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A B S T R A C T

The Pr3+-doped oxyfluoride transparent glass and glass-ceramic (GC) with the composition of 41SiO2 +
10Al2O3 + 25.5LiF + 23SrF2 + 0.5Pr2O3 were prepared and investigated their optical and luminescence
properties. The formation of SrF2 nanocrystals in GC has been confirmed by X-ray diffraction (XRD) and
transmission electron micrographs (TEM). The Fourier transform infrared spectroscopy (FT-IR) studies were used
to examine the network structure characteristics of silicates in the glass matrices. The XRD and TEM results
suggest that the Pr3+ ions are progressively incorporated into the SrF2 nanocrystals in the GC with increase in
time of thermal treatment at 650 °C, corresponding to the first crystallization temperature of the glass. The
obtained visible emissions of Pr3+-doped GC are several times enhanced than that in the glass and the lifetime of
the 3P0 level of the Pr3+ ions in glass and GC are found to be 7 and 12 μs, respectively. Therefore, the enhanced
visible emission and lifetimes in GC are due to the incorporation of Pr3+ ions into the lower phonon energy of
SrF2 nanocrystals in the GCs. Moreover, the smaller difference in ionic radius between the added trivalent ions
(Pr3+) and Sr2+ induces the larger enhancement of luminescence intensity in the GC. Hence, these enhanced
visible luminescence properties indicate that the present glass and GC could be useful for photonic device ap-
plications.

1. Introduction

In the recent years, tremendous work have been focused on rare-
earth (RE) doped glassy systems for various applications such as display
devices, sensors, solid state lasers, optical amplifiers, optical commu-
nications and photovoltaics. Mainly the RE-doped glasses and glass-
ceramics (GC) are used for enhancement of luminescence properties
and also to develop the efficiency of solar cells by controlling the solar
spectrum with spectral conversion as up/down convertors [1,2].
Transparent glass-ceramics (TGCs), which possess the collective studies
of glasses and crystals are potential optical materials that compete with
single crystals and glasses. Meanwhile, several experimental research
works have been established that the RE ions are selectively surrounded
in the fluoride crystals which are distributed in the oxide glass matrix.
Oxyfluoride GCs containing low phonon fluoride nanocrystals have the
advantages of low phonon environment and higher solubility to RE
activators with better mechanical and chemical stability [3,4].

Initially, Wang and Ohwaki [5] in 1993, was focused on oxyfluoride
GCs containing PbF2 and CdF2 nanocrystals which reveal the good

luminescence properties without losing transparency on the matrix but
it have limitation due to toxic in nature. Recently, TGCs containing MF2
(M = Ca, Sr, or Ba) nanocrystals have acquired rich attention due to
both the economic and non-toxicity of MF2 raw matrices [6–9]. Among
the RE ions, Pr3+-doped glasses exhibit an important features for rich
emission that covers the whole visible and near infrared regions for
optical fiber amplifiers operating at O-, E-, S-, C-, and L-bands [10,11].
In recent times many researchers pay much attention on RE doped
transparent glass-ceramics containing SrF2 nanocrystals for enhanced
visible and IR emissions, efficient lasers and fiber amplifiers [12–15].
Dharmaiah et al. [16] reported the luminescence and energy transfer in
Dy3+/Tb3+ co-doped transparent oxyfluorosilicate glass-ceramics for
green emitting applications, Jiang et al. [17] studied the Er3+-doped
TGCs containing micron-sized SrF2 crystals for efficient 2.7 µm lasers
and amplifiers and Walas et al. [18] investigated the Eu3+-doped tel-
urite glass ceramics containing SrF2 nanocrystals to enhance emission
properties in visible region for wLED phosphor applications.

In the present work, we have successfully prepared and investigated
detailed spectroscopic properties for 0.5 mol% Pr3+-doped oxyfluoride
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glass and GCs containing SrF2 nanocrystals with enhanced visible lu-
minescence properties for photonic device applications. To the best of
our knowledge, this paper reports the first investigation of Pr3+-doped
TGCs containing SrF2 nanocrystals.

2. Experimental details

Pr3+-doped oxyfluoride glass of composition (mol%) of 41SiO2 +
10Al2O3 + 25.5LiF + 23SrF2 + 0.5Pr2O3 was prepared by conven-
tional melt quenching technique at a temperature of 1450 °C for 2 h
using a platinum-rhodium crucible. The precursor glasses are subjected
to heat treatments at 650 °C, near the onset of crystallization peak for
2 h, which is hereafter referred as GC2h. The physical properties such as
density was determined by Archimedes's method using distilled water
as an immersion liquid and refractive index was measured using an
ellipsometer (Woollam – M-2000) at sodium wavelength (589.99 nm)
and these values are given in Table 1. Differential thermal analysis
(DTA) measurements were carried out on SDT Q 600, V8.3 Build 101
Differential thermal analyzer. X-ray diffraction (XRD) spectra were
made with an X-ray diffractometer (Smart lab-RIGAKU) using the Cu-
Kα radiation. Transmission Electron Micrographs (TEM) and selected
area electron diffraction (SAED) patterns were recorded in (JEOL-TEM
2010) with an accelerating voltage of 200 kV. Fourier transform in-
frared spectroscopy (FT-IR) spectra were recorded on Perkin-Elmer
(Frontier) spectrometer with KBr pellet technique from 2400 to
400 cm−1 with spectral resolution of 0.4 cm−1. Absorption spectra
were measured on a UV–visible-NIR spectrophotometer (Hitachi U-
3400). The excitation, emission and decay curve measurements were
obtained with a Jobin Yvon (HORIBA) fluorolog-3 spectrometer using
xenon flash lamp as radiation source by exciting the samples with
444 nm. All measurements were carried out at room temperature.

3. Results and discussions

3.1. DTA analysis

The DTA curve of the present oxyfluoride precursor glass sample
recorded at 5 K/min is shown in Fig. 1. From DTA analysis, the glass
transition temperature (Tg), the crystallization onset temperature (Tx),
crystallization peak (exotherm maximum) temperature (Tc) and melting
temperature (Tm) were determined from the DTA curve as 532, 655,
678 and 857 °C, respectively. The XRD analysis demonstrates that the
crystallization peak Tc is ascribed to the precipitation of SrF2 crystals
for crystallization process of the present glass matrix. The glass thermal
stability (ΔT = Tx - Tg) has been estimated as a difference between Tx

and Tg. The ΔT value of the present oxyfluoride glass found to be
123 °C. Moreover, the larger value of ΔT (> 100 °C) of the glass can be
considered as a good thermal stability [19]. However, the evaluated ΔT
is not precise value owing to the absence of Tc. Hence, the Saad and
Poulain [20] obtained another criterion parameter (S) to estimate more
perfectly the thermal stability of the prepared glass, which reveals the
resistance to devitrification after the formation of the glass and can be
defined by
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where (Tc-Tx) is related to the rate of devitrification transformation of
the glassy phase. In addition, the high value of ΔT delays the nucleation
process. In present oxyfluoride glass system, the obtained values of ΔT
= 123 °C and S = 6.31 °C are found to be higher than that of other
bismuth silicate glasses (ΔT = 87 °C; S = 9.41) [21], whereas lower
than that of other fluorozirconate-based glass ceramics with BaF2 na-
nocrystals (ΔT = 30 °C; S = 0.33 °C) [22]. The Hruby's criterion
parameter (HR), which is a numerical measure of the glass-forming
tendency and it involves the Tg, Tc and Tm temperatures [23] as:
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Typically, HR values vary in between 0.1 and 2.0 for good glass
forming matrices. In the present oxyfluoride glass system, the HR value
is found to be 0.82, which suggests that the present glass system is
comparatively more inclination of crystallization in the SiO2 + Al2O3

+ LiF + SrF2 glass-ceramics which is essentially caused by the addition
of SrF2 into precursor glass matrix with 23 mol%. However, this result
indicates that it could be an advantage of preparation of glass ceramics
from the precursor glass. Hence, in order to attain nanosized crystals in
the glass matrix is fully dependent on the temperature and time of the
heat treatment procedure based on few degrees above Tg and below the
Tx temperatures [18]. Because of these two reasons in the present study,
we have selected at 650 °C (below the Tx) to obtain transparent GC
containing SrF2 nanocrystalline phase.

