
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 1
1:

17
:4

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Judd–Ofelt anal
aDepartment of Physics, Manipal Institute of

Education, Manipal, Karnataka, India. E-m
bRenewable Energy and Environmental Techn

47913, Saudi Arabia
cDepartment of Physics, Faculty of Science, I
dDepartment of Physics and Technical Scie

Azerbaijan
eDepartment of Physics, College of Scienc

University, P.O. Box 84428, Riyadh, 11671,

† These authors contributed equally to th

Cite this: RSC Adv., 2025, 15, 43377

Received 7th August 2025
Accepted 1st November 2025

DOI: 10.1039/d5ra05778g

rsc.li/rsc-advances

© 2025 The Author(s). Published by
ysis and the spectroscopic
elucidation of b-BaB2O4:Eu

3+ phosphors for
optoelectronic applications

R. Kiran,†a Vaishnavi Shenoy,†a M. I. Sayyed,bcd Aljawhara H. Almuqrine

and Sudha D. Kamath *a

We have used the solid-state reaction method to prepare Eu3+ (1, 1.5, 2, 2.5, and 3 mol%) doped b-BaB2O4

phosphors. Phase purity of the prepared phosphors was confirmed using X-ray diffraction (XRD) studies.

Photoluminescence (PL) measurements using 395 nm excitation exhibited three intense peaks at

593 nm, 615 nm, 653 nm, and 702 nm, respectively, due to the 5D0 / 7Fj (j = 0, 1, and 2) transitions. The

PL emission intensity will increase up to 2 mol%, and thereafter, there will be a decline due to

concentration quenching. Chromaticity analysis, along with correlated colour temperature (1796 K to

1976 K), confirmed the material's potential as a warm light emitter. Diffuse reflectance spectroscopy

revealed a direct bandgap energy of 4.30 eV for the optimized sample. Finally, using Judd–Ofelt intensity

parameters, the calculation of critical radiative parameters, including transition probability, lifetime, and

branching ratio, was carried out. The results demonstrate the efficient luminescence and excellent

colour stability of b-BaB2O4:Eu
3+, highlighting its potential for optoelectronic applications.
1 Introduction

In the span of the past century, advances in materials science
have transformed technologies from silicon-based electronics
and lightweight composites to high-performance polymers,
reshaping various aspects of life.1–4 These innovations have
enabled faster computing, sustainable energy solutions,
fundamentally altering how we live and interact with the
world.5–7 Among the various novel materials, phosphors doped
with rare-earth (RE) elements have revolutionized lighting and
display technologies by converting ultraviolet or blue excitation
into vibrant visible emissions. From energy-efficient uorescent
lamps and high-denition plasma screens to advanced bi-
oimaging probes, phosphors have enabled more sustainable
and more versatile applications that touch virtually every aspect
of modern life.8–11 Among the various phosphors, RE-doped
borate phosphors have emerged as highly attractive materials,
owing to their robust physicochemical stability, broad vacuum-
ultraviolet transparency, and elevated resistance to
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photodamage. The exible crystal lattices of the borate group
readily incorporate a variety of RE activator ions, which enables
the ne-tuning of emission properties. Furthermore, the emis-
sive behaviour of these phosphors is known to be sensitive to
parameters such as synthesis route, particle size and
morphology, host lattice symmetry, and activator site occu-
pancy. Such tunability makes RE borate phosphors an ideal
candidate for plasma display panels, mercury-free uorescent
lamps, and next-generation solid-state lighting devices.12–14

In the present study, b-BaB2O4 was selected as the host
matrix for phosphor development and doped with varying
concentrations of RE ions. Previous investigations involving
this host have demonstrated its suitability for luminescent
applications, including systems such as b-BaB2O4:Dy

3+,15 b-
BaB2O4:Sm

3+,16 b-BaB2O4:Nd
3+, Yb3+,17 and b-BaB2O4:Pb

2+,
Cu2+.18 In this work, Eu3+ was selected as the activator due to its
high chemical reactivity and stable trivalent oxidation state
under ambient conditions. The Eu3+ ion exhibits sharp emis-
sions due to the 5D0 / 7FJ (J = 0, 1, 2, 3, 4, 5, 6) electronic
transitions, making it highly suitable for red luminescence.19 As
a result, Eu3+ activated phosphors are considered to be
a promising contender for efficient red spectral component in
white light-emitting diode (WLED) technologies.20–23 Prior
studies by Jie Liu et al. and Zhihua Li et al. have mainly focused
on the room temperature optical properties of Eu3+ doped b-
BaB2O4 phosphors. Jie Liu et al. synthesized b-BaB2O4:xEu

3+ (x
= 0.00, 0.02, 0.04, 0.06, 0.08, 0.10) phosphors and evaluated the
impact of various charge compensating ions (K+, Na+, and Li+)
on PL emission intensity.24 Their ndings indicated that
RSC Adv., 2025, 15, 43377–43389 | 43377
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incorporating charge compensators enhanced PL intensity,
with K+ yielding the most signicant improvement. However,
this study did not include a comprehensive analysis of the
crystal structure via XRD, the reectance measurements, and
the thermal stability. In another effort, Zhihua Li et al. synthe-
sized BaB2O4:Eu

3+ phosphors and explored similar optical
properties.25 Nonetheless, the reported XRD data exhibited high
background noise and secondary phase peaks, suggesting the
presence of impurities. Additionally, the selected dopant
concentrations (5.69, 7.48, 10.30, 12.00, 16.10, 18.90, 20.60, and
21.30 mol%) deviate drastically from the range reported by Jie
Liu et al., and the study lacked both reectance analysis and the
stability of the phosphor under elevated temperature condi-
tions. Also, none of the reported studies carried out Judd–Ofelt
(JO) analysis and the evaluation of the radiative parameters.

Therefore, in the present investigation, b-BaB2O4:xEu
3+ (x =

1, 1.5, 2, 2.5, and 3 mol%) phosphors were prepared via the
solid-state reaction method. This work aims to bridge existing
research gaps by offering a systematic and comprehensive
investigation of the material's optical, reectance, colour
tunability, structural properties, and thermal stability. In
addition, using the JO theory, radiative parameters were evalu-
ated for the prepared phosphors to check their suitability for
various optoelectronic applications.
2 Experimental
2.1 Phosphor synