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A study of the optical properties of Pr3þ ions in oxy glass and glass ceramics
(GCs) was carried out. X-ray diffraction (XRD), Raman, excitation and emission
spectra of GCs were measured. XRD and Raman spectrum confirmed the
formation of �-BaSiO3 nanocrystals in the glassy matrix. The emission
luminescence intensity of Pr3þ ions in the GCs increased significantly with
increasing crystallisation temperature and the reasons were discussed. The study
results indicate that the Pr3þ-doped oxide silicate GCs is a kind of potential
phosphor.
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1. Introduction

For the past decades, a large amount of luminescence research has focused mainly on two
aspects. One is crystal matrix [1,2] and the other is glass matrix [3,4]. But the difficulty of
shaping and fibre forming of crystal and the weak luminescence properties of glass limited
their further application for the optical devices. So glass ceramic (GC), as the glass and
crystal composites, has attracted strong interests for their excellent luminescence
properties, high uniformity and stability [5,6]. They combined the advantages of a
crystalline host for rare earth dopants and exceptionally good luminous efficiencies, high
brightness levels, transparency and glasses’ ease of mass production. In GC systems,
silicate GC system is one of the best choices [7,8]. They have good thermal stability and
physicochemical property and they are not affected by moisture, temperature fluctuations
or any sudden environmental changes. Because of the above advantages, silicate GCs
comprising nanoparticles embedded in an oxide glassy matrix show promising applications
in fibre amplifiers, lasers, fluorescent devices and white light emitting diode (LED).

Many presently used rare earth doped phosphors are not suitable for the excitation of
InGaN-based LED chips because they cannot be excited efficiently by presently used LED
chips (near ultraviolet to blue region), which results in low luminescence efficiency.
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Since the phosphor of Pr3þ emits green and red fluorescence and can be excited efficiently
by 440 nm, Pr3þ-doped materials were studied widely [9–13]. It is also reported that the GC
phosphor has various advantages over the powder phosphors for LEDs [14]. However,
there are little reports describing the properties of Pr3þ-doped GCs phosphor and no
reports describing the properties of Pr3þ-doped BaO–SiO2 oxide GC phosphor. In this
work, Pr3þ-doped oxide GC phosphor containing �-BaSiO3 nanocrystals has been
successfully prepared and its luminescence has also been investigated.

2. Experimental

Pr3þ-doped 60SiO2–40BaO–0.1Pr2O3 (mol %) glass was prepared using the conventional
melting in silica crucible at 1600�C for about 40min and quenching method described in
Ref. [15]. The quenched sample was annealed at a temperature 450�C for 2 h and cooled
slowly to release the thermal stress associated with these glasses during the quenching
process. Differential thermal analysis (DTA) was carried out on Netzsch DTA404PC in an
ambient atmosphere with heating rate at 10�C min�1 in order to determine the glass
transition temperature (Tg) and the crystallised peak temperature (Tc). According to the
DTA curves the glass samples were heat-treated to different temperatures at a rate of 10K
min�1, held for 2 h and then cooled to room temperature naturally to obtain the
transparent GC. X-ray diffraction (XRD) measurements were performed in a X0TRA
diffractometer with Cu–K� radiation at 4�C min�1 scanning rate. The microstructures of
the samples were studied using a transmission electron microscope (TEM, H-7650). The
Raman spectrum was recorded on a SL Raman spectrophotometer P1-532 HR within the
range 100–1200 cm�1. The excitation and the emission luminescence spectra were
measured with a Jobin-Yvon Frolog3 fluorescence spectrophotometer. In order to
compare the luminescence intensity of Pr3þ in different samples as accurately as we can,
the position and the power (100 mW) of a pumping beam of 440 nm and the width (1mm)
of the slit to collect the luminescence signals were set at the same place in the experimental
setup. All the measurements were taken at room temperature.