3.2. XRD analysis

The XRD profile of glass and GC samples are shown in Fig. 2. As
expected, the XRD curve of the glass contains two broad humps without
the presence of any sharp diffraction peaks for the precursor glass
sample and reveals the amorphous nature. On contrary, the XRD pat-
terns of GC indicates that the presence of few narrow and relatively
intense peaks are ascribed to cubic SrF2 crystalline phase with JCPDS
standard card No. 98-004-1402 with the space group of Fm-3m (225).
With the full width at half maximum (FWHM) of diffraction peaks, the
average size of GC2h sample containing cubic SrF2 nanocrystals was
obtained to be about 34 nm using the Scherrer's equation [19,24],
which is comparable to that of the RE-doped GC containing SrF2 na-
nocrystals [6,18].

3.3. TEM and SAED analysis

The Pr3+- doped GC2h sample for TEM morphology is shown in
Fig. 3 (left). It shows that the almost all the particles are in clusters of

Table 1
Physical properties of Pr3+-doped oxyfluoride glass and glass-ceramic (GC2h).

Properties Glass GC2h

Thickness (cm) 0.335 0.338
Density (g/cm3) 3.700 3.820
Concentration (mol/l) 0.5103 0.5269
Refractive index at 589.99 nm 1.593 1.594

Fig. 1. DTA profile of the as-made Pr3+-doped oxyfluoride glass.
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homogeneous distribution of spherical nanocrystals with dark appear-
ance and few particles are agglomerates with an asymmetrical shape
among glassy matrix. The couple of particles show nano-sized spherical-
like morphology, with an average particle size of 36 nm, which was
consistent with the diameter estimated by Scherrer's equation. The
bright diffraction pattern rings exist from the diffraction planes of
polycrystalline phase of the GC2h sample as exposed in the selected
area electron diffraction pattern (SAED) and is shown in Fig. 3 (right).
As seen from Fig. 3 (right), all the diffraction rings could be acknowl-
edged appropriately as the cubic SrF2 planes and are reliable with the
XRD pattern.

3.4. FT-IR analysis

The Fig. 4 shows the FT-IR spectra of glass and GC2h samples in the
spectral range of 400–2400 cm−1, which is used to study the network
structure of the present oxyfluoride glass and GC2h. As can be seen
from Fig. 4, the observed bands are related to characteristic of silicate
group vibrations. The obtained spectra consist of the couple of strong
and sharp peaks and are located at 473 cm−1 and are assigned to the O-
Si-O bending vibration [25]. The peak at 728 cm−1 is ascribed to the Si-
O-Si symmetric stretching vibration. The sharp and very important
strong band at 1000 cm−1 is the characteristic absorption of silica vi-
bration mode corresponding to the Si-O-Si symmetric stretching [26].
Moreover, the two weak absorption bands located at 1448 and
1634 cm−1 are due to OH-bonded to H2O molecule coupled with a
deformation mode of absorbed H2O molecule on the sample surface

[27].
In comparison with the glass and GC2h in the FT-IR spectra, all the

observed bands are possessed similar characteristics for 473, 728 and
1634 cm−1. But the band at 1448 cm−1 has been disappeared in the
GC2h sample and it is due to the presence of fluorides in the GC2h
sample that strongly reduces OH absorption and therefore the band at
1448 cm−1 disappears completely compared to glass sample. Another
important point observed from Fig. 4 is that the maximum intensity
vibration band in FT-IR spectra is considered to be phonon energy of
the host glass which is decreased or shifted from 1000 cm−1 to
968 cm−1 from glass to GC2h samples. Therefore, the decreasing of
phonon energy from glass to GC2h is due to the formation of SrF2 na-
nocrystals in the GC2h sample [28] and in turn enhances the lumi-
nescence properties in the present SrF2 containing transparent GCs.

3.5. Optical absorption-Judd-Ofelt analysis and radiative properties

Absorption spectra of 0.5 mol% Pr3+-doped oxyfluoride glass and
GC in the UV–visible-NIR range (250–2400 nm) are shown in Fig. 5 and
the inset shows the digital images of glass and GC samples. The ab-
sorption spectra exhibits six absorption bands in glass and GC, which
are assigned to transitions from the 3H4 ground level to several excited
levels of the Pr3+ ions such as 3F2,3F3+3F4,1G4,1D2,3P0,1+1I6 and 3P2
located at around 1925, 1521, 1006, 590, 482 and 444 nm, respectively
[29,30]. From absorption spectra, the precursor glass is completely
transparent but GC2h is faintly decreasing transparency. The decrease
in transparency could be ascribed to light scattering by larger nano-
crystals. As per the Rayleigh-Ganz particle scattering theory [31], to

Fig. 2. XRD patterns of the Pr3+-ions in glass and GC2h.

