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A B S T R A C T   

Herein, heavy metal borate glasses activated with different concertation of Eu2O3 were prepared via the melt 
quench method. The Eu3þ concentration effect on photoluminescence (PL) properties of prepared glasses was 
investigated and discussed in detail to understand their utility in solid-state lighting and other photonic appli
cations. The present work explains the suitability of two heavy metal oxides such as PbO and Bi2O3 for Eu2O3 
doping to develop the glassy materials for photonic applications. The PL intensity was increased with an increase 
in Eu3þ content in PbO framed borate glasses while in Bi2O3 containing borate glasses the PL intensity was 
decreased at higher concentration due to concentration quenching. The Judd–Ofelt parameters and the radiative 
properties suggest the heavy metal borate glass hosts activated with 1 mol % of Eu3þ were potential materials for 
red light-emitting devices under blue light excitations. The Lifetime values of the PbO framed glasses were 
greater compared to Bi2O3 framed borate glasses which suggest the borate glass host containing high PbO 
content is more precisely suitable than Bi2O3 containing borate glass for solid-state lighting applications under 
blue light excitation.   

1. Introduction 

Search for an efficient optical material for the solid–state lighting 
and laser applications has become growing interest from past decades to 
address the technological challenges in opto-electronics devices, display 
devices, optical amplifiers and many more. Recently, solid-state optical 
materials are used for spectral conversion such as wavelength up and 
down conversion processes etc. [1–4]. Interestingly, optical materials 
comprising of rare earth (RE)s were applied as light gain medium for 
near infrared solid state laser, optical amplifier, optical thermometry 
and many photonic devices [5–9]. In particular, the high power visible 
light emitting solid–state devices are crucial for pool lights, headlights 

and architecture lighting applications [10–12]. 
Among the different systems bearing relevant interest in photonics 

[13–16], the use of glasses as dielectric hosts for RE ions has some ad
vantages over other systems, such as high transparency in selective 
electromagnetic fields, mechanical and chemical strength, possibility of 
production of devices on several shapes and the absence of metal–ligand 
interactions (causes quenching processes due to the high energy 
stretching vibrations) [17]. Especially, for the artificial lighting devices, 
moisture and heat resistant oxide glasses doped with RE ions are the 
excellent choice [18–20]. In view of this, the borate based glasses are of 
significant interest owing to their good optical transparency, chemical, 
thermal and mechanical, stability [21] along with low melting and 
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processing temperatures. It is well known that, the local environment 
and its variation, as well as the concentration and distribution of the RE 
ion in the glass matrix influence the luminescence properties such as 
emission intensity, emission cross section, spectral line width and life 
time. Therefore, these properties play a vital role while selecting the RE 
doped glasses for photonic applications [22]. To this end also, the 
borate-based glasses are good choice as a host for the REs since they 
constituted with a wide range of compositions without the addition of 
any network modifiers. Nonetheless, the distinct structural units of 
borate glasses such as BO3 triangle and BO4 tetrahedra helps to improve 
the local crystal field around the RE3þ ions [23]. However, the borate 
glasses contain high energy phonons (1300–1500 cm� 1) [21], which 
negatively influence the photoluminescence (PL) of RE ions and hence 
limits the practical utility of borate glasses in photonic applications. To 
achieve the high PL intensity and related parameters of RE ions, it is 
desirable that the RE should locate in a low phonon energy environment, 
so that the probability of nonradiative transitions can be reduced, sub
sequently resulting to high PL intensity and hence improve the radiative 
properties [24]. It has been well reported that, the incorporation of 
heavy metal oxides (HMOs) such as Bi2O3, PbO, Sb2O3, CdO etc. reduces 
the phonon energy of the parent glass and thereby enhances the optical 
as well as spectroscopic properties RE activated glasses. In addition, the 
HMOs improves the transparency of the parent glass in the infrared 
regions [25–28]. 

Among all RE ions, trivalent europium ions (Eu3þ) are of great 
importance as they exhibit efficient and intense red–orange emission 
originating from both electric dipole (ED, 5D0→7F1) and magnetic dipole 
(MD, 5D0→7F1) transitions with often high quantum efficiency. Also the 
Eu3þ is used in persistent spectral hole burning, luminescent devices and 
in high–density optical storage components [29,30]. Nonetheless, the 
band energy of the f–f transitions is generally not related to ligand field 
strength and, therefore, the host material, the ED allowed transition of 
Eu3þ: 5D0 → 7F2 strongly related to local symmetry. As a result, this 5D0 
→ 7 F2 transition can be utilized to probe the local structure in the host 
material. For this, the relative PL intensity ratio of I02/I01 transitions 
(often denoted as the asymmetry ratio, R) is widely employed to esti
mate the degree of non–centro symmetry of the Eu3þ site in a host 
material [31]. Normally, the absorption cross section of Eu3þ is very 
small in the ultra violet (UV) range due to parity–forbidden nature of 
Eu3þ absorption that result in low emission under the UV excitation and 
therefore, limits their versatility in many applications. Increasing the 
Eu3þ doping concentration in the host material is one way to overcome 
this problem, but which may causes the quenching of PL emission at 
higher concentrations [30]. However, the incorporation of glass modi
fiers and/or formers with higher concentration is an alternative way to 
overcome this problem. Nevertheless, Hirdesh et al. [32]. have observed 
the excitation dependence PL properties of Eu3þ activated in heavy 
metal oxide glasses. Yu et al. [33]. have further confirmed that the PL 
intensity of Eu3þ is maximum at the excitation of blue light than ultra
–violet (UV) light in heavy metal oxide glasses. To this end, there are few 
reports are available in open literature on PL and spectroscopic prop
erties of Eu3þ doped glasses excited at blue light. Furthermore, it is 
important to investigate the PL properties of Eu3þ doped heavy metal 
oxide containing glasses at both the excitations (UV and blue light) to 
demonstrate the glasses for device application more potentially. 
Therefore, in present study the PL properties of borate glasses containing 
high concentration of PbO and Bi2O3 activated with different concen
tration of Eu3þ ions are studied at dual excitations and discussed in 
detail for red solid-state lighting applications. 

