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This paper reports the fabrication and characterization of Eu*>*/Nd®* co-doped phosphate (PNE) glasses
and glass—ceramics as a function of Eu* concentration. The precursor glasses were prepared by the con-
ventional melt quenching technique and the opaque glass—-ceramics were obtained by heating the pre-
cursor glasses at 450 °C for 30 h. The structural and optical properties of the glass and glass—-ceramics
were analyzed by means of X-ray diffraction, Raman spectroscopy, UV-VIS-IR absorption spectroscopy,
photoluminescence spectra and lifetimes. The amorphous and crystalline structures of the precursor
glass and opaque glass—ceramic were confirmed by X-ray diffraction respectively. The Raman spectra
showed that the maximum phonon energy decreased from 1317 cm™! to 1277 cm™' with the thermal
treatment. The luminescence spectra of the glass and glass-ceramic samples were studied under
396 nm and 806 nm excitation. The emission intensity of the bands observed in opaque glass-ceramic
is stronger than that of the precursor glass. The luminescence spectra show strong dependence on the
Eu?* ion concentration in the Nd3* ion photoluminescence (PL) intensity, which suggest the presence
of energy transfer (ET) and cross-relaxation (CR) processes. The lifetimes of the “Fs, state of Nd** ion
in Eu*>*/Nd®* co-doped phosphate glasses and glass-ceramics under 806 nm excitation were measured.
It was observed that the lifetimes of the *F, level of Nd** of both glasses and glass—ceramics decrease
with the increasing Eu®* concentration. However in the case of opaque glass—ceramics the lifetimes
decrease only 16%.
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Glass—ceramics could be classified in transparent or opaque
glass-ceramic depending on their transmittance, which depends
in a sensitive way on the annealing condition used to induce crys-
tallization [3].

1. Introduction

Glass—ceramics are one of the relatively new members of the
ceramics’ family and an important electroceramic type. These

materials are obtained from a glass by suitable heat treatments,
with the objective to produce the nucleation and growth of certain
crystalline phases that are immersed in the residual vitreous
matrix [1]. The advantage that a glass-ceramic offers over either
glass or ceramic materials is the combination of easy fabrication
and outstanding mechanical properties. Since glass—ceramic
matrix have zero porosity and submicron grains, they are mechani-
cally stronger than many conventional glass and ceramic matrix
[2].
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Transparent glass—ceramic as host materials for active optical
ions have attracted great interest recently due to their potential
application in optical devices such as frequency-conversion mate-
rials [4,5], lasers [6,7] and optical fiber amplifiers [8-11]. It have
been demonstrated that the rare-earth doped transparent glass—
ceramics, in which rare-earth ions selectively incorporated into
the crystalline phase, may combine the favorable properties such
as low phonon energy, high mechanical and chemical stabilities
in glass matrix similar to crystalline environment [12,13].

On the other hand, little research has been done in the field of
opaque glass—ceramics doped with rare-earths [14-16]. Pie et al.
[17] showed that the photo-stimulated luminescence in Eu-doped
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fluorochlorozirconate opaque glass-ceramic is stronger than in
glass or transparent glass—ceramic. This was due to an increasing
volume fraction of orthorhombic BaCl,. In addition, opaque
glass-ceramics show good chemical durability, mechanical
strength, and corrosion resistance. Based on this point, opaque
glass—-ceramics are more competitive than glasses in the develop-
ment of white lighting, sensor and planar medical display devices.
Hence, further attempts at developing rare-earth doped opaque
glass—-ceramics have important significance in the development
of luminescent materials.

In the present work we introduce a new glass and glass—ce-
ramic matrix based on Sodium Phosphate (NaH,P,0sH,0) which
is one the best host for photonic applications with high rare earth
elements solubility without ion cluster formation [18]. This fact is
due to large amount of non-bridging oxygen [19]. With the aim to
improve the thermal and mechanical properties of the host,
Aluminum Oxide (Al,03) and Barium Oxide (BaO) were added,
respectively [20-22]. On the other hand, in order to decrease the
melt temperature, improving the rare earth elements solubility
by creating new non-bridging oxygen, reducing the water content
and promoting the removal of bubbles, Potassium Carbonate
(K;CO3) and Sodium Fluoride (NaF) were added, respectively
[23]. Finally, Lanthanum Oxide (La;O3) which has an ionic radius
similar to the rare earths was added to the host composition for
substitution of rare earths without modifying the glass
composition.