Fig. 3. TEM micrograph of the Pr3+-ions in GC2h
(650 °C/2 h) with the SAED pattern.

Fig. 4. FT-IR spectra of the Pr3+-doped oxyfluoride glass and GC2h.
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maintain high transparency, the large grain size of nanocrystals of GCs
is limited to less than the corresponding wavelength. Usually, when the
size of the grains reaches the micron size level, strong light scattering in
the GCs are translucent or even turbid, which indicates a poor potential
for optical and luminescence applications [17]. Moreover, in glass and
GC2h samples, absorption spectra exhibit an elevated baseline shift for
GC2h sample. Usually, baseline shift in the absorption spectra may arise
due to main reasons of reflection losses, which increases with refractive
index and light scattering either from surface roughness or from any
species present on the surface of the sample. Therefore, in the present
GC2h sample, the baseline shift is mainly due to the enhanced scat-
tering loss resulting from the formation of SrF2 nanocrystals in the glass
matrix rather than reflection loss [32].

The absorption band positions (λp), experimental (fexp) and calcu-
lated (fcal) oscillator strengths (10−6) of Pr3+ -doped glass with 0.5 mol
% and GC have been determined by using the relations reported in
literature [33] within the framework of the Judd-Ofelt (JO) theory
[34,35] and were displayed in Table 2. Convincingly small root mean
square (σrms) deviations (× 10−6) of± 0.84 and±0.21 are found for
glass and GC2h, respectively, signifying the quality of the fit between
the experimental and calculated oscillator strengths.

Among the absorption bands, 3H4 → 3P2 and 3H4 → 3F3 located at
444 and 1521 nm, respectively, are most intense and known as hy-
persensitive transitions (HSTs), which strongly depends on the local
environment of the RE ions and affects the JO intensity parameters.
Such HSTs are governed by a selection rules |ΔS| = 0, |ΔL| ≤ 2, and
|ΔJ| ≤ 2 [30]. From Table 2, it is remarkable to note that oscillator
strength of these HSTs is smaller in glass ceramics than that in glass.
This is an indication for the higher site asymmetry of Pr3+ ions in the
glass [36].

The JO intensity parameters (Ωλ, λ = 2, 4, 6) have been derived
[33–35] by using the experimental oscillator strengths of the observed
different absorption bands and refractive index, and are displayed in
Table 3. For the calculation of JO parameters, the matrix elements,
||Uλ||2, have been taken from reported literature by Carnall et al. [37].
As seen from Table 3, Ω2 values gradually decreases from glass to GC

signifying that the bonding arrangements of Pr3+ ion is less covalent/
more ionic in the GCs. This is due to the formation of SrF2 nanocrystals
by progressive incorporation of Pr3+ ions into the glass matrices. Thus
the Pr3+ ions could be penetrated into the SrF2 nanocrystalline phase
and the Sr2+ ions are partially substituted by Pr3+ ions [6].

The JO parameters (× 10–20 cm2) of glass and GC2h are Ω2 = 1.83,
Ω4 = 18.82, and Ω6 = 6.25; and Ω2 = 0.18, Ω4 = 3.83, and Ω6 =
1.24, respectively. These values are compared with other Pr3+-doped
glasses, crystals and nanoparticle in Table 3 that includes oxyfluoride
[38], MgTP [39], LNB [40] and BiBO:Pr1% [29] glasses, La2CaB10O19

[41], Sr3Y2(BO3)4 [41], Ca4GdO(BO3)3 [42] and KPb2Cl5 [43] crystals
and CdS nanoparticles [44]. The trend of JO intensity parameters
(Ω4>Ω6>Ω2) is similar for glass and GC2h (glass-ceramic), oxy-
fluoride [38], MgTP [39] and LNB [40] systems whereas for other Pr3+-
doped BiBO:Pr1% [29], La2CaB10O19 [41] and Sr3Y2(BO3)4 [41] sys-
tems are follow the JO trend as Ω6>Ω2>Ω4. The Pr3+-doped KPb2Cl5
[43] follow the JO trend as Ω2>Ω6>Ω4 and Pr3+-doped CdS na-
noparticles [44] follow the general JO trend as Ω2>Ω4>Ω6. This
trend of variations in JO intensity parameters are due to the high and
very sensitive values of two HSTs oscillator strengths. The Ω4 parameter
is affected by the factor causing changes in both Ω2 and Ω6 and is not
usually studied for local structure investigations [45,46].