2. Experimental and characterization details 

Eu2O3 varied series of glass samples with chemical formula 
10La2O3–50HMO–(40–x)B2O3–xEu2O3 (with x ¼ 0, 0.5, 1 and 2 mol % 
and HMO ¼ PbO, Bi2O3) were prepared through the process of melt- 
quenching using porcelain crucibles. The labels for the prepared 

samples are LPb50BEux and LBi50BEux for the lead and bismuth con
taining samples respectively, here x indicates the concentration of Eu2O3 
in the glass system. The Eu2O3 free samples are labelled as LPb50B and 
LBi50B for lead and bismuth containing glasses respectively. The start
ing reagents of 4 N (99.99%) purity oxides such as B2O3, Bi2O3, PbO, 
La2O3 and Eu2O3 were procured from SD Fine Chemicals Ltd. for glass 
preparation and same were used without additional purification. The 
weighted 15 gms of mixture of raw materials of glass composition was 
grinded thoroughly for homogenous. The well mixed glass mixture 
transferred to porcelain crucible and kept for melting using muffle 
furnace. The lead containing glass mixture was melted at 1050 �C and 
bismuth containing glass mixture was melted at 1030 �C. After 20 min of 
melting, molten mass was quenched on pre heated (200 �C) brass molds. 
The obtained glass samples were heat treated for 4 h at 450 �C to distress 
glass structure occurred while quenching. Later, the glass samples were 
finely polished using various grade emery sheets. The samples were 
optically homogeneous to naked eyes and free from strains occurred due 
to the high melt temperatures, large melting time, and low cooling rates. 

Density and refractive index measurement of the prepared glasses 
carried out by utilising Archimedes’ principle (comprising of analytical 
balance and toluene as immersion liquid) and Abbe’s refractometer 
(measured at 589.3 nm) respectively. Optical absorption spectra of all 
the prepared glass samples were recorded using PerkinElmer 
Lambda–35 UV–Vis spectrometer. The identification of structural 
groups formed in the glass network (in Eu3þ free samples) was car
riedout through the Fourier transform infrared (FTIR) transmission and 
Raman scattering measurement using home-made setup described 
elsewhere [34–36]. The Raman spectra of samples were recorded at the 
excitation of 532 nm. PL excitation and emission spectra were collected 
using an YvonFluorolog 3 spectrofluorimeter having a 450 W Xenon 
flash lamp as the exiting source. 

3. Result and discussion 

3.1. Physical properties 

The prepared glass samples were checked for glassy nature using 
X–Ray Diffractometer (XRD). The XRD profiles of the Eu free samples 
and samples containing 1 mol % of Eu3þ are shown Fig. 1. The samples 
were demonstrated a broad hump with absence of sharp crystalline 
peaks suggest the investigated glass samples are amorphous in nature. 
The glass becomes luminescent material when it contains optically 
active ions such as Eu3þ in its network. The oxide form of Eu2O3 has 

Fig. 1. XRD profiles of prepared LPb50B and LBi50B glasses, and respective 
glasses containing 1 mol % of Eu2O3. 
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been taken to dope the Eu3þ ion in the PbO and Bi2O3 borate glass 
network. The doping process carried out by replacing the B2O3 by 0.5, 1 
and 2 mol % Eu2O3. The Eu3þ ion is differed by its ionic radii, molar 
mass and electro–negativity compared to B3þ and thereby affect the 
bonding of the glass network. Thus, physical properties of the glass such 
as density, refractive index are measured and other properties were 
calculated using the equations mentioned in the references [36,37]. 