3. Results and discussion

Figure 1 shows the DTA curve of the 60SiO2–40BaO–0.1Pr2O3 oxide glass, where
Tg¼ 590�C and Tc¼ 860�C stand for the glass transition temperature and crystallisation
peak temperatures, respectively. Therefore, crystallisation conditions 800�C, 820�C and
840�C for 2 h were selected to form transparent GCs, and named as GC-800, GC-820 and
GC-840, respectively.

The XRD patterns of the samples are presented in Figure 2a. The precursor glass is
completely amorphous with no obvious diffraction peaks. After heat treatment, XRD
patterns show intense diffraction peaks, which are easily assigned to the �-BaSiO3 crystal
(JCPDS Nos. 26-1402). With the increase in heat treatment temperature, the diffraction
peaks become sharper, which indicates an increase in crystal sizes. From the peak width of
XRD pattern, the crystal size of �-BaSiO3 crystals in the glass matrix can be estimated by
using Scherrer’s equation:

D ¼ K�=� cos �, ð1Þ
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where D is the crystal size at the vertical direction of (hkl ), � is the wavelength of X-ray, �
is the angle of diffraction, � is the corrected full-width at half maximum (FWHM) of the

diffraction peak and the constant K is determined by � and the instrument. The calculated

size of the average of �-BaSiO3 nanocrystals were about 8, 15 and 24 nm for GC-800,

GC-820 and GC-840, respectively. The TEM image of the GC-840 (Figure 2b)

demonstrates that nanoparticles sized about 24 nm are distributed homogeneously in the

glass matrix. Due to much smaller size of precipitated �-BaSiO3 nanocrystals than

wavelength of visible light the Pr3þ-doped GCs remain transparent.
Figure 3 shows the room temperature Raman spectrum of precursor glass, GC-800,

GC-820 and GC-840. In silicate glasses [16], the bands around 1060, 950 and 585 cm�1 are

assigned to stretching vibrations of Si–O–Si, �O–Si–O� and Si–O� groups, respectively.

From Figure 3 scattering peaks at 1068, 940 and 578 cm�1 in precursor glass were found,

and with increasing heat treatment temperature, the 1068, 940 and 578 cm�1 scattering
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Figure 1. DTA curve of the 60SiO2–40BaO–0.1Pr2O3 oxide glass.
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Figure 2. (a) XRD patterns of the precursor glass and GCs and (b) TEM image of the GC-840.
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peaks move to long wavelength at 1062, 928 and 546 cm�1 in GC-840. After heat treatment

the bands get structurised and new bands at 247, 284, 381, 491, 525 and 622 cm�1 were

found. Several weak intensity bands at 311, 473, 738, 962 and 1024 cm�1 were also

observed. All the sharp bands exactly match the bending vibrations peaks of Si–O–Si of

[SiO3]
2� in crystals [17] which also indicate that the �-BaSiO3 nanocrystals are formed in

Pr3þ-doped GCs.
Figure 4 presents the excitation spectrum of GC-840, which was measured by

monitoring an intense emission at 605 nm. There are three obvious excitation peaks from
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Figure 3. Room temperature Raman spectrum of precursor glass, GC-800, GC-820 and GC-840.
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Figure 4. Excitation spectrum of GC-840 monitoring an intense emission at 605 nm.
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the excitation spectrum, and these are assigned to the electronic transitions with the
ground level 3H4 to higher energy levels 3H4!

3P2 (440 nm), 3H4!
3P1 (467 nm) and

3H4!
3P0 (483 nm) of Pr3þ. From these excitation transitions, the 440 nm wavelength has

been selected for the measurement of emission spectrum (because the intensity of 440 nm
excitation bands is the strongest of the three).

The room temperature emission spectrum in the range 450–750 nm for Pr3þ ions in
precursor glass and GCs under 440 nm excitation is shown in Figure 5. Two strong
emission bands at 483 nm(3P0!

3H4), 605 nm(3P0!
3H6) and five more weak emission

bands at 525 nm(3P1!
3H5), 538 nm(3P0!