The JO parameters have been used to predict radiative lifetimes (τR)
for 3P1, 3P0, 1D2 and 3F3 levels of Pr3+ in glass and GC2h and are
presented in Table 4. As seen from Table 4, the τR values for the present
glass and GC2h follows the similar trend as 3F3> 1D2> 3P1> 3P0. A
similar trend was also found for Pr3+-doped SLBiBPr05 [47] glass.
These τR values decreases incessantly with increase of the higher level
energies. Therefore, the τR values in the studied glass and GC2h are
comparable to other Pr3+-doped systems [38,43,47–50] as shown in

Fig. 5. Absorption spectra of the Pr3+-ions in glass and GC2h.

Table 2
The absorption band energy (cm−1), experimental (fexp) and calculated (fcal) oscillator
strengths (10−6) of 0.5 mol% Pr3+ -doped glass and glass-ceramic (GC2h). Absorption
transitions are from the 3H4 ground state to the excited states along with the Judd-Ofelt
intensity parameters (Ωλ, × 10–20 cm2).

Level 3H4 → Glass GC2h

Energy fexp fcal Energy fexp fcal

3F2 5187 8.31 8.31 5192 1.60 1.60
3F3 + 3F4 6575 17.06 17.09 6575 3.41 3.42
1G4 9911 0.49 0.52 9921 0.09 0.10
1D2 16,964 3.79 1.91 16,964 0.85 0.38
3P0,1,2 + 1I6 22,624 35.76 35.76 22,624 7.25 7.25
σ(N)a ± 0.84(5) ± 0.21(5)
Ω2 1.83 0.18
Ω4 18.82 3.83
Ω6 6.25 1.24

a σ refers rms deviation between experimental and calculated values and N refers the
number of levels used in the fit.

Table 3
The Judd-Ofelt intensity parameters (Ωλ, × 10–20 cm2) of Pr3+ ions in the glass and glass-
ceramic (GC2h) along with other systems.

Systems Ω2 Ω4 Ω6 Trend

Glass [P.W] 1.83 18.82 6.25 Ω4>Ω6>Ω2

GC2h (glass-ceramic) [P.W] 0.18 3.83 1.24 Ω4>Ω6>Ω2

Oxyfluoride [38] − 0.66 12.49 3.17 Ω4>Ω6>Ω2

MgTP [39] 2.69 11.87 8.39 Ω4>Ω6>Ω2

LNB [40] 2.98 6.98 4.82 Ω4>Ω6>Ω2

BiBO:Pr1% [29] 9.97 5.37 15.72 Ω6>Ω2>Ω4

La2CaB10O19 [41] 8.63 0.97 10.12 Ω6>Ω2>Ω4

Sr3Y2(BO3)4 [41] 10.57 2.94 17.85 Ω6>Ω2>Ω4

Ca4GdO(BO3)3 [42] 7.35 1.15 3.09 Ω2>Ω6>Ω4

KPb2Cl5 [43] 15.64 4.95 6.23 Ω2>Ω6>Ω4

CdS nanoparticles [44] 10.58 7.4 0.95 Ω2>Ω4>Ω6

P.W: Present work.
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Table 4.

3.6. Excitation and emission spectra analysis

Emission properties of the glass and GC doped with Pr3+ ions are
explored in order to verify the effect of Pr3+ ions and surroundings with
SrF2 containing nanocrystals for enhancement of emission intensities
from glass to GC. Fig. 6 shows the excitation spectra of Pr3+-doped
oxyfluoride glass and GC2h monitored at 643 nm. As seen from Fig. 6,
three bands are observed at 444, 468 and 483 nm from excitation
spectra, and are in good agreement with absorption spectra, corre-
sponding to the transitions from the 3H4 → 3P2, 3H4 → 3P1 and 3H4 →
3P0 of Pr3+ ions, respectively, those are similar for glass and GC2h.
Among the three excitations, the intense and strong excitation band at
444 nm (3H4 → 3P2) is used to investigate the emission spectra char-
acteristics for the present Pr3+-doped glass and GC samples.