The undoped glasses are heavily dense compared to respective RE 
doped glasses. From Table 1 it is evident that density values of 
LPb50BEux and LBi50BEux glasses are decreased as Eu3þ doping level 
increased from 0.5 to 2 mol %. The refractive index and molar volume of 
the glasses are increased as Eu3þ ions entered the network and it is 
highest for 2 mol % Eu3þ doped glasses. The other properties of the 
glasses such as dielectric constant, molar refractivity and electronic 
polarizability of the glasses increased with doping concentration of Eu3þ

ion. Meanwhile, inter–ionic distance between the Eu3þ ions is decreased 
in lead as well as in bismuth lanthanum borate glass. These changes are 
attributed to the structural re–arrangement occurred in the Eu3þ doped 
PbO and Bi2O3 containing borate glasses. The increase in refractive 
index and polarizability values shows the enhancement in the light 
interaction with the glassy structure. These changes are due to decrease 
of bridging oxygen’s over non–bridging oxygen’s (NBO’s). The NBO’s in 
the network provides more scope for light–matter interaction through its 
less bounded excited electrons [38]. Further, the bismuth containing 
samples are highly dense compared lead comprising samples which is 
due to the greater atomic mass of Bi2O3 (465.96 amu) compared to PbO 
(223.2 amu). Also, the molar volume values of the LBi50BEux glasses are 
greater compared to those of LP50BEux, this is because the Bi–O (ranges 
from 2.08 to 2.80 Å) bond lengths are higher compared to Pb–O (in the 
range of 2.18–2.49 Å) bond lengths [39]. 

3.2. Structural properties 

3.2.1. Fourier transform infrared (FTIR) spectroscopy 
FTIR spectra of LPb50B and LBi50B glasses are shown in Fig. 2 (a). 

There are three main bands in the figure which are in agreement with 
those found in Ref. [40–42] but of better resolution that allows assign
ments of the various bands. It was greatly accepted that the broad band 
around 1100–1500 cm� 1 is ascribed to stretching vibration of B–O bonds 
of trigonal (BO3)3– groups in metaborate, pyroborate and orthoborates 
[40,44], whereas the band around 750–1100 cm� 1 is attributed to 
stretching vibration of B–O bonds in tetrahedral (BO4)– groups [43]. The 
transmission band at around 690–700 cm� 1 is due to the bending vi
brations of the B–O linkages in the borate network [40]. The weak band 
or the kink at 621 cm� 1 observed in lead containing glass was attributed 
to bending vibration of O–B–O bonds of borate units [44]. Nevertheless, 
the IR analysis of the Bi2O3 containing glasses demonstrated a weak 
bands in low frequency region extended between 500 and 600 cm� 1 

which are attributed to bending vibrations of Bi–O–Bi bonds in highly 
distorted BiO6 octahedral units [45,46]. By the keen observation of IR 
spectra, it was evident that, the centres of the 750–1100 cm� 1 and 
1150–1500 cm� 1 bands in bismuth containing glass were slightly shifted 
to lower wave number with reduced width compared to lead containing 
sample. It has been reported that, the centre of the band around 
750–1100 cm� 1 shifted to lower wave number indicating an increase in 
NBOs, and a longer bond length of BO4 structural unit. While, the center 
of the same band shifted to higher wave number indicating a decrease in 
NBOs and a shortening in the bond length of BO4 [48]. Therefore, the 
shift of 760–1100 cm� 1 band to lower wave number is attributed to 
increase in NBOs and a lengthening in the bond length of BO4 when 
Bi2O3 incorporated in the place of PbO. Further, the shift of 1150–1500 
cm� 1 band towards the lower wave number in Bi2O3 containing sample 
may be due to the fact that, the new bridging bond of Bi–O–B is formed 
by the inducement of strongly polarizing Bi3þ ions. Since the stretching 
force constant of Bi–O bonding is substantially lower than that of the 
Pb–O, hence the stretching frequency of Bi–O–B might trend to be lower 
[47,49,50]. 

3.2.2. Raman spectroscopy 
The Raman spectra of Eu3þ free LPb50B and LBi50B glasses are 

shown in Fig. 2 (b). The spectra of both hosts evidenced the absence of 
the boroxol characteristic band at ~ 805 cm� 1 [42], which represents 
the glasses under study are not containing any boroxol rings. The broad 
Raman signal observed at around ~ 1252 cm� 1 was attributed to the 
pyroborate structural units (B2O5

4� ) [51,52]. This band is slightly shifted 
to lower wavenumber in Bi2O3 containing glass system. This shift sug
gest an increasing depolymerization and an increasing number of NBOs 
sites in bismuth containing glass sample [53]. The Raman lines appeared 
at ~ 935 cm� 1 and at ~ 900 cm� 1 (present in lead containing sample 
only) were attributed to symmetric stretching vibration of the planar 
orthoborate units (BO3

3� ) units [54]. The weak bands appeared at ~ 628 
cm� 1 in lead containing sample was attributed to ring type metaborate 
groups [42]. The Raman bands observed at ~ 710 (~718 cm� 1 in bis
muth containing host) and ~ 731 cm� 1 were ascribed to chain type 
metaborate units [42]. The identified weak peak at ~ 761 cm� 1 in lead 
containing host reveals the presence of a BO4 structural groups units, 
probably in diborate groups [55]. The Raman band present at ~ 490 
cm� 1 in PbO comprising glass host was ascribed to loose’ diborate 
groups and ‘loose’ BO4 group [56]. The band observed at ~ 595 cm� 1 in 
LPb50B glasses was ascribed to isolated diborate units [55]. Finally, the 
weak intense band developed at ~ 240 and ~ 315 cm� 1 in lead con
taining sample could be ascribed to the vibrational mode of Pb2þ in 
fourfold coordination [53]. This developed Raman bands at low fre
quency region is also indicate the gradual growth of a PbOn pseudo 
phase within the glass matrix; for high PbO concentration this may take 
the form of PbO4 square-pyramidal structures with considerable degree 

Table 1 
Physical properties of the un-doped and Eu3þdoped PbO and Bi2O3 lanthanum borate glasses.  

