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A B S T R A C T   

Pr3+ doped BaO–ZnO– Li2O–P2O5 (BZLP) glass samples synthesised through melt quenching route were studied. 
The x-ray diffraction (XRD) confirms the amorphous non-crystalline nature of undoped and doped BZLP glass. 
Absorption spectra show several bands in ultraviolet, visible and infrared regions. The absorption data was used 
in Judd-Ofelt (J-O) theory to evaluate various radiative parameters. Three peaks are visible in the photo
luminescence (PL) emission spectra with the strongest peak positioned at 604 nm for which stimulated emission 
cross section and quantum efficiency has been assessed. The CIE color coordinates of the samples lie in the red 
region. The decay time values for 604 nm emission decreased with increased Pr3+ concentration. The lumi
nescence intensity decreased to 88.12% and 82.61% of maximum value at 423 K and 473 K respectively showing 
high thermal stability. These BZLP glasses can work as an effective deep red-emitting component for w-LEDs and 
other photonic applications.   

1. Introduction 

Lighting is one of the most fundamental and essential parts of our 
everyday lives. A variety of electricity-based artificial lighting technol
ogies are available and are being used for indoor/outdoor illumination 
and lighting industries, complexes, and other areas [1,2]. Solid-state 
lighting (SSL) technology is one of the advanced artificial lighting 
technologies. It is eco-friendly in nature and more efficient thereby 
saving enormous energy in various sectors [3,4]. The white light emit
ting diodes (w-LEDs) are most widely researched amongst all SSL de
vices. w-LEDs are developed by mixing a yellow color emitting phosphor 
with an inorganic compound (epoxy resin) and coated over a blue InGaN 
chip [5]. This technique has some shortcomings likee less color 
rendering index, inappropriate correlated color temperature and a 
halo-effect owing to absence of a red color component. To overcome the 
drawbacks as mentioned above, numerous other approaches were 
explored and published [3,6]. These approaches involved usage of 
inorganic phosphors having less thermal stability, which reduced effi
ciency and performance of illuminating devices [7]. Therefore, a suit
able glass doped with an appropriate lanthanide/transition metal ions is 
the best replacement for a phosphor. So, in this work, thermally stable 

red-emitting inorganic glasses were synthesised and explored for light
ing applications. 

Inorganic oxide formers like phosphates are used to prepare excel
lent glasses for usage in numerous applications due to eco-friendliness, 
high transparency, ease of synthesis, low preparation cost, better me
chanical and thermal stability etc. [8,9]. Also, high transparency in ul
traviolet (UV) to infrared (IR) regions and high rare-earth solubility 
make phosphates a superior glass host material for photonic applications 
as compared to borate and silicate glasses [10,11]. But phosphate glass 
are hygroscopic in nature, which restricts their utility in many appli
cations. The hygroscopic nature of phosphate glasses can be tackled by 
adding ZnO, which constitutes P–O–Zn bonds and makes the glass 
moisture resistant [12,13]. Also, the addition of ZnO offers superior 
characteristics like direct bandgap, non-toxicity, less cost, 
non-hygroscopic and large exciton binding energy [14]. Alkaline earth 
metal oxide can work as an active network modifier, which can disrupt 
the glass network thereby leading to creation of nonbridging oxygen 
groups and bringing down the melting temperature of glass composi
tions [15,16]. The addition of alkali oxide in glass compositions may 
reduce the non-radiative losses, heighten the stability of host matrix. 
Addtion of lithium oxide to the host leads to the intensification of 
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transition temperature and lowering of thermal expansion coefficient 
[17]. With aforementioned characteristics in mind, we were able to 
synthesize BaO–ZnO–Li2O–P2O5 (BZLP) glass that is highly transparent, 
moisture-resistant, has less phonon energy, is thermally and mechani
cally stable with excellent optical characteristics. 

Lanthanide ions exhibit a ladder like energy level structure in the 
ultraviolet (UV) to infra-red (IR) range which is extremely useful for 
lasing and other photonic device applications [18,19]. The radiative 
emissions in the lanthanide ions are due to the f-f transitions of 4f shells 
that are screened by the 5s2/5p6 orbitals [17,20]. Europium, praseo
dymium and samarium ions in trivalent states produce radiative emis
sion in orange/red regions via pumped by UV/near-UV/blue radiations 
[21]. Among these lanthanides, Pr3+ ions can effectively absorb blue 
emission emanating from blue LED chips and has significant fluores
cence emission in the conspicuous deep-red range of the electromagnetic 
spectrum [22,23]. 

In this work, various optical and morphological characteristics of 
highly transparent Pr3+ doped BZLP glass samples have been examined 
in detail. Absorption data was used to determine the bandgap of the as 
prepared glass. Photoluminescence (PL) excitation and emission studies 
were conducted on the glass samples. Under 445 nm excitation, the 
glasses show a sharp band centered at 604 nm. Decay curves for 604 nm 
emission were plotted as well. Temeperature dependent PL studies were 
performed to check whether or not the samples are thermally stable. The 
aim of performing all the aforementioned studies was to check the 
applicability of Pr3+ glass in w-LEDs and SSL applications. 