The visible emission spectra of glass and GC2h samples are mea-
sured with an excitation at 444 nm and are shown in Fig. 7. As seen
from Fig. 7, emission spectra consist of eight characteristic emission
bands of Pr3+ ions at 495, 526, 539, 612, 643, 685, 705 and 726 nm,
assigned to the electronic transitions of 3P0 → 3H4, 3P1 → 3H5, 3P0 →
3H5, 3P0 → 3H6, 3P0 → 3F2, 3P1 → 3F3, 3P1 → 3F4 and 3P0 → 3F4, re-
spectively. Typically, Pr3+-doped glass systems may exhibit emission
transitions of 1D2 → 3H4 (orange) and 3P0 → 3H6 (red) in red spectral
range 580–640 nm. Due to the superposition of the peaks associated
with 1D2 → 3H4 (∼ 602 nm) and 3P0 → 3H6 (∼ 612 nm) transitions of
Pr3+ ions, it may not be possible to locate and assign these two tran-
sitions more accurately and separately. Also, the relative intensities of
these two transitions are found to be very sensitive to the Pr3+ ion
concentrations as well as multi-phonon relaxation phenomenon in-
volved [51,52]. However, for example, the 1D2 → 3H4 transition ap-
pears as a shoulder to the dominant 3P0 → 3H6 transition
[10,39,51,53,57]. Some of them reported only 3P0 → 3H6

[29,52,54,56,58] and 1D2 → 3H4 transition [11,30,47]. In the present
study, as can be seen from the Fig. 7, the 1D2 →

3H4 (orange) transition
was not observed both in the Pr3+-doped glass and GC2h systems.

These emission channels are displayed in the partial energy level dia-
gram (Fig. 8) of Pr3+ ions in glass and GC. As seen from Fig. 7, it is
noted that the intensities of visible emission for GC2h sample was
several times significantly enhanced than that in precursor glass.

The overall enhancement in visible emission in GC2h sample is
owing to reduction of phonon energy of the host glass (see Fig. 4) which
minimize multiphonon relaxation rate between energy levels of the
doping of Pr3+ ions into SrF2 nanocrystals. Moreover, the enhancement
of visible luminescence intensity in the GC2h sample might be the
smaller difference in ionic radius between the added trivalent Pr3+

Table 4
Comparison of predicted radiative decay times (τR, μs) of some important luminescence levels of Pr3+ doped glass and GC2h along with reported Pr3+-doped systems.

S.No. Excited level Glass [P.W] GC2h [P.W] SLBiBPr05 [47] Oxyfluoride [38] KPb2Cl5 [43] NaZBS [48] PbO-PbF2 [49] CaBPr [50]

1 3P1 10.3 52.1 5.0 – – 6.2 15 12.9
2 3P0 9.5 48.2 4.8 14 8.2 6.0 14 47.5
3 1D2 169.5 895.8 49.8 298 85 65.7 252 193.2
4 3F3 670.2 3375.0 216.2 – 501 – – –

Fig. 6. Excitation spectra (λem = 643 nm) of the Pr3+-ions in glass and GC2h.

Fig. 7. Emission spectra (λex = 444 nm) of the Pr3+-ions in glass and GC2h.

Fig. 8. Partial energy level diagram of Pr3+ ions in oxyfluoride glass and GC.
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(0.99 Å) ions and Sr2+ (1.13 Å) ions in the GC containing SrF2 nano-
crystals [32,55]. From emission spectra, the emission peak wavelengths
(λp), effective bandwidths (Δλeff) and stimulated emission cross-sec-
tions (σ (λp)) of Pr3+-doped glass and GC for the important emission
transitions have been determined and are presented in Table 5 along
with some other reported Pr3+-doped systems that include 0.1PrF3 +
2.9GdF3 + 32SrF2 + 42SiO2 + 23Al2O3 (AG-0) [7], 0.1PrF3 +
1.0YbF3 + 1.9GdF3 + 32SrF2 + 42SiO2 + 23Al2O3 (AG-1) [7],
0.1PrF3 + 1.0 YbF3 + 1.9GdF3 + 32SrF2 + 42SiO2 + 23Al2O3 (heat
treated at 610 °C for 4 h; (GC-1)) [7], 54GeO2 + 30BaO + 15TiO2 +
1.0Pr6O11 (GBT:G) [56], 54GeO2 + 30BaO + 15TiO2 + 1.0Pr6O11