Properties (�error limits) LPb50B LPb50BEu0.5 LPb50BEu1 LPb50BEu2 LBi50B LBi50BEu0.5 LBi50BEu1 LBi50BEu2 

Physical Properties 
Average Molecular Weight, M (gmol� 1) 156.67 158.08 159.49 162.32 293.41 294.82 296.233 299.056 
Density, ρ (gcm� 3)(�0.002) 5.393 5.36 5.103 5.043 6.812 6.795 5.808 5.940 
Molar Volume, Vm (cm3mol� 1)(�0.001) 29.05 29.45 31.25 32.18 43.071 43.387 50.996 50.339 
Refractive index, n(�0.001) 1.79 1.80 1.81 1.83 2.084 2.089 2.142 2.171 
Dielectric constant, ε(�0.001) 3.23 3.24 3.28 3.37 4.343 4.363 4.588 4.713 
Molar Refractivity, RM (cm� 3)(�0.002) 12.40 12.60 13.50 14.20 22.700 22.934 27.774 27.843 
Electronic Polarizability, αe( � 10� 24 cm3)(�0.001) 4.91 4.99 5.35 5.63 8.996 9.089 11.00 11.03 
Optical Properties 
Direct optical band gap, Eg

dir (eV) (�0.002) 2.867 – – – 2.503 – – – 
Indirect band gap, Eg

indir (eV) (�0.002) 2.265 – – – 2.374 – – – 
Inter- ionic Properties         
Concentration of Eu2O3 (mol %) 0 0.5 1 2 0 0.5 1 2 
Eu3þ concentration, N ( � 1022ions/cm3) (�0.0001) – 1.92 2.022 3.74 – 0.694 1.181 2.392 
Eu–Eu Interionic spacing, dEu-Eu (Å) (�0.0001) – 4.68 3.79 3.04 – 5.331 4.466 3.041  
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of covalent Pb–O bonding [57]. The Raman band appeared at ~ 790 
cm� 1 in LBi50B glass could be assigned to the vibration of planar six 
membered borate rings with one BO4 tetrahedron [42]. The band 
observed at ~ 432 cm� 1 in bismuth containing sample assigned to 
stretching vibrations of Bi–O–Bi linkages of BiO6 octahedron [58]. The 
peak developed at ~ 263 cm� 1 in LBi50B glass could be assigned for 
vibration of Bi–O bond in [BiO3] structural unit [59]. No clear assign
ment of the weak Raman line appeared at ~ 680 cm� 1 in bismuth 
containing glass sample. Because, the formation of [BƟ2O2

3� ] tetrahedra 
was evidenced due to the presence of the 680, 395 and 350 cm� 1 bands 
in Raman spectra of borate glasses [60]. But, in the bismuth containing 
Raman spectra the Raman signals at 395 and at 350 cm� 1 are not evi
denced. Hence, we cannot readily assign the 680 cm� 1 Raman signal for 
BƟ2O2

3� tetrahedra. 

3.3. Optical absorption study 

The absorption characteristics of the Eu3þ ion in the PbO and Bi2O3 
lanthanum borate glasses were measured in the UV–Vis region and the 
resulted spectra is shown in Fig. 3 (a) and (b) respectively. The 
LPb50Eux and LBi50BEux glasses are exhibited strong UV absorption 
and good transmission for visible radiation. In both the spectra, 0.5 mol 
% of Eu3þ–doped glass is exhibit a single absorption due to 7F0→5D2 
transition at 464 nm [61]. An additional absorption peak at 393 nm 
corresponding to 7F0→5L6 transition appeared in the lead containing 
samples for higher Eu3þ concentration [61]. The absorption intensity of 
absorption peaks are increased with Eu3þ content and highest for 2 mol 
% doped glasses. From Fig. 3 it can be seen that among different char
acteristic absorption peaks of Eu3þ, most of absorption bands of Eu3þ ion 
in the UV and visible region are masked due to strong absorption of the 
host glass [25]. The presence of heavy metal cations such as Pb2þ and 

Fig. 2. FTIR spectra (a) and Raman spectra (b) of Eu free LPb50B and LBi50B glasses.  

Fig. 3. Optical absorption spectra of LPb50BEux (a) and LBi50BEux (b) glasses. In set of Fig. (a) represent the plots of (αhν)2 v/s hν for direct bandgap measurement 
for Eu3þ free LPb50B and LBi50B glasses and inset of Fig. (b) represents the plots of (αhν)1/2 v/s hν for indirect bandgap measurements for LPb50B and 
LBi50B glasses. 
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Bi3þ in LPb50BEux and LBi50BEux glasses respectively might be 
responsible for the strong absorption of the glasses. 

