liquid was kept at this temperature for 60 min to ensure fine homogeni-
zation. Finally, the melts were fast cooled in a brass mold set at 10 °C
below the glass transition temperature. All samples presented chemi-
cally stable against moisture and a yellow colour suggesting the absence
of molybdenum in low valence states. Nd>" doped glasses were
polished for the optical characterizations.

2.2. Structural and thermal characterizations

The glass amorphous state was checked by X-ray powder diffraction
(X-ray diffractograms not shown here). DSC measurements were con-
ducted with a TA Instruments 2910 calorimeter using a heating rate of
10 °C min~'. Raman scattering spectra measurements were obtained
with a LabRam HR instrument of Horiba-Jobin Yvon operating with a
He-Ne laser at 632 nm.

Table 1
Physical properties of 75KPO3-(25-x)MoO3-xNdO; 5 glasses.

2.3. Spectroscopy studies

The visible-infrared absorption spectra were obtained using a
Varian Cary 500 spectrophotometer. The measurements were per-
formed on the polished glass discs of 2 mm in thickness and with
spectral resolution of 0.5 nm. The refractive index of the glass was
measured for transverse electric with an m-line apparatus (Metricon
Model 2010) based on the prism coupling technique. The resolution
in the determination of the angles synchronous to the propagation
modes was 0.0075°. Density measurement was performed in a He
pycnometer, using a Micromeritics AccuPyc 1330. Experimental oscil-
lator strengths (fxp) of the transitions were evaluated experimentally
from integrated absorbance for each band. Afterwards the values ob-
tained were used in order to obtained the so-called Judd-Ofelt inten-
sity parameters (O N\ = 2, 4, 6) [25].

Photoluminescence spectroscopy was studied by excitation and
emission spectra obtained in a Fluorolog FL-322 spectrofluorimeter of
Horiba-Jobin Yvon, equipped with a Hamamatsu photomultiplier for
the 250-850 nm range, and an InGaAs photodetector for the 850-
1700 nm range. A diode laser diode operating at 804 nm was utilized
also as excitation source, by focusing the laser beam on the sample sur-
face through a 100 mm focal length lens, with spectral resolution of
1 nm. All measurements have been performed at room temperature.
The luminescence lifetime measurements of the 4F3,2 level were obtain-
ed using 808 nm wavelength radiation generated by an optical para-
metric oscillator (OPO) pumped by a 5 ns pulsed Nd:YAG laser
(355 nm, 10 Hz).

3. Results and discussion

Fig. 1 shows DSC curves obtained for the all glass samples. The char-
acteristic temperatures (Glass transition (Tj), crystallization onset (Tx)
and crystallization maximum (T,) temperatures) are summarized in
Table 1. The value of T,, Tx and Tj, for undoped glass sample could be ob-
served at T, = 344 °C, Ty = 484 °C and T, = 509 °C. Thermal stability of
the glass was evaluated with the K, = Tx — T, parameter proposed by
Hruby [26,27]. The value so obtained of 140 °C, is in agreement with lit-
erature [27,29]. Saad and Poulain proposed another parameter the
Ksp = (Tx — Tg)(T, — Tx)/Tg which is equal to 10.17 °C. All these values
are considered high, which means the glass matrix displays high ther-
mal stability against crystallization on heating [28]. The replacement
of molybdenum oxide by Neodymium oxide leads to a small decrease
of glass transition temperature (Tg), as can be observed in Fig. 1. The
crystallization maximum temperature (T,) increases from 0 to
0.3 mol% of Nd>* and decreases between 0.3 and 1.0 mol%.

Raman spectra obtained for all glasses are shown in Fig. 2. Phos-
phate - molybdenum oxide glasses have been studied before by
some of us. Additionally to typical phosphate modes glasses
P—O0—Mo stretching vibrations could be identified [27,29]. The ad-
dition of Nd3™ to the glassy matrix did not structurally change the
network.