2. Experimental work and characterizations 

2.1. Preparation of glass 

Trivalent praseodymium (Pr3+) doped glass samples were syn
thesised by employing melt quenching route. The doped and undoped 
glass samples have the molar configuration as follows: 

(15 − x) BaO − 15ZnO − 10Li2O − 60P2O5 : xPr6O11 

In the above-mentioned molar composition, x represents the amount 
of Pr3+ ions in BZLP glasses. In this study, x varies as 0.0, 0.01, 0.05 0.1, 
0.5, 1.0, 1.5, 2.0 & 2.5 mol% and the glasses have been assigned names 
as BZLP, BZLP:0.01Pr, BZLP:0.05Pr, BZLP:0.1Pr, BZLP:0.5Pr, 
BZLP:1.0Pr, BZLP:1.5Pr, BZLP:2.0Pr and BZLP:2.5Pr respectively. 

Annular grade precursors and 99.9% pure rare earth materials were 
employed to prepare undoped and Pr3+ doped glass samples. The raw 
chemical powders were weighed as per the composition calculation. The 
chemicals were ground using the agate mortar and pestle with ethanol as 
dispersing medium for 1 h. Then, this homogenous and smooth chemical 
mixture was transferred to an alumina crucible and heated in a muffle 
furnace from room temperature till 1150 ◦C at a rate of 5 ◦C per minute 
and a hold at 1150 ◦C for 1 h. This homogeneous melt mix was then 
taken out and swiftly pressed between preheated (320 ◦C) brass plates to 
form glass of desired shape and thickness. To eradicate bubbles and 
thermal strain, the prepared glass was annealed at 320 ◦C for 1 h. 
Finally, the undoped and Pr3+ doped BZLP glass samples were ready for 
the structural, optical and other characteristations. 

2.2. Characterization techniques 

The physical characteristics for Pr3+ doped BZLP glass samples such 
as density and refractive index and other related parameters were 
assessed using Archimedes principle (H2O used as a measuring medium) 
and He–Ne laser (650 nm). Diffraction patterns of undoped and Pr3+

doped BZLP glass samples were recorded at room temperature (300 K) 
via Bruker D8 Advance X-Ray diffractometer attached with a Ni filter 
and Cu (Kα) radiation source in 20◦ ≤2θ ≤ 70◦ range. Using a spectro
photometer JASCO V 670, optical absorption spectral investigations 
were measured in the UV to near-infrared (NIR) range.The 

photoluminescence studies for Pr3+ doped BZLP glass samples were 
carried out via spectrofluorophotometer JASCO 8300FL at 300 K. Decay 
profile for Pr3+ doped BZLP glass samples were recorded via Edin
burgFLS980 coupled with a microsecond Xenon flash lamp. 
Temperature-dependent photoluminescence (TD-PL) features were 
observed with FLAME- S-XR1-ES Ocean optics spectrophotometer and 
sample holder attached with heating assembly. 

3. Results and discussion 

3.1. Physical properties of Pr3+ doped BZLP glass samples 

The density and refractive index of the samples were calculated using 
Archemedes’ principle and Brewster’s angle method respectively [24]. 
Other related physical parameters were also calculated using formulae 
from relevant articles in literature and have been presented in Table 1 
[25]. 

The physical parameters for Pr3+ doped BZLP glass samples showed 
variation with an increase in Pr3+ ions concentration due to altered 
environment around the Pr3+ ions. The values of parameters like molar 
refraction, average molecular weight, optical dielectric constant, molar 
refraction and reflection losses were seen to be increasing with increase 
in the Pr3+ ions concentration in BZLP glass samples whereas polaron 
radius and interatomic distance decreased with increasing Pr3+ ions. 

3.2. Glass structural analysis 

Diffraction patterns for BZLP and BZLP:0.1Pr glass samples have 
been recorded at room temperature and shown in Fig. 1. The spectra 
shows a broad ranging hump and absence of any sharp peaks thereby 
confirming the amorphous nature of the glass. Also, the doping of Pr3+

ions in BZLP glass does not affect the amorphous properties of the doped 
glasses. 

3.3. Absorption properties of glass 

Fig. 2 shows the absorption spectra from UV to IR region for BZLP 
glasses doped with Pr3+ ions that were measured at room temperature. 
The absorption profile exhibits numerous peaks in 300–2000 nm 
wavelength range. In the spectra, three peaks related to 3H4→3P2, 1, 

0 transitions and one peak related to 3H4→1D2 transition is present in the 
visible range and the residual three peaks were related to 3H4→1G4, 
3F4,3,2 transitions present in NIR region [26]. These transitions are in 
agreement with Carnall’s work [27]. The absorption intensity increased 
with increase in the concentration of Pr3+ ions. The 3H4→3P2 transition 
is hypersensitive in nature [|ΔS| = 0, |ΔL| ≤ 2 and |ΔJ| ≤ 2] which pre
dominantly depends upon on the neighbourhood of Pr3+ ions and 
correspondingly affects the J-O intensity parameters [28]. The hyper
sensitive transition’s peak position is shifted towards shorter wave
lengths as depicted in Fig. 2 when the concentration of Pr3+ ions rises. 
This change in shift arises due to nephelauxetic effect [29]. For the 
mentioned band positions in absorption spectra, nephelauxetic ratio (β 
and bonding parameters (δ) were assessed for Pr3+ doepd BZLP glasses 
by employing expression in literature [29,30]. Bonding parameters can 
represent the covalent or ionic character of as-prepared glasses by 
having + ve or -ve values respectively. Table 2 shows that the bonding 
parameter values are positive, indicating the covalent character of as 
prepared glasses. This covalent nature increases in the as prepared 
glasses as the concentration of Pr3+ ions rises. 