3H5), 644 nm(3P0!
3F2), 698 nm(3P0!

3F3)
and 727 nm(3P0!

3F4) are observed from these spectra for both glass and GC. Compared
with the precursor glass, significant enhancement of luminescence was observed in the Pr3þ

doped GCs. The reasons were as follows: on the one hand, the doped Pr3þ-ions should be
incorporated into the fixed crystalline site positions [18]. Structurally, glass is a continuous
random network lacking both symmetry and periodicity. In the case of glasses, the
coordination of the rare earth ions becomes more delocalised. As a consequence the
oscillator strengths also are more dispersed. As shown in Figure 2, �-BaSiO3 crystal is
formed after heat treatment and with the increase in heat treatment temperature crystalline
phase increased. Therefore the emission luminescence intensity of the GCs increased
significantly with increasing heat treatment temperature. On the other hand, intensity of
luminescence was very sensitive to the multi-phonon relaxation rate of the rare earth ions,
which greatly depends on the phonon energy of their matrix. The larger the phonon energy
and (or) the electron–phonon coupling strength, the larger the decay rate. That is to say, a
decrease in the phonon energy and/or electron–phonon coupling strength increases the
lifetime and quantum efficiency of excited levels, and consequently increases the emission
intensity of the luminescence [19]. Based on the results of Raman analysis as shown in
Figure 3, the stretching vibrations Si–O� (578 cm�1), –O–Si–O� (940 cm�1) and Si–O–Si
(1068 cm�1) in precursor silicate oxide glass are moved to lower energy Si–O� (546 cm�1),
–O–Si–O� (928 cm�1) and Si–O–Si (1062 cm�1) in GC-840 GCs. It can be concluded that
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Figure 5. Emission spectrum for Pr3þ ions in precursor glass and GCs under 440 nm excitation.
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the maximum phonon energy of GCs decrease with increasing heat treatment temperature.

At the same time, new lower energy stretching vibrations at 247, 284, 381, 491, 525 and

622 cm�1 owing to Si–O–Si of [SiO3]
2� of �-BaSiO3 nanocrystals were found in GCs. The

above two reasons lead to a decrease in the non-radiative decay rate. Thus on comparison

with the precursor glass, the emission intensity of the GCs is more.
Figure 6 describes the energy level scheme for the emission process observed for the

Pr3þ ions doped GCs with 440 nm excitation wavelength. Firstly, the 3H4 level of Pr
3þ ions

is directly excited with 440 nm light by means of ground state absorption (GSA) to 3P2

level. Secondly, the populated 3P2 level of Pr3þ ions then decays non-radiatively to the

lower energy states 3P1 and
3P0. Then the state 3P1 transmits to the state 3H5 producing the

528 green emissions. The populated 3P0 excited state transmits to the lower energy states
3F4,

3F3,
3F2,

3H6,
3H5 and the ground state 3H4 giving the 727 nm, 698 nm, 644 nm,

605 nm red luminescence, 538 nm orange luminescence and 483 blue luminescence.

4. Conclusions

In conclusion, a novel Pr3þ-doped oxide GC containing �-BaSiO3 nanocrystals has been

prepared. Intense blue and red emissions centred at 483 and 605 nm, corresponding to the

transitions 3P0!
3H4 and 3P0!

3H6 of Pr3þ, respectively, were observed for at room

temperature excited at 440 nm. Compared with the precursor glass, significant enhance-

ment of luminescence was observed in GCs. The possible reason was that crystallisation

plays an important role. On the other hand, the decrease in the maximum phonon energy

and the appearance of some new lower energy phonons of �-BaSiO3 nanocrystals in GC

reduce the non-radiative decay rate and also enhance emission intensity. Due to its strong

emission luminescence, the novel Pr3þ-doped oxide GC may be a promising phosphor.
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Figure 6. Simple energy level diagram of Pr3þ ions and the possible conversion mechanism.
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