The optical absorption spectra from 390 to 1000 nm of the
glasses samples with different Nd®>* concentrations are presented
in Fig. 3. Six main absorption bands are observed at 512, 525, 583,

Glass x (mol) Temperatures (°C) Thermal stability parameter (°C)
Tg (£2) Tx (£2) Tp (£1) Ky = (Tx — Tg) Ksp = (Tx — Tg)(Tp — Tu)/Tg

0 344 484 509 140 10.17
0.1 342 478 551 136 29.03
03 340 542 578 202 19.45
0.5 339 521 571 182 26.84
0.6 337 502 556 165 26.44
1.0 335 477 530 142 22.45
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Fig. 2. Raman spectra of the 75KP03-(25-x)Mo003-xNdO; 5 glass compositions.

747, 803 and 874 nm for all samples, corresponding to the absorp-
tion from “Iy/, fundamental level to the excited electronic states of
Nd*™ ions, 2Gojz + G112 + 2Kisj2 + 2D3j, °Grj2 + *Gopo + *Ki3)2,
4F7/2 + 453/2, 4G5/2 + 2G7/2, 4F3/2, 4F5/2 + 2H9/2 [30] As mentioned
in the Introduction glasses containing molybdenum oxide in gen-
eral display colors due to Mo reduced species. Interestingly
enough, samples studied here presented high transparency (higher
than 80%) between 430 and 1000 nm, suggesting no absorbing spe-
cies. The increasing absorbance in the UV relates to the glass host
bandgap that could be identified here at 2.96 eV.

Table 2 shows the values for experimental oscillator strengths fe,
obtained for all glass compositions doped with Nd>*, using for calculat-
ed the density 2.768 g-cm™ > and refractive index 1.6362 obtained at
532 nm values. The intensity parameters and the calculated oscillator
strengths obtained by using standard methods are also presented [25].

The obtained values of the phenomenological intensity parameters
05, Q4 and Qg are shown in Table 3. The calculated values are in the
range of observed intensity parameters for Nd>* in different phosphate
glasses [31]. These values obtained were used to calculate the radiative
transition probabilities (A;_;) for the excited *F5/, to *I;, manifold (I,
4]11/2, 4113/2 and 4115/2) for Nd3+ and the bl‘anching ratios (B]H]/)' The
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Fig. 3. Optical absorption spectrum of the glass doped with 0.6 mol% Nd>*. Inset shows the
intensity for the transition *Gs/, + Gy, as a function Nd** concentration.

Table 2
Experimental and calculated oscillator strengths (f x 10~°) values of absorption transi-
tions of the glasses contained different concentration of the Nd>* ions doped composition.

Transitions Energy  0.5% Nd*™ 0.6% Nd>* 1.0% Nd>*
-1

cm

( ) fexp fcul fexp fcal fexp fcal
4Fspn 11455 252 205 085 070 060 071
“Fs;y + 2Hop 12,453 445 480 330 279 261 240
4Frn + 1S3 13387 435 410 286 310 239 251
4Gspp + 2Gop 17,123 160 160 120 119 766 7.65
Gy + *Gopy + %Ky, 19,029 338 448 178 231 185 193
rms 0.95x 1075 064 x 107% 012 x 107°

radiative rates for all four transitions and the branching ratios are
shown in Table 4. The branching ratio values are known to be related
to the Q4/Q¢ ratio value (see Table 3). For most glasses Q < Qg and
the largest transition probability is to the *I;;,, [30], in agreement
with our molybdenum phosphate glass contained high concentra-
tion of the neodymium ions. The obtained total radiative rates are
2486.37, 2639.15 and 1725.49 s~ ! of the “*F3,, metastable state for
the samples with 0.5, 0.6 and 1.0 mol% Nd>™, respectively. The radi-
ative lifetime, 7, for the “Fs,, excited state is calculated by equation

1

> AU-T)

and obtained are shown in Table 4, the results are nearly the same for
other phosphate glasses in literature [32].