An essential parameter, the experimental oscillator strength (fexp), 
has been evaluated using the area under the absorption peaks and 
applying the specified formula: 

fexp =
2.303mc2

Nπe2

∫

ε(ϑ)dϑ (1)  
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where m, e, and c denotes for mass, charge of an electron and speed of 
light respectively. Also, N here stands for the Avagadro’s Number, while 
ε(ϑ) is the molar extinction coefficient for the wave number ϑ (cm− 1.) 
The evaluated values are have been presented in Table 2. The calculated 
oscillator strength (fcal) and J-O parameters (Ω2, Ω4, Ω6) were estimated 
through experimental oscillator strength (fexp). Least square fit method 

is used to evaluate the calculated oscillator strength for measured 
electric dipole transitions within 4f2 configuration using following 
relevant equation: 

fcal =

[
8π2mcv

3h(2J + 1)

][
(n2 + 1)2

9n

]
∑

λ=2,4,6
Ωλ

(
ΨJ ‖ Uλ ‖ Ψ

′

J ′)2 (2)  

Where, ϑ is the wave number for ground state (φJ) to excited state (φ,

j′ )

transition, m is electron’s mass, c is the speed of light in free space and 
⃦
⃦Uλ

⃦
⃦2 is doubly reduced matrix element. The best fit between fexp and 

fcal is assessed through the root mean square deviation (δrms) that can be 
calculated by employing the subsequent formula: 

δrms =

[∑ (
fexp − fcal

)2

N

]1
2

(3)  

Here N represents the overall number of peaks used in the fitting. The 
values of fcal, fexp, and δrms for BZLP glasses are shown in Table 2. Table 3 
lists the evaluated J-O intensity parameters together with the values of 
other reported glasses from the literature [31–34]. J-O parameters 
emulate the uniform trend (Ω4 > Ω2 > Ω6) for all reported glass samples. 
The intensity parameter Ω2 is a depiction of covalent character of metal 
ligand bond whereas other two parameters Ω4 and Ω6 indicate the ri
gidity and viscosity of host glass matrix. The Ω2 parameter of the BZLP 
0.1Pr glass is greater than those of the earlier reported glasses [31,32, 
35–37] and is comparable to those of Pr3+doped ZnAlBiB glasses re
ported by Mahamuda et al. [26]. The higher value of Ω2 parameter 
observed for BZLP 0.1Pr glass implies a greater degree of covalency of 
the Pr3+ ions bonding with the oxygen ligand, which is verified by the 
bonding parameters listed in Table 2 and may also be an indication of a 
greater degree of asymmetry in the ion sites around the Pr3+ ions. In 
contrast, higher value of Ω4 implies more rigidty of host medium around 
the Pr3+ ions [38,39]. For the present glass system, J-O intensity 
parameter Ω4 increases as the concentration of Pr3+ ions rises from 
BZLP:0.01Pr to BZLP:0.1Pr and then decreases up to BZLP:2.5Pr. Greater 
the value of Ω4 intensity parameter for prepared glasses indicates the 
rigidty of host material in which Pr3+ ions are located [26]. 

The optical band gap is a vital parameter and was calculated for Pr3+

ions doped BZLP glass samples based on recorded absorption spectra. 
According to Davis and Mott’s relation, the optical band gap for glass 
samples was estimated through the following relation [14]: 

α(ν)=
(

B
hν

)
(
hν − Eopt

)n (4)  

here, hν denotes the incident photon energy, Eopt signifies the optical 
energy band gap, B stands for the band tailing parameter, n is an index 
number.The type of transition depends on the value of parameter n. For 
direct and indirect permissible transitions, the prescribed values are n =
½ and n = 2 respectively. The value of α(ν) was estimated using the 
following expression [40]: 

Table 1 
Physical Properties of Pr3+ doped BZLP glasses.  

Physical Property BZLP: 0.01Pr BZLP: 0.05Pr BZLP: 0.10Pr BZLP:0.50Pr BZLP:1.00Pr BZLP:1.50Pr BZLP:2.00Pr BZLP:2.5Pr 

Refractive index (nd) 1.78 1.81 1.84 1.86 1.89 1.93 1.94 1.96 
Density (gm/cm3) 2.99 3.09 3.14 3.18 3.20 3.22 3.26 3.28 
Average molecular weight 208.61 208.96 209.39 212.86 217.20 221.54 225.89 230.23 
Pr3+ ion concentration N (1022 ions/cm3) 0.008 0.04 0.09 0.45 0.88 1.32 1.73 2.14 
Polaron radius (rp) (Å) 9.10 5.27 4.16 2.43 1.94 1.70 1.55 1.44 
Inter-atomic distance (ri) (Å) 22.60 13.09 10.33 6.05 4.82 4.23 3.85 3.59 
Optical band gap (eV) 3.57 3.51 3.48 3.64 3.92 3.94 4.02 4.07 
Dielectric constant (ℇ) 3.16 3.27 3.38 3.45 3.57 3.72 3.76 3.84 
Optical dielectric constant (ℇ-1) 2.16 2.27 2.38 2.45 2.57 2.72 2.76 2.84 
Molar refraction (Rm) (cm− 3) 29.18 29.14 29.45 30.10 31.30 32.67 33.19 34.09 
Reflection losses (R %) 4.25 4.51 4.78 4.96 5.23 5.59 5.69 5.87  

Fig. 1. XRD patterns recorded for BZLP and BZLP:0.1Pr glasses.  