The band gap of the glass is related to the variation in the glass 
structure. Usually band gap of the glass shifts to higher wavelength side 
due to locally created energy levels near the band edge. Therefore, in the 
present investigation the band gap of the glasses is determined using 
Davis and Mott relation [37] which is derived from absorption edge 
given by 

αhν¼B
�
hυ � Eg

�n (1)  

where B is the constant called as band tailing factor, Eg is the optical 
band gap between the valence band and conduction band, hν is the 
photon energy of the incident radiation, n is an index of phonon assisted 
direct and indirect allowed transition equal to ½ and 2 respectively, and 
α be the absorption coefficient. The absorption coefficient (α) of the 
investigated glasses has been estimated using the following relation 
[62]. 

αðλÞ¼ 2:303 ​
�

A
d

�

(2)  

where, A and d are the absorbance and the thickness of the glass sam
ples, respectively. Further, the Tauc’s plots used to estimate the optical 
bandgaps of glasses using equation (1) are shown in insets of Fig. 3. In 
set of Fig. 3 (a) represent the plots for direct bandgap measurement for 
Eu3þ free LPb50B and LBi50B glasses and inset of Fig. 3 (b) represents 
the plots for indirect bandgap measurements for LPb50B and LBi50B 
glasses. By extrapolating the linear part of αhv vs hv curve is intersected 
at different values of E (hv) axis. The direct band gap values of Eu3þ free 
glasses are listed in Table 1 from which it is clear that the band gap for 
PbO borate glass is higher than Bi2O3 contain glasses. 

3.4. Photoluminescence properties 

The heavy metal borate glasses are transparent to optical radiations 
in the visible to near infrared (NIR) region. But, the RE doped glasses are 
optically active and exhibits strong absorption and luminescence in the 
visible to NIR region of electromagnetic spectrum [1]. This versatile 
behaviour attributed to intra-band 4f–4f and 4f–5d electronic transition 
of triply ionized RE ions [61]. In the PL phenomenon, light is used to 
excite the RE ions to record the resultant emission (spectrum). The peak 

position and emission intensity of the Eu3þ ion rely on the host glass 
chemical composition and its concentration. Thus, in the present study, 
excitation spectra of the Eu3þ in the PbO and Bi2O3 containing 
lanthanum borate glasses are recorded by monitoring the emission at 
614 nm. Fig. 4 (a) and (b) shows the recorded PL excitation spectra of 
the LPb50BEux and LBi50BEux glasses respectively. The excitation 
spectra in both glass hosts shows several peaks, the observed peaks are 
assigned as shown in Fig. 4 using the references [63,64]. The intensity of 
the excitation peaks are enhanced as Eu3þ doping increased in PbO 
containing glasses while the Bi2O3 comprising glass host demonstrated 
the concentration dependency. The excitation peaks at 393 nm and 464 
nm is equally high intense among other transitions in the PbO contained 
glasses. But, in bismuth contained glasses, excitation peak at 464 nm is 
highest compared to 393 nm. Thus, the PL spectra of the glass hosts were 
recorded at both 393 nm and at 464 nm excitations to demonstrate the 
studied glasses for lighting applications more potentially and their 
suitability. 

The PL emission spectra of LP50BEux and LBi50BEux glass hosts at 
excitation of 393 nm are shown in Fig. 5 (a) and (b) respectively and the 
corresponding PL spectra at 464 excitation are depicted in Fig. 5 (c) and 
(d) for lead and bismuth containing glasses. The Eu3þ ion exhibited its 
characteristic emission wavelengths in visible region of spectrum in both 
hosts. The emission peaks at 579, 593, 614, 653 and 702 nm are assigned 
to 5D0→7F0, 5D0→7F1, 5D0→7F2, 5D0→7F3, 5D0→7F4 electric and mag
netic dipole transitions of the Eu3þ ion allowed by ΔJ ¼ 2 and 1 selection 
rules. The band at 614 nm is peaked highest among other transitions. 
Interestingly, emission at 702 nm is considerably intense compared to 
band at 593 nm and other heavy metal borate host glasses [54,63]. The 
Eu3þ ion emission intensity of PbO hosted borate glass is dependent on 
ion concentration and independent to the excitation wavelengths. 
Whereas, the bismuthate glasses emission shown concentration de
pendency and intensity quenched at 2 mol % Eu3þ doping. Thus, 
emission intensity is highest at the excitation of 464 nm compared to 
393 nm in the LBi50BEux glasses. In LPb50BEux glasses, the lumines
cence intensity significantly increased at 1 mol % compared to 0.5 mol 
% of Eu3þ and intensity further slightly increased for 2 mol% of Eu3þ

ions. But in the case of LBi50BEux glasses, emission intensity for Eu3þ at 
1 mol% enhanced noticeably compared to 0.5 and at 2 mol % Eu3þ the 
bismuth containing glasses exhibited decrease in PL intensity due to 
concentration quenching. The overall emission intensity of lead and 
bismuth containing glasses shown in Fig. 5 clearly proves composition 
dependency of luminescence properties of Eu3þ ion. Further, it has been 