Photoluminescence spectra obtained for excitation at 804 nm and
lifetime decay curves are shown in Figs.s 4 and 5, respectively. A mean
decay time of around 220 ps was obtained from the integrated decay
curves for all samples. The radiative lifetime (7,) of the “Fs), state deter-
mined by the Judd-Ofelt analysis was found to be 379 s, resulting in the
fluorescence quantum efficiency (QE = 77/ 7.) of 58%, similar to
fluorophosphates glasses [32] and phosphate glasses [33] found in the
literature.

T =

4. Conclusion

New phosphate-molybdenum oxide glasses were prepared. From
DSC curves some thermal parameters as Tg, Ty and T, were measured
and used to determined thermal stability parameters from equations
proposed by Hruby (K>) and Saad and Poulain (Ksp) being 140 °C and
10.17 °C, respectively, showing that the glass matrix possess a high ther-
mal stability against crystallization on heating. The addition of MoO3 to
KPOj3 glass produces P—O—Mo connectivities leading to a special sta-
bility of the glasses. The addition of neodymium to the glassy matrix
did not structurally change the network. Nd>* spectroscopic character-
istics were analysed. Under excitation at 804 nm with a diode laser IR
emission was obtained. Judd-Ofelt intensity parameters were obtained
for the sample with 0.6% Nd>* with values Q, = 3.2 x 1072° cm~?,
Q;=16x10"2°cm 2and Qg = 2.6 x 10~ 2° cm™ 2. The calculated ra-
diative lifetime (7,) for the “F; , excited state is 379 ps, and a measured
room temperature lifetime (75) were found to be ~220 ps, with no con-
siderable variation with the measured lifetime with the concentration,
leading to a fluorescence quantum efficiency (QE = 77/ 7,) of 58%,
being similar to other phosphate glasses in literature. On the other

Table 3
Calculated Judd-Ofelt intensity parameters Q46 (10~2° cm?), spectroscopic quality factor
(Q4/Q) for glass samples doped with Nd>* ions.

Nd** (x mol%) Q, Q4 Qs Qu/Qs
0.5 28 £ 05 42 + 0.5 24 +£ 05 1.75
0.6 29 4+ 04 1.3+ 04 21 +£04 0.62
1.0 23+ 09 14 £ 09 20+ 09 0.70
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Table 4
Radiative transition probabilities (A;_.;) and the branching ratios (£3;_,) for the excited *Fs , to *; manifold (*lo/, “I11/2, “I13/2 and “I;s12) of glass composition contained 0.5, 0.6 and 1.0%
Nd3*.
Transition Wavenumber (cm™!) 0.5% Nd>* 0.6% Nd>* 1.0% Nd>+
Ajny (571 Bi-i Ay (s71) Bi-i Ajny (57 Bi-i
Fz > oy 11,415 1020 041 975.78 0.37 614.25 0.36
4F3/2 -> 4111/2 9488 1298 0.52 1332.05 0.51 891.61 0.52
4F3/2 -> 4113/2 7541 159.92 0.06 318.34 0.12 211.14 0.12
4F3/2 -> 4115/2 5556 8.447 0.003 12.98 0.05 8.49 0.005
Nd** (mol%) 05 06 1.0
A= Y A(s™Y 2486.37 2639.15 1725.49
7, () 402.19 3789 579.5
QE =717/ 7, 0.55 0.58 0.38
hand, our doped samples possess only visible absorption from Nd3™ Acknowledgments

ions, and absorption from Mo ions with low valences were not detected.
Finally, we obtained glassy matrix with high transparency in the visible
and near infrared regions.
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Fig. 4. Near infrared emission spectra of the glasses under 804 nm excitation using a diode
laser.
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Fig. 5. The fluorescence lifetime decay curves for the emission at 1054 nm.
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