Fig. 2. Absorption spectra of doped BZLP glasses with varying concentrations 
of Pr3+ from 0.01 to 2.5 mol%. 
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α(ν)=
(

1
d

)

ln
(

I0

IT

)

(5)  

Here, the thickness of glass denotes by d. The absorbance varies by a 
factor of ln (I0 /IT). The Eopt values were acquired for indirect allowed 
transitions by extrapolating the linear section of the Tauc’s plot [ 
(aһν)1/n versus (hν)] as presented in Fig. 3 with n = 2. The estimated 
bandgap Eopt values for Pr3+ ions doped BZLP glass samples have been 
listed in Table 1 and lie in the range 3.48–4.07 eV. 

3.4. PL characteristics of glass 

PL excitation spectrum of BZLP1.0Pr glass sample was recorded in 
400–500 nm range with monitoring emission wavelength λem = 604 nm 
and has been presented in Fig. 4. Three excitation peaks ascribed to 3H4 
→ 3P2, 3P1,3P0 transitions of Pr3+ ions, respectively can be seen. The 
most intense excitation was seen at 445 nm corresponding to 3H4 → 3P2 
transition and this was selected for recording the photoluminescence 

emission spectra of all prepared glass samples at room temperature [27]. 
The PL emission spectra of Pr3+doped BZLP glasses at λex = 445 nm 

have been presented in Fig. 5. Emission peaks were noticed at 604, 616 
and 647 nm corresponding to 1D2 → 3H4, 3P0 → 3H6 and 3P0 → 3F2 
transitions of Pr3+ ions respectively. Among the emission peaks, the 
dominant one is due to 1D2 → 3H4 transition at 604 nm. In the emission 
spectra ranging between 600 and 620 nm, emission bands (1D2 → 3H4 
and 3P0 → 3H6) are observed, which are overlapped in proximity. The 
peak observed in the red region: 3P0 → 3H6 has better sharpness as the 
concentration of Pr3+ ions is increased beyond 0.5 mol% while 1D2 → 
3H4 transition loses its sharpness at this concentration. The band max
ima shifts from 604 nm to 616 nm as the concetration of dopant ion is 
increased [41–43]. The intensity of the peaks increased with increase in 
Pr3+ ions content up 0.1 mol% and decreased afterwards. This is due to 
concentration quenching. This occurs as soon as the interionic distance 
among the Pr3+ ions becomes lesser than the critical distancei.e the 
minimum distance between two doping ions. In this condition, the en
ergy migration amongst dopant Pr3+ ions happens via radiationless 
transfer either by multiphonon or cross-relaxation process [44].The 
inset plot of Fig. 5 demonstrates the change in PL intensity with con
cetration of Pr3+ ions in BZLP glasses. 

The excitations, non-radiative and radiative emissions of Pr3+ ions in 
BZLP glass and cross-relaxation channels (CRC) were well clarified by 
the energy level diagram as demonstrated in Fig. 6. The energy level 
diagram shows the absorption of specific energy and subsequently 
movement of ions from the ground state to a specific excited state. After 
a certain time, the excited ions return to the ground level via radia
tionless and radiative emissions. As per the energy of presented levels of 
Pr3+, the possible CRC responsible for the concentration quenching are 
as below [26]:  

CRC 1: 3P0+
3H4 → 1D2+

3H6                                                                   

CRC 2: 3P0+
3H4 → 3H6+

1D2                                                                   

CRC 3: 3P0+
3H4 → 1G4+

1G4                                                                  

The non-radiative energy transfer takes place in rare-earth-doped 
luminescent materials due to the multipolar interaction among dopant 
ions. Dexter theory predicts three kinds of mechanisms for interionic 
multipolar interactions between the dopant ions. As per the theory the 
PL intensity is related to the amount of doping ion content in the host 
system as [45]: 

log
(

I
c

)

= logf −
s log(c)

d
(6)  

here I denotes the PL intensity, c is the Pr3+ ion concentration in BZLP 
glass samples, d denotes the dimension of the compound having the 
value of d = 3. f signifies a constant, which is unaffected by doping ion 
concentration. The parameter s describes the type of multipolar 

Table 2 
Experimental (fexp) (x10− 6), calculated (fcal) (x10− 6) oscillator strengths, r.m.s deviation (δrms), nephelauxetic ratio (β), and bonding parameters (δ) for Pr3+ ions in 
BZLP glasses.  