Fig. 4. PL excitation spectra of Eu3þ doped LPb50BEux (a) and LBi50BEux (b) glasses.  
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reported that the intensity of 702 nm transition of Eu3þ was enhanced 
greatly along with 614 nm transition due to high polarizability of the 
glasses [65]. In Fig. 5 it can clearly identified that with increase in Eu2O3 
content in the glasses, 702 nm transition of Eu3þ is improved along with 
614 nm transition (not at equal rate) which is attributed to the high 
polarizability of the studied glasses attained due to the highly polariz
able PbO and Bi2O3 oxides. The energy level diagram depicted in Fig. 6 
demonstrating the different transitions occurred under the excitation of 
464 nm [66,67]. The multiphonon relaxation process effects the relax
ation of Eu3þ ion from 5D2→5D0 lower state by low level lattice vibra
tion. Later, stimulated electronic transition between 5D0 to lower 7F1,2,3, 

4 states results in red light at various wavelengths in the emission 
spectra. Furthermore, PL emission intensity ratio’s (R) of orange to red 
band (electric to magnetic dipole transition) infers local asymmetry 
around the Eu3þ ion offered by surrounding ligands and it also infer the 
chemical bond strengths of Eu–O [63]. The calculated intensity ratio (R) 
values at the excitation of 393 nm and 464 nm are provided in Tables 2 
and 3 respectively. The R values are highest for LPb50BEux glass over 
LBi50BEux glasses suggests Eu3þ ion centered at highly asymmetric site 
and possess higher Eu–O covalence in the PbO framed borate glass 
network compared to Bi2O3 framed borate glass [68]. Nonetheless, the R 
values higher than the unity for all the investigated glass samples sug
gest the Eu3þ ions are situated in acentric sites [65]. On the contrary, a 
large diversity of low-symmetry sites in the present glass samples can be 
corroborated by large R values and the inhomogeneous line broadening 
observed from the emission spectra [65]. 

The Judd–Ofelt (JO) [69,70] theory access the quantitative lumi
nescence properties such as branching ratio, radiation transition prob
ability, emission cross-section and total radiative lifetime of Eu3þ ions in 
the given host [71,72]. The JO intensity parameters of the host medium 

used to predict the above mentioned radiative properties of the prepared 
glasses. The JO parameters related to LPb50BEux and LBi50BEux glasses 
were calculated using emission spectrum and using corresponding re
lations mentioned in Refs. [37]. The JO parameters, Ω2 varies according 
to the strength of Eu–O covalence and short range structural rear
rangement around the Eu3þ ion, where as Ω4 and Ω6 parameters are 
attributed to the glass rigidity and viscosity [73]. The calculated values 
of JO parameters at the excitation of 393 nm and at 464 nm are fur
nished in Tables 2 and 3 respectively. Since the PL intensity and JO 
parameters are better at 464 nm excitation and hence the JO parameters 
(obtained at excitation of 464 nm) are compared with other heavy metal 
borate glasses [23,37,68,74,75]. The value Ω2 and Ω4 of LPb50BEux 
glasses are more compared to LBi50BEux glass shows strength of cova
lent bonding of Eu3þ to O� in PbO framed B2O3 glass network is much 
higher. 

The lasing properties of the investigated glasses calculated using JO 
parameters with the relations found in previously mentioned reference. 
The calculated radiative parameters of the LPb50BEux and LBi50BEux 
glass are listed in Tables 4 and 5 respectively for 393 and 464 nm ex
citations. The deciding factor for lasing transition such as branching 
ratio is should be more than 0.5 for given emission transition. Among all 
emission peaks, 7F0 → 5D2 transition of Eu3þ ion is exhibited such po
tentiality and both the glass host containing 1 mol % of Eu3þ yielded 
highest branching ratio compared to other prepared glasses. The RE 
doped glass is useful as optical gain material for solid state laser and it is 
dependent on stimulated emission cross–section of particular transition 
[76,77]. Interestingly, 5D0→7F4 transition has gain slightly large stim
ulated cross–section compared to 5D0→7F2 emission band. But, this 
transition has shortage of required branching ratio to achieve necessary 
population inversion. The reciprocal of the total transition probability 