[heat treated at 720 °C for 3 h] (GBT:GC) [56], 29.4SiO2 + 18.0Al2O3

+ 12.0P2O5 + 20.0CaCO3 + 18.0CaF2 + 0.3La2O3 + 0.5Li2CO3 +
0.3B2O3 + 0.5ZrO2 + 0.33Pr6O11 (SAPCF:G) [57], 29.4SiO2 +
18.0Al2O3 + 12.0P2O5 + 20.0CaCO3 + 18.0CaF2 + 0.3La2O3 +
0.5Li2CO3 + 0.3B2O3 + 0.5ZrO2 + 0.33Pr6O11 [heat treated at 790 °C
for 24 h] (SAPCF:GC) [57], 49.5TeO2 + 30ZnO + 10YF3 + 10NaF +
0.5Pr2O3 (TZYN:G) [58], 48.5TeO2 + 30ZnO + 10YF3 + 10NaF +
0.5Pr2O3 + 1.0 AgNO3 [heat treated at 300 °C for 6 h] (TZYN:GC6)
[58] and 48.5TeO2 + 30ZnO + 10YF3 + 10NaF + 0.5Pr2O3 + 1.0
AgNO3 [heat treated at 300 °C for 10 h] (TZYN:GC10) [58]. As can be
seen from Table 5, the σ (λp) values are comparable to other reported
Pr3+-doped systems [56,57].

3.7. Decay time analysis

The decay curves of the 3P0 level in glass and GC2h are recorded by
exciting at 444 nm and detecting the emission at 643 nm and are shown
in Fig. 9. The decay curves are found to be non-exponential nature for
both the glass and GC2h samples. The non-exponential decay curves are
well fitted for 3P0 → 3F2 level by using the following expression given as
[59]

= − + −I t A t
τ

A t
τ

( ) exp( ) exp ( )1
2

2
2 (3)

where I(t) is the emission intensity, τ1 and τ2 are the short and long
decay times, A1 and A2 are constants, respectively. The experimental
average decay times of the present glass and GC samples can be de-
termined by using the following formula:

=
+

+

τ A τ A τ
A τ A τavg
1 1

2
2 2

2

1 1 2 2 (4)

The average lifetimes (τavg) are estimated to be 7.0 and 12.0 μs for
glass and GC2h, respectively. Fluorescence decay times of RE ions
mainly depend on their incorporation of coordination numbers and the
phonon energy. The phonon energy is reduced by tightly bounded
atoms in a crystal structure and in turn the decay times of the excited
level can be enhanced [60]. Hence, these results obviously specify that
the doping of Pr3+ ions into SrF2 nanocrystals in the GC2h sample
enhances the decay time of the 3P0 level. The obtained decay times of
the present glass and GC2h samples are comparable to that of Pr3+-
doped transparent GBT glass and GC [56], Pr3+-doped oxyfluoride GCs
containing SrF2 nanocrystals [7], and Pr3+ ions in TZYN glasses contain
silver ions and nanoparticles [58].

4. Conclusions

Pr3+-doped transparent oxyfluoride GC containing SrF2 nanocrys-
tals were synthesized and characterized their optical, structural and
luminescence properties. The formation of SrF2 nanocrystals was con-
firmed by XRD patterns and the average size of SrF2 nanocrystal was
found to be 34 nm. The Judd-Ofelt intensity parameters progressively
decrease from glass to GCs signifying that the typical change of sur-
roundings nearby the Pr3+ ions from oxide to fluoride. The obtained
visible emissions of Pr3+-doped GC are several times enhanced than
that in the glass. The decay times of the 3P0 state of the Pr3+ ions in the
GCs is established larger than that of glass appropriate to the doping of
Pr3+ ions into the lower phonon energy SrF2 nanocrystals in the GC.
Moreover, the smaller difference in ionic radius between the added
trivalent ions (Pr3+) and Sr2+ induces the larger enhancement of lu-
minescence intensity in the GC. Hence, the above results clearly show
the enhanced visible luminescence properties and it indicates that the
present glass and GC could be useful for photonic device applications.
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