Transitions from 3H4→ BZLP:0.01Pr BZLP:0.05Pr BZLP:0.1Pr BZLP:0.5Pr BZLP:1.0Pr BZLP:1.5Pr BZLP:2.0Pr BZLP:2.5Pr 

fcal fexp fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal 

3F2 4.76 4.73 5.79 5.76 9.73 9.72 5.74 5.75 4.21 4.22 4.09 4.11 3.95 3.98 3.73 3.76 
3F3 6.05 6.31 6.83 7.18 10.4 10.3 6.89 6.50 5.55 5.22 5.12 4.70 4.67 3.99 4.56 3.83 
3F4 – – 3.5 3.64 3.65 5.05 1.87 3.18 1.63 2.55 1.43 2.30 0.37 1.65 0.21 1.56 
1D2 – – 8.77 1.17 12.8 1.65 5.86 1.04 4 0.84 2.78 0.75 2.67 0.60 2.63 0.581 
3P0 5.72 5.18 6.03 3.94 6.54 5.94 2.36 3.79 1.93 3.15 1.32 2.75 1 3.13 0.78 3.10 
3P1 – – 2.29 4.01 2.66 6.04 2.3 3.86 2.22 3.21 1.93 2.80 1.81 3.19 1.77 3.16 
3P2 7.61 3.05 7.75 3.71 12.9 5.14 9.28 3.27 5.9 2.65 4.04 2.36 3.88 1.84 3.7 1.76 
δrms (x 10− 6) 2.29  3.41  5.34  3.06  1.85  1.23  1.55  1.58  
β 0.997  0.995  0.994  0.993  0.998  0.998  0.997  0.997  
δ 0.03  0.05  0.06  0.07  0.12  0.15  0.20  0.21                  

0.2115  

Table 3 
Judd-Ofelt Parameters (Ωλ× 10− 20cm2) of Pr3+ ions in BZLP glasses along with 
various reported hosts.  

Glass System Ω2 Ω4 Ω6 Trend References 

BZLP: 0.01Pr 2.57 5.20 3.05 Ω4 > Ω2 > Ω6 Present 
work 

BZLP: 0.05Pr 5.34 5.40 4.47 Ω4 > Ω2 > Ω6 Present 
work 

BZLP: 0.1Pr 7.86 9.98 5.88 Ω4 > Ω2 > Ω6 Present 
work 

BZLP: 0.5Pr 4.94 5.45 3.67 Ω4 > Ω2 > Ω6 Present 
work 

BZLP: 1.0Pr 3.48 4.00 2.87 Ω4 > Ω2 > Ω6 Present 
work 

BZLP: 1.5Pr 3.23 3.38 2.50 Ω4 > Ω2 > Ω6 Present 
work 

BZLP: 2.0Pr 3.03 3.22 1.61 Ω4 > Ω2 > Ω6 Present 
work 

BZLP: 2.5Pr 2.87 3.72 1.48 Ω4 > Ω2 > Ω6 Present 
work 

(Ge30Ga5Se65)100- x 

(Pr2 Se3)x 
6.00 16.8 5.00 Ω4 > Ω2 > Ω6 [31] 

59.99TeO2 –25WO3 

– 15PbF2 – 
0.01Pr6O11 

4.782 6.148 2.208 Ω4 > Ω2 > Ω6 [32] 

TeWLiK 8.56 9.64 
9.55 

2.80 Ω4 > Ω2 > Ω6 [33] 
TeWNaK 9.39 2.81 Ω4 > Ω2 > Ω6 [33] 
Phosphate 4.19 4.29 6.40 Ω6 > Ω2 > Ω4 [35] 
Mixed halide 2.70 4.40 5.40 Ω6 > Ω2 > Ω4 [36] 
ZnAlBiB 1.0Pr 7.36 4.46 4.17 Ω2 > Ω4 > Ω6 [26] 
ZBP5 3.94 1.34 1.23 Ω2 > Ω4 > Ω6 [37] 
40GaS3/2 

.40GeS2.20Cs 
9.05 7.26 7.28 Ω2 > Ω6 > Ω4 [34]  
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interaction within the adjacent Pr3+ ions in BZLP glass samples. The 
value of parameter s is 6 for dipole-dipole interaction, 8 for dipole- 
quadrupole inetraction and 10 for quadrupole-quadrupole multipolar 
interaction [16]. For this research work, the value of parameter s was 
estimated using the slope of the linear fitted plot of log (I /c) versus log(c)
as shown in Fig. 7 and was found to be 1.485. Therefore the estimated 
value of parameter s was 4.455 which is close to 6. This proves that the 
non-radiative multipolar interaction between the Pr3+ ions is 

dipole-dipole in nature. In accordance with Dexter Theory, the emission 
and absorption spectrum of doped glasses will overlap. The visible range 
emission and absorption spectrum of the 1D2 transition, as well as the 
cross relaxation channel overlap as shown in Fig. 8 [44]. This spectral 
overlap enables us to comprehend the resonant energy transfer between 
excited and unexcited Pr3+ ions. 

The photoluminescence performance for Pr3+ doped BZLP glasses is 
estimated by calculating the parameters like radiative transition prob
ability (AR), total transition probability (AT),radiative lifetime (τR) and 

Fig. 3. Indirect bandgap plot of Pr3+ doped BZLP glasses with varying concentration from 0.01 to 2.50 mol%.  

Fig. 4. The excitation spectrum recorded for BZLP:0.01Pr glass under 604 
emission wavelength. 