Fig. 5. PL emission spectra of LPb50BEux (a) and LBi50BEux (b) glasses at 393 nm excitation. PL emission spectra of LP50BEux (c) and LBi50BEux (d) glasses at the 
excitation of 464 nm. 
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gives metastable life of excited state 5D0 state and calculated values 
decreased as increase in number density of Eu3þ ion in the glass 
network. The actual lifetime of metastable state can be determined by 
decay curve analysis. The recoded decay curves at the excitation of 464 
nm of LPb50BEux and LBi50BEux glasses are shown in Fig. 7. The single 
exponential function is well fitted to observed decay curves [37]. The 

obtained lifetime of 5D0 state is 1.29, 1.27, 1.24 ms and 1.01, 0.96, 0.90 
ms for LPb50BEux and LBi50BEux (x ¼ 0.5, 1 and 2 mol %) glasses 
respectively. The LPb50BEu1 and LBi50BEu1 glasses has gained opti
mum stimulated emission cross–section and optical gain values for 
5D0→7F2 transition at 614 nm compared to other studied glasses, sug
gesting that the heavy metal borate glasses containing 1 mol % of Eu3þ

are potential photonic materials. Further, obtained quantum efficiency 
(τmea=τcalÞ of the lead containing glass is 85% compared with 50% of 
bismuth hosted glass signifies LPb50BEu1 glass is most luminescent 
material compared to other borate network glasses [37]. The emission 
intensity and radiative properties and also the life time values of studied 
glasses are greater while the JO parameters and R values are lesser 
compared to Eu3þ doped red emitting phosphor materials [73,74]. 
Further, the PL emission peaks are broad in the studied glasses compared 
to the phosphor materials. 

The colour chromaticity profile is an important parameter to eval
uate the colour purity of the glass. The emission spectra of the glass have 
wavelengths at different position such as orange, red and deep red re
gion of the spectrum. Sometime more than one emission bands helps in 
modulating the total emission colour of the glass. To evaluate the colour 
index of the glass, 1931 CIE chromaticity theory has been adopted 
[78–80]. The emission spectra of the glasses were used to calculate the x, 
y using the equations 

x¼
X

X þ Y þ Z
(3)  

y¼
Y

X þ Y þ Z
(4)  

where X, Y and Z are the tristimulus values used to get the stimulation (i. 
e. power) for each of the three primary colours such as red, green and 
blue colours required to match the colour PðλÞ. The stimulant values for 
given wavelength calculated by 

X¼
Z :

λ

XðλÞPðλÞdλ (5)  

Y ¼
Z :

λ

YðλÞPðλÞdλ (6)  

Z¼
Z :

λ

ZðλÞPðλÞdλ (7)  

where XðλÞ, YðλÞ and ZðλÞ is colour matching functions, PðλÞ is spectral 
density. 

Fig. 8 (a) and (b) shows the CIE chromaticity diagram of the 
LPb50BEux and LBi50BEux glasses for which the PL emission spectra 
recorded at 464 excitation was utilized. From the figure it is evident that 
the chromaticity co-ordinates (x, y) travels in the red region in both the 
glass hosts. However, the glasses containing 1 mol % of Eu3þ lies very 
close to ideal red region which suggest that studied glasses containing 1 
mol % of Eu3þ are much suitable for red light solid state lighting ap
plications or red LEDs under blue light excitations. 

4. Conclusion 

The Eu3þ activated heavy metal borate glasses were prepared and the 
effect of Eu3þ ions on optical absorption, optical band gap and PL 
properties were analysed. The XRD profiles were confirmed the glassy 
nature of prepared glasses. The optical band gap values were demon
strated decreasing trend with increase in Eu2O3 concertation due to the 
decrease of bridging oxygen’s over non-bridging oxygen’s (NBO’s). 
These NBO’s in the glass network provides more scope for light–matter 
interaction through its less bounded excited electrons. The PL emission 

Fig. 6. Schematic energy-level diagram Eu3þ ion in studied glasses.  

Table 2 
JO parameters Ω2 and Ω4 (x 10� 20) and Intensity ratio (R) values of Eu2O3 doped 
glasses at the excitation of 393 nm.  

Glass Code Ω2 Ω4 R References 

LPb50BEu0.5 3.30 4.20 2.61 Present work 
LPb50BEu1 4.73 4.48 3.75 Present work 
LPb50BEu2 4.22 4.03 3.35 Present work 
LBi50BEu0.5 3.02 5.15 2.4 Present work 
LBi50BEu1 3.95 4.66 3.12 Present work 
LBi50BEu2 3.94 4.83 3.14 Present work  

Table 3 
JO parameters Ω2 and Ω4 (x 10� 20) and Intensity ratio (R) values of Eu2O3 doped 
glasses at 464 nm.  

Glass Code Ω2 Ω4 R References 

LPb50BEu0.5 4.69 5.15 8.75 Present work 
LPb50BEu1 6.86 6.75 5.45 Present work 
LPb50BEu2 5.98 6.87 4.75 Present work 
LBi50BEu0.5 3.55 4.46 2 Present work 
LBi50BEu1 5.33 4.6 4.23 Present work 
LBi50BEu2 5.57 4.96 4.2 Present work 
BTPAE 3.53 5.54 1.08 [22] 
ZnAlBiB 2.19 1.49 2.66 [73] 
ZNBBE 5.14 4.17 3.98 [38] 
LBTAF 4.71 0.48 4.77 [74] 
LBTPE 3.12 3.12 0.08 [75]  
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properties were analysed under UV and blue light excitations. The PL 
intensity was increased with increase in Eu3þ content in lead containing 
glass samples whereas it was decreased at 2 mol % of Eu3þ in bismuth 
framed glasses. The JO parameters and radiative properties clearly 
suggest the investigated glasses containing 1 mol % of Eu3þ were 
competing materials for red light solid state lighting application under 
blue light excitations. Further, the life time and quantum efficiency 
values of lead containing glass significantly high compared to bismuth 
containing borate glass. Therefore, the PbO framed borate glass host is 
more precisely suitable than Bi2O3 containing borate glass for solid state 
lighting applications under blue light excitations. 
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Table 4 
Emission peak wavelength (λp, nm), effective bandwidth (Δλp, nm), Radiative transition probabilities (A, s� 1), Total radiative transition probabilities (AT, s� 1), 
stimulated emission cross section (σse x 10� 22 cm2), experimental branching ratios (βexp), gain bandwidth (σse Δλp) (x 10� 28, cm3) and life time values (τ) (ms) of the 
Eu2O3-doped glasses at the excitation of 393 nm.  