The motive of the present study is to investigate the optical
properties of Eu**/Nd>* co-doped phosphate (PNE) glasses and opa-
que glass-ceramics. The precipitation of crystallites and the
incorporation of Eu®* and Nd3* into the crystallites were confirmed
by X-ray diffraction, Raman spectroscopy and photoluminescence
spectra. The luminescence spectra of the glass and glass—ceramic
samples were studied under 396 nm and 806 nm excitation.

2. Experimental
2.1. Sample preparation

All samples were prepared from the starting chemical con-
stituent sodium phosphate (NaH,P,0sH,0), aluminum oxide
(Al,03), barium oxide (BaO), potassium carbonate (K,CO3), sodium
fluoride (NaF), europium oxide (Eu,03), neodymium oxide (Nd,03)
and lanthanum oxide (La,0s3). The glass composition was 66P,05-
10.5A1,05-3.05Ba0-16.5K,C03-0.7NaF-xEu,03-0.5Nd,03-
(2.75—x) Lay0O3 (mol.%), where x=0, 0.25, 0.5, 0.75, 1.5 and 2
referred as PNE-0, PNE-0.25, PNE-0.5, PNE-0.75, PNE-1.5 and
PNE-2, respectively. Calculated quantities of precursors were
mixed in a glass dish and melted in an electric furnace at 1200 °C
for 3 h in a platinum crucible so that a homogeneously mixed melt
was obtained. The melt was cast into a suitable aluminum mold
kept at 400 °C. The obtained glasses were subsequently annealed
at 400 °C for 18 h. The annealing process sought to minimize the
internal mechanical stress to obtain glasses with good mechanical
stability. The glass samples were polished to optical quality and
only bubble and streak free samples were taken for optical mea-
surements. Samples were cut and polished to 2 mm thick slabs
for different measurements. Finally, the opaque glass-ceramic
samples were prepared by heating the Eu**/Nd>* co-doped phos-
phate glasses at 450 °C for 30 h (temperature between the glass
transition and crystallization temperatures). Fig. 1 shows a pho-
tograph of the glass and opaque glass—ceramic samples before
and after thermal treatment, respectively. It is observed that the
obtained glass-ceramics have a milky appearance caused by the
formation of small crystallites inside the glass.
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Fig. 1. Photograph of the glass (left sample) and opaque glass—ceramic (right
sample).

2.2. Structural and optical characterization

The X-ray diffraction (XRD) patterns were obtained using
SIEMENSD-5005 equipment provided with a Cu tube with Ko
radiation at 1.5405 A, scanning in the 15-100°, 20 range with
increments of 0.02° and a swept time of 8 s. The Raman signals
were collected using a Renishaw Raman System (Renishaw Inc.,
model RM2000) with a 20x objective lens in backscattering
geometry. The excitation laser wavelength was 514 nm. The
integration time for each Raman measurement was 30 s. The UV-
VIS-NIR absorbance spectra (350-930 nm) of the PNE glass sam-
ples were measured with a spectrometer (Perkin Elmer Lamda
900) with 1 nm resolution. The photoluminescence (PL) spectra
were recorded by exciting the samples with two different excita-
tion sources: a xenon arc lamp and a continuous wave laser diode
centered at the wavelength of 396 nm and 806 nm, respectively.
The emitted signal was focused onto a PC-controlled SP-2357 spec-
trograph (Acton Research) and detected by a photomultiplier tube
R955 (Hamamatsu) and InGaAs detector (Thorlabs DET10C). The
system was controlled with a PC where PL spectra were obtained.
Fluorescence lifetime was measured using a pulsed laser diode
with a monochromator and InGaAs detector connected to a
Tektronix Oscilloscope. All the measurements were performed at
room temperature.

3. Results and discussion
3.1. XRD patterns

The representative XRD patterns for the precursor glass and
glass—ceramic are shown in Fig. 2. For the precursor glass, an amor-
phous structure is observed. For the glass-ceramic, seven crys-
talline structures were formed (1) potassium barium phosphate
(PBP: KBay(P0Os3)s), (2) barium phosphide (BP: BasPg), (3) barium
neodymium oxide (BNO: BaNd,0,), (4) potassium phosphorous
fluoride (KPF: K(PFg)), barium aluminum fluoride (BAIF: Ba(AlFs)),
(6) sodium barium phosphate (NaBP: NayBa(PO3)s) and aluminum
phosphate (AIP: AIPO,4). The peaks at 25.681°, 26.550°, 26.209°,
26.758° and 27.643° correspond to PBP planes of (120), (202),
(=112), (=301), and (310), respectively, indexed to JCPDS No.
00-036-1478. The peaks at 30.225°, 30.398°, 25.653° and 22.745°,
correspond to BP planes of (422),(351),(151) and (440), respec-
tively, indexed to JCPDS No. 01-074-3523. The peaks at 29.070°,
28.679° and 33.988° correspond to BNO planes of (302), (004)
and (112), respectively, indexed to JCPDS No. 01-086-0678. The
peaks at 25.157°, 29.337°, 46.996° and 19.226° correspond to KPF
planes of (110), (012), (21-2) and (101), respectively, indexed
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Fig. 2. XRD patterns of the precursor glass and glass—ceramic. Seven crystalline
structures were formed: potassium barium phosphate (PBP), barium phosphide
(BP), barium neodymium oxide (BNO), potassium phosphorous fluoride (KPF),
barium aluminum fluoride (BAIF), sodium barium phosphate (NaBP) and aluminum
phosphate (AIP).

according to JCPDS No. 01-071-5014. The peaks at 25.259°,
24.579°, 23.509°, 22.538° and 34.393° correspond to BAIF planes
of (-1-12), (103), (-112), (1-1-1) and (1-22), respectively,
indexed according to JCPDS No. 01-071-2941. The peaks at
30.412°, 34.706° and 23.952 correspond to NaBP planes of
(2-21), (—-130) and (211), respectively, indexed to JCPDS No.
00-038-1469. The relevance of these observations is important in
two directions; on one hand is to emphasize the remarkable trans-
formation in the material structure with the annealing at 450 °C,
and on the other hand, the different crystalline structures pre-
sented in the opaque glass—ceramic could change the local
environment of the active Nd**> and Eu*® ions. The later may justi-
fies the change in photoluminescence as has been shown by [13]
and discussed in the photoluminescence spectra Section 3.4.

3.2. Raman spectra

Additional evidence for the structure of the glass and glass—ce-
ramic comes from their Raman spectra as shown in Fig. 3. Raman
spectrum of the glass shows two peaks at 1215 and 1317 cm™.
The glass—-ceramic shows three well defined peaks at 1138, 1277
and 1367 cm~. The principal Raman stretching vibration is due
to phosphorus compounds (P=0), which results in a band between
1350 and 1140 cm™! [24]. This result agrees with the results of
XRD, which showed that the glass—ceramic presents different
phases combined with phosphorus-oxygen. Another important
point observed from Fig. 3 is that the maximum phonon energy
decreased from 1317 cm™! to 1277 cm™! with the thermal treat-
ment which could be explained by the formation of multiple crys-
talline phases inside the glass—ceramic (see Fig. 2). In addition to
the publish results [25] that indicates the correlation between
Raman stretching wavenumbers of phosphorus-oxygen bonds
and their bond lengths in inorganic crystalline phosphates and
its consequences in other physical variables. The sharper peaks in
the Raman signal for the glass—ceramic samples gives evidence
toward precise definition of the vibrational states used in Fig. 7.
The access to these vibrations increases the probability for radia-
tive recombination, hence increasing the photoluminescence.
Also it is observed a decrease in the integrated Raman intensity
with the glass-ceramic formation. This decrease in the integrated
Raman intensity is associated with an enlargement in the
photoluminescence, a trend also observed in other systems [26].
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Fig. 3. Raman spectra of the precursor glass and glass—ceramic.
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Fig. 4. Optical absorption spectra of Eu*>*/Nd>* co-doped phosphate glasses.
3.3. Absorption spectra

Fig. 4 shows the UV-Vis-NIR absorption spectra of Eu**/Nd>*
co-doped phosphate (PNE) glasses. The absorption spectrum of
PNE-0.25 glass network with low Eu®" ion concentration shows
strong absorption bands at 430, 477, 512, 526, 583, 685, 747, 803
and 868 nm in the range of 350-950 nm which correspond to
Nd*" ion originating from the ground “loj, level to number of clo-
sely spaced higher energy levels and are assigned to as “Iy
2 = 2Pij2, *Giijp+2Dspp + 2Gopr + *Kispa, *Gopa, *Goj 2Gypa +*Gspa,
“Foja, *Szjz + *Fzja, *Hopa + Fs;2 and “Fsp transitions, respectively
[27]. In the case of the absorption spectrum of PNE-2 sample which
has high Eu?* ion concentration shows more intense bands at
around 382, 393, 416, 464, 525 and 583 nm; which are attributed
to the transitions of Eu>* ions correspond to “Fy — °L7,°Lg,’Ds3,°Ds,
5D; and °Dy, respectively [28].

3.4. Photoluminescence spectra

Eu?* ions in PNE glasses and glass—ceramics emit red' color
under 396 nm excitation, such emission is strong that could be seen
with naked eye. Fig. 5 shows the photoluminescence (PL) spectra of

! For interpretation of color in Fig. 4, the reader is referred to the web version of
this article.
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Fig. 5. PL spectra of PNE-1.5 glass (a) and glass—ceramic (b) under 396 nm
excitation, measured at room temperature. The inset indicates the sharp peaks of
glass—ceramic around 612 nm.

the PNE-1.5 glass and glass—-ceramic under 396 nm excitation in the
wavelength range of 575-715 nm. Each PL spectrum consists of 5 PL
bands corresponding to °Dg — “F; (J = 0-4) transitions of Eu®" ions.
The strongest band centered at 612 nm corresponds to °Dg — F
transition. This band is attributed to the forced electric-dipole tran-
sition allowed only at low symmetries with no inversion center
which is also hypersensitive transition and found to be very sensitive
to the local structure surrounding the Eu>* ions [29]. There are three
notable differences in the PL spectrum of PNE-1.5 glass compared to
the PL spectrum of PNE-1.5 glass—ceramic. First, the glass—ceramic
spectrum for Dy — ’F, transition shows 5 peaks located at 610,
612, 614, 616 and 619 nm (see the inset of Fig. 5). This behavior is
related mainly to the Stark effect which tends to raise the degener-
acy of 7F; levels involved in the glass-ceramics transitions [16].
Second, the asymmetry ratio (R) defined as R=(°Dg— "F,)/

(°Dg — "F;) calculated from the PL spectrum of the glass—ceramic
(Rgc =4.72) is higher than the R calculated from the PL spectrum
of the glass (Rg =3.72). The R provides a measure of the degree of
distortion of the inversion symmetry of the local Eu* ions in the lat-
tice [30]. If the R value is low, the Eu®* tends to localize at a high
symmetry site or centrosymmetric site. In contrast when the R value
is high, the Eu3* tends to localize at a low symmetry site or non-cen-
trosymmetric site. The latter suggests, a change in the local structure
surrounding the Eu®* ions due to the thermal treatment and that the
Eu3* ions in the glass-ceramic tends to localize at a low symmetry
site or non-centrosymmetric site. Third, the PL intensity of the
glass—ceramic is stronger compared to those of the precursor glass.
The overall intensity (defined as the sum of the area under the curve
of the 5Dy — ’Fj transitions) is 1.8 times bigger than the precursor
glass. The enhancement of PL intensity in glass-ceramic can be
explained by the phonon energy of the host lattice. Eu** ions from
Dy,2 to ’F; (J = 0,1,2,3,4) transitions depend critically on the domi-
nant vibration frequencies available of the host lattice. If the maxi-
mum phonon energy of the host lattice is large enough, the
population of Eu* ions at °D;, excited state may be depleted
through nonradiative multiphonon relaxation. The lower the maxi-
mum phonon energy of the host matrix, the lower the multiphonon
relaxation probability. According to the Raman spectra the maxi-
mum phonon energy decreased from 1317 cm™! to 1277 cm™! with
the thermal treatment. Therefore, the enhancement of PL intensity in
glass-ceramic indicates the presence of Eu>* ions in low phonon
energy crystallites [13].