Fig. 5. Emission spectra of Pr3+ doped BZLP glasses with varying the doping 
concentration from 0.01 to 2.50 mol%. Inset plot shows the variation of the 
emission intensity related to 1D2→ 3H4 transition with Pr3+ ions concentration. 
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luminescence branching ratio (βR) with the aid of J-O intensity param
eters measured from the absorption spectra. These parameters have 
been listed in Table 3. To explore the luminescent process, the radiative 
transition probability (AR) for flouroscent levels can be computed by 
using the following equation [46]: 

AR(aJ , bJ′ ) =
64π4ϑ

3h(2J + 1)

[
n(n2 + 2

9
sed

(
aJ , bj′

)
+ n3Smd(aJ , bJ′ )

]

(7) 

The total transition probability (AT) for flouroscent levels can be 
computed by using the following equation [46]: 

AT =
∑

b
j′

AR
(
aj, bj′

)
(8) 

The radiative lifetime τR (aj, bj′ ) and the luminescence branching 
ratio βR (aj, bj′ ) from a ground state aj to an excite state bj′ are given by 
[46]: 

τR
(
aj, bj′

)
=

1
∑

b
j′

AR
(
aj, bj′

) (9)  

βR
(
aj, bj′

)
=AR

(
aj, bj′

)
.τR

(
aj, bj′

)

An essential parameter is stimulated emission cross-section (σse) and 
its value dictates high gain and low threshold for lasing applications. It is 
given by the following expression [46,47]: 

σse =
λ4

p

8πcn2Δλp
AR (10)  

Where λp represents the peak wavelength, Δλp is the effective width of 
the emission transition and c, n and AR symbolize speed of light in free 
space, refractive index and radiative transition probability of flouroscent 
levels respectively. 

AR, AT, βR and τR radiatitve parameters computed for Pr3+ doped 
BZLP glasses for all fluoroscent transitions are listed in Table 4. Other 
radiative parameters like λp (peak wavelength), Δλp (effective band 
width ), βR, βexp ( radiative and experimental brnching ratio) ,

σse(stimulated emission cross section), σse x Δλp (gain bandwidth) and σse 
x τR (optical gain parameters) are represented in Table 5 for all reported 
glasses. Fluoroscent Branching ratio (βR) is another significant param
eter for lasing action and its value should be around 0.5. From Tables 5 

Fig. 6. Energy level diagram of Pr3+ doped BZLP glasses.  

Fig. 7. Relation between log (I/c) and log (c) for different concentrations 
of Pr3+. 

Fig. 8. Spectral overlap of absorbance & emission spectrum of BZLP:0.1 glass 
for transition 1D2→ 3H4. 

Table 4 
Transition probability (AR) (s− 1), luminescence branching ratio (βR), total 
transition probability (AT) (s− 1) and radiative lifetime (τR) (μs) for the observed 
emission transitions of Pr3+ ions in BZLP glass.  

Sample name Transition AR AT βR τR 

BZLP: 0.01Pr 3P1 →3F3 10071.61 48833.47 0.2062 20 
1D2 →3H4 978.62 3947.08 0.2479 253 

BZLP: 0.05Pr 3P1 →3F3 17721.88 66333.76 0.2672 15 
1D2 →3H4 1372.52 6371.21 0.2154 156 

BZLP: 0.1Pr 3P1 →3F3 32900.21 110698.7 0.2972 9 
1D2 →3H4 2001.65 11082.17 0.1806 90 

BZLP: 0.5Pr 3P1 →3F3 19264.42 68643.08 0.2806 14 
1D2 →3H4 1293.03 6665.77 0.194 150 

BZLP: 1.0Pr 3P1 →3F3 13848.99 54324.4 0.2549 18 
1D2 →3H4 1073.6 5003.91 0.2146 199 

BZLP: 1.5Pr 3P1 →3F3 13504.31 51079.94 0.2644 19 
1D2 →3H4 1000.98 4811.39 0.208 207 

BZLP: 2.0Pr 3P1 →3F3 13605.71 53053.52 0.2565 18 
1D2 →3H4 816.25 4636.94 0.176 215 

BZLP: 2.5Pr3P1 
3F3 13488.58 52998.95 0.2075 18 

1D2 →3H4 799.31 4589.27 0.1742 217  
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and it is noticed that βR values for high intense transition 1D2 →3H4 
decreases as the concentration of Pr3+ ions increases up to 0.1 mol% and 
after that increases as the concentration increases up to 2.5 mol%. This 
might be due to fluorescent quenching of 1D2 →3H4 transition [26,32,46, 
48]. Moreover, higher value of stimulated emission cross-section (σse is 
essential for luminescent transition thereby showing that the glass can 
be used as an active medium for laser. From Tables 5 it is noticed that σse 

has maximum value for BZPL:0.1Pr glass for transition 1D2 →3H4 

transition. 
Furthermore, a glassy materials doped with rare earth ions having 

high values of gain bandwidth (σse x Δλp) and optical gain parameters 
(σse x τR) can be used in construction of optical fibres. As is evident from 
Table 5, BZLP:0.1Pr glass has high values for all radiatitve parameters as 
compared to other reported glasses. Therefore, BZLP:0.1Pr i.e 0.1 mol% 
of Pr3+ doped BZLP glass is best fitted for reddish –orange laser transi
tion at 604 nm. 