Transitions 5D0→ Parameters LPb50BEu0.5 LPb50BEu1 LPb50BEu2 LBi50BEu0.5 LBi50BEu1 LBi50BEu2 
7F1 λp 593 593 593 593 593 593 

Δλp 13 15.1 15.1 12.9 14.2 12.9 
A 73.11 73.11 73.11 73.11 73.11 73.11 
σse 2.73 2.35 2.35 2.35 2.36 2.36 
βR 0.18 0.15 0.16 0.16 0.16 0.16 
σse xΔλp 3.54 3.54 3.54 3.03 3.35 3.04  

7F2 λp 614 614 614 614 614 614 
Δλp 13 14 14 12.7 12.9 12.8 
A 195 280 250 233 234 234 
σse 8.33 11.1 9.90 7.63 9.97 10.8 
βR 0.50 0.58 0.57 0.52 0.53 0.53 
σse Δλp 10.8 15.54 13.86 9.69 12.86 13.82 
AT 387 497 436 397 438 442 
τcal  2.58 2.05 2.28 2.51 2.28 2.22  

7F4 λp 702 702 702 702 702 702 
Δλp 10 11.33 11.7 10.1 12 10.2 
A 118 126 113 145 131 136 
σse 11.4 11.1 9.32 13.9 10.5 13.1 
βR 0.30 0.26 0.26 0.36 0.29 0.30 
σse Δλp 11.4 12.54 10.90 14.03 12.6 13.36  

Table 5 
Emission peak wavelength (λp, nm), effective bandwidth (Δλp, nm), Radiative transition probabilities (A, s� 1), Total radiative transition probabilities (AT, s� 1), 
stimulated emission cross section (σse x 10� 22 cm2), experimental branching ratios (βexp), gain bandwidth (σse Δλp) (x 10� 28, cm3) and life time values (τ) (ms) of the 
Eu2O3 doped glasses at the excitation of 464 nm.  

Transitions 5D0→ Parameters LPb50BEu0.5 LPb50BEu1 LPb50BEu2 LBi50BEu0.5 LBi50BEu1 LBi50BEu2 
7F1 λp 593 593 593 593 593 593 

Δλp 15 15.2 15.2 15 15.1 15.1 
A 73.11 73.11 73.11 73.11 73.11 73.11 
σse 2.33 2.32 2.33 2.36 2.35 2.35 
βR 0.14 0.10 0.11 0.20 0.14 0.13 
σse Δλp 3.49 3.59 3.54 3.54 3.54 3.54  

7F2 λp 614 614 614 614 614 614 
Δλp 13.84 13.81 13.80 13.9 13.21 14.07 
A 277.88 406.45 354.31 151.08 315.11 330.02 
σse 12.20 14.6 14.2 8.96 14.6 13.52 
βR 0.55 0.60 0.57 0.43 0.60 0.60 
σse Δλp 18.3 25.25 24.56 12.45 19.28 19.02 
AT 496.314 670.0338 621.2799 350.0494 518.7146 543.0927 
τcal  2.01 1.49 1.61 2.83 1.94 1.84 
τmea  1.29 1.27 1.24 1.01 0.96 0.90  

7F4 λp 702 702 702 702 702 702 
Δλp 11.59 11.59 11.56 9.9 12.04 10.7 
A 145.31 190.46 193.85 125.84 129.79 139.95 
σse 12.25 17.6 15.8 11.4 12.7 10.4 
βR 0.29 0.28 0.31 0.35 0.250 0.257 
σse Δλp 14.19 20.39 18.26 11.28 15.29 11.12  
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Fig. 7. The decay curves for 5D0→7F2 (614 nm) emission of Eu3þ ions in LPb50BEux (a) and LBi50BEux (b) glasses when excited at 464 nm.  

Fig. 8. The CIE chromaticity diagram of LPb50BEux (a) and LBi50BEux (b) glasses under the excitation of 464 nm. In Left figure, (A) ¼ LPb50BEu0.5, (B) ¼
LPb50BEu1 and (C) ¼ LPb50BEu2. In Right figure (A) ¼ LBi50BEu0.5, (B) ¼ LBi50BEu1 and (C) ¼ LBi50BEu2. 
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