It is well known that energy transfer (ET) process can only occur
if the energy differences between the ground and excited states of
sensitizer and activator are equal (resonance condition) and if a
suitable interaction between both systems exists. According to
Dieke diagram this resonance condition is satisfied for the
Do —» "Fy(Ew®") and ‘gz —» (*Gyp2 +*Gsp2) (Nd®*) transitions.
Fig. 6(a) shows the infrared PL spectra of the PNE-1.5 glass and
glass—ceramic under 396 nm excitation. Each PL spectrum consists
of 3 photoluminescence bands centered at 875, 1052 and 1324 nm,
which are assigned to the *Fsj; — *lgj2, *I11/2 and *I;3; transitions of
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Fig. 6. (a) PL spectra of PNE-1.5 glass (G) and glass—ceramic (GC) under 396 nm excitation. Intensity at 1057 nm as a function of Eu** concentration in Eu**/Nd>* co-doped

phosphate glasses and glass—ceramics under 396 nm (b) and 806 nm (c) excitation.
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Fig. 7. Energy level diagram of Nd** and Eu®" ions showing the ground state
absorption (GSA), the cross-relaxation process (CR) and the energy transfer (ET)
process.

Nd**, respectively. Although no distinct difference in peak position
and width was observed for “Fs;; — *l;1j, transition, PL intensity of
glass-ceramic was stronger than that of the precursor glass. The
enhancement of fluorescence intensity in glass—ceramic is due to
the incorporation of Nd>* into crystalline phase with lower phonon
energy, which agrees with Ref. [12].

Moreover, it was observed that the intensity of Nd** emission
increased with increasing of Eu>* concentration under 396 nm
excitation in the PNE glasses (see Fig. 6(b)). This result could evi-
dently indicate the existence of an ET process between the Eu®*
and Nd** ions as follow: ®Dy (Eu®*)+“lg;(Nd**) — 7Fy(Eu®")
+(?Gyj2 + “Gs)p) (Nd**) (see Fig. 7).

However, experimental results suggest the presence of an addi-
tional quenching process from Nd>* to Eu®* ions. For example, the
variation of luminescence intensity of the transition centered at
1061 nm (*F3; — *I11;2) with Eu®* ion concentration under
806 nm is depicted in Fig. 6(c). The decrease of this band with
the Eu®* ion concentration may be attributed to the cross relax-
ation process (*Fs; + “Fo) — (*I;5/2 + "Fg) from Nd** to Eu®* ions as
already observed [31,32] (see Fig. 7).

3.5. Lifetime measurements

Fig. 8 presents the lifetime values of the *F3; — *I;1, transition
of Nd®" ijon at 1056 nm. The lifetimes were measured under
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Fig. 8. Fluorescence lifetime of the “F3), state of Nd** ion in Eu®**/Nd** co-doped
phosphate glasses and glass-ceramics under 806 nm excitation. The average
standard deviation of the lifetime values is around £3 ps.

806 nm excitation. It was observed that the lifetime of the 4F3/2
level of Nd3* decreases with the increasing Eu®>* concentration.
For example, the glasses lifetime decreased 35% from 347 us to
207 us when Eu*" concentration increased from 0 to 2 mol.%.
This result confirms that, the Eu3* concentration dependent
quenching of Nd3' fluorescence is due to unwanted CR (4F3/
2+ "Fo) = (*lis2 + 'Fs) between the two ion species, as indicated
in Fig. 7. These CR process limit the attractiveness of Eu>* sensitiza-
tion for Nd3* emission. However, glass-ceramics lifetime
decreased only 16% from 212 ps to 176 ps. This result indicates a
decrease in the CR process in the case of the glass—ceramics.

4. Conclusions

Different concentrations of Eu®'/Nd3* co-doped phosphate
glasses and glass—ceramics were prepared by melt quenching
method and characterized through XRD, Raman, photolumines-
cence and lifetime measurements. Multiple crystalline phases
were successfully precipitated in the PNE glass-ceramics base
glass after thermal treatment. The obtained glass—ceramics have
a milky appearance caused by the formation of small crystallites
inside the glass. The PL results under UV excitation confirm the
existence of an energy transfer process from Eu®* to Nd*'.
However, when the PNE glasses and glass—ceramics were pumped
at 806 nm, it was observed that the infrared PL bands (at 875, 1056
and 1327 nm) of Nd>* ion decreased with increasing the concentra-
tion of Eu>* which may be attributed to the presence of an addi-
tional CR process (*Fsj, + "Fo) — (*lys2 + “Fs) from Nd** to Eu** ions.

It was observed an increase in the PL intensity in both visible
and infrared region in the case of glass—ceramics (1.8 times bigger
than the precursor glass). The latter, suggest that these opaque
glass—-ceramics are more competitive than the PNE base glasses
in terms of their PL properties.
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