3.5. Colorimetric study 

Chromaticity color coordinates of Pr3+ doped BZLP glass samples 
were evaluated based on PL results at λex = 445 nm and have been shown 
in Table 6. The estimated color coordinates lie in the red region of the 
CIE chromaticity diagram as shown in Fig. 9. Further, the color purity is 
one of the vital parameters stating how pure or monochromatic a light 
for utilization in photonic applications. The color purity (CP) for all the 
glass samples were calculated via using formula as mention in equation 
(11) [49,50]: 

CP (%)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − xee)
2
+ (y − yee)

2

(xd − xee)
2
+ (yd − yee)

2

√

x 100 (11)  

here (x, y) indicates the estimated chromaticity color coordinates, (xee, 
yee) signify the standard white point coordinates (0.33, 0.33) and (xd, yd)

is coordinates for the maximum wavelength. The calculated color purity 
for the optimized glass was found to be 98.61%. The highly pure color of 
the Pr3+ doped BZLP glass samples makes them an ideal candidate as a 
red light-emitting constituent in W-LEDs. 

3.6. PL decay analysis 

PL decay profiles for Pr3+ doped BZLP glass samples have been 
documented at λex = 445 nm and λem = 604 nm and shown in Fig. 10. 
The curves follow an exponential behaviour. The most proper fitting was 
attained for the bi-exponential function given by Ref. [51]: 

Table 5 
Emission peak wavelength (λP)(nm), effective band widths (ΔλP)(nm), measured and experimental branching ratios (βR& βexp), stimulated emission cross-sections (σse) 
(cm2), gain band width (σse × ΔλP) (cm3) and optical gain parameter (σse × τR) (cm2 s) parameters for the emission transitions for Pr3+ ions in BZLP glasses.  

Spectral parameters BZLP:0.01Pr BZLP:0.05Pr BZLP:0.1Pr BZLP:0.5Pr BZLP:1.0Pr BZLP:1.5Pr BZLP:2.0 Pr BZLP:2.5Pr 
1D2→3H4 

λP 604 604 604 604 604 604 604 604 
Δλp 18.67 18.90 19.54 16.01 14.97 14.50 14.19 15.63 
βR 0.2479 0.2154 0.1806 0.1940 0.2146 0.2080 0.1760 0.1742 
βexp 0.88 0.94 0.95 0.37 0.48 0.45 0.56 0.39 
σse 29.20 39.13 53.42 41.21 35.45 32.71 26.97 23.50 
σse × ΔλP 54.54 73.98 104.41 66.00 53.07 47.45 38.30 36.74 
σse × τR 7.39 6.10 4.80 6.18 7.05 6.77 5.79 5.10  

Table 6 
CIE co-ordinates of Pr3+ ions in BZLP glasses.  

Name of the sample CIE co-ordinates 

X co-ordinate Y co-ordinate 

BZLP: 0.01Pr 0.606 0.386 
BZLP: 0.05Pr 0.628 0.363 
BZLP: 0.1Pr 0.629 0.367 
BZLP: 0.5Pr 0.571 0.416 
BZLP: 1.0Pr 0.554 0.4231 
BZLP: 1.5Pr 0.544 0.440 
BZLP: 2.0 Pr 0.532 0.307 
BZLP: 2.5 Pr 0.506 0.469  

Fig. 9. CIE chromaticity coordinates of BZLP:0.10Pr glass.  

Fig. 10. PL decay curves of Pr3+ doped BZLP glasses with varying the doping 
concentration from 0.01 to 2.50 mol% under 445 nm excitation and emission at 
604 nm. 
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I(t)= I0 +A1 exp
(

−
t

τ1

)

+ A2 exp
(

−
t

τ2

)

(12)  

here τ1 and τ2 symbolize slow and fast decay times in the exponential 
equation, respectively. Two fitting constants in equations designated by 
A1 and A2. I(t) and I0 are the emission intensities at time = t sec and time 
= 0 s, respectively. The average (τavg) decay time for Pr3+ doped BZLP 
glass samples was assessed with the help of formula [16,52]: 

τavg =
A1τ1

2 + A2τ2
2

A1τ1 + A2τ2
(13) 

The τavg recorded decay profile of all glass samples was depicted in 
Table 7. The average decay time decreased with an increase of Pr3+ ions 
in the glass lattice. This is due to reduced distance between the Pr3+ ions 
thereby enhancing the non-radiative energy transfer. The estimated 
average decay time for BZLP:0.1Pr was τavg = 2.57 ms which reduced to 
τavg = 1.23 ms for BZLP:2.50 Pr glass. From Table 7 it is seen that τexp 

values are less than τR. This small variation between τexp and τR values 
arises due to multi phonon relaxation process. In this case τexp , τR and 
non-radiative decay rate (WNR) are related as: 

WNR =
1

τexp
−

1
τR

(14) 

Table 7 contains the WNR values determined using the aforemen
tioned equation. Another crucial factor utilised to assess the lumines
cence intensity of reported glasses is the quantum efficiency (η %). By 
calculating the ratio between τexp and τR, quantum efficieny for prepared 
glasses has been estimated and presented in Table 7. It is evident from 
Table 7 that up to 0.1 mol% (BZLP:0.1Pr) glass, the value of η % rises 
and after that declines with increasing Pr3+ ions concentration. 
Furthermore, Table 8 represents the comparision between several 
radiative parameters with the other reported glasses in literature [44,53, 
54]. It has been observed that stimulated emission cross section of the 
Pr3+ BZLP doped glasses have larger value than other reported glasses 
[53,54] and are comparable with that of Pr3+ doped LiPbAlB glass re
ported by Nisha et al. [44]. From the data in Table 8, BZLP:0.1Pr glass 
had the best quantum efficiency and stimulated emission cross section as 
compared to other reported glasses. Therefore, under 445 nm excitation, 
BZLP:0.1Pr glass is most suited for lasing emission in the reddish orange 
region. 

3.7. Temperature-dependent PL (TD-PL) characteristics 

Thermal stability is one of the vital requirements of the luminescent 
materials for utility in W-LEDs. So, using the temperature dependent- 
photoluminescence (TD-PL) spectra, the thermal stability of the pre
pared glass samples was examined.The TD-PL spectra were reported at 
excitation wavelength of λex = 445 nm as presented in Fig. 11. It is 
evident that with an increase in temperature from 300 K to 473 K, PL 
intensity diminishes gradually but the spectral shape/peak position is 
unaffected. Further, the activation energy (ΔE) was evaluated using the 
Arrhenius equation [55–57]: 

IT =
I0

1 + C exp
(
− ΔE

KBT

) (15)  

In above expression I0 and IT indicate PL intensity at room temperature 
300 K and at any temperature T (in Kelvin), respectively. KB Symbolizes 
the Boltzmann constant and C is an arbitrary constant. The value of ΔE 
was assessed via the slope of the linear fitted plot between ln((I0/IT)-1) 
and 1/KBT as shown in Fig. 12 [49]. The activation energy was found to 
ΔE = 0.175 eV for BZLP:0.1Pr glass. Inset plot of Fig. 12 reveals the PL 
intensity reduced from 88.12% at 423 K to 82.61% at 473 K, which 
shows that glass samples have brilliant thermal stability. 

4. Conclusions 

Trivalent praseodymium doped BZLP glass samples were synthesised 
through melt quenching route and their structural,physical and optical 
properties were studied for utility in luminescent device applications. 
The diffraction pattern confirmed the unstructured and nonexistent 
crystalline character of host glass. Absorption spectra showed several 
bands in ultraviolet, visible and infrared regions. The indirect optical 
bandgap was estimated using Tauc’s plot for each glass and was found to 
be in the range 3.48–4.07 eV. Using J-O parameters derived from the 
absorption spectrum, several radiative parameters were assessed for the 
reported fluorescence peaks of Pr3+ ions in BZLP glass samples. The PL 
spectra at 445 nm excitation shows prominent emission peak at 604 nm 
due to 1D2 →3H4 transition of Pr3+ ions. Beyond 0.10 mol% of Pr3+ ion 
concentration, quenching effect is observed due to dipole-dipole type of 
interaction between the dopant ions as confirmed by the Dexter plot. For 
the stransition 1D2→3H4, stimulated emission cross-section,branching 
ratios and quantum efficiency were assessed. The CIE coordinates for 
the as prepared glasses fall in deep-red region. The average lifetime 
values at λex = 445 nm for 604 nm emission were observed to decrease 
with an increase in Pr3+ ion content in BZLP glasses. The TD-PL study 
shows that the glass has an excellent thermal stability with activation 
energy ΔE = 0.175 eV. After analysing the several evaluated radiative 
parameters, it was revealed that amongst all the Pr3+ doped BZLP glass 
samples, BZLP:0.1Pr glass can be used as a deep red-emitting component 
in blue pumped white LED and other luminescent device applications. 
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Table 7 
Experimental lifetime (τexp) (μs), radiative lifetime (τR) (μs), quantum efficiency 
(η), and non-radiative decay rates (WNR) (s − 1) for Pr3+ ions in BZLP glasses.  

Sample τexp (μs) τR (μs) η (%) WNR 

BZLP: 0.01Pr 91 253 35.96 7036 
BZLP: 0.05Pr 89 156 57.05 4825 
BZLP: 0.1Pr 87 90 96.66 383 
BZLP: 0.5Pr 86 150 57.33 4961 
BZLP: 1.0Pr 85 199 42.71 6739 
BZLP: 1.5Pr 83 207 40.09 7217 
BZLP: 2.0 Pr 80 215 37.20 7848 
BZLP: 2.5 Pr 75 217 34.56 8725  

Table 8 
Comparison of emission characteristics parameters like effective band widths 
(ΔλP)(nm), measured branching ratio (βR) and stimulated emission cross- 
sections (σse x 10− 22) (cm2) of transition 1D2→3H4 in different Pr3+ doped 
glasses.  

Name of the sample ΔλP βR σse η (%) References 

BZLP: 0.01Pr 18.67 0.2479 29.20 35.96 Present work 
BZLP: 0.05Pr 18.90 0.2154 39.13 57.05 Present work 
BZLP: 0.1Pr 19.54 0.1806 53.42 96.66 Present work 
BZLP: 0.5Pr 16.01 0.1940 41.21 57.33 Present work 
BZLP: 1.0Pr 14.97 0.2146 35.45 42.71 Present work 
BZLP: 1.5Pr 14.50 0.2080 32.71 40.09 Present work 
BZLP: 2.0 Pr 14.19 0.1760 26.97 37.20 Present work 
BZLP: 2.5 Pr 15.63 0.1742 23.50 34.56 Present work 
0.1 Pr:NaAlGdP 16.50 0.82 27.64 78 [53] 
ZNBBP-1 26.48 0.34 16.49 – [54] 
LiPbAlBPr 1.0 18.09 0.41 46.1 86 [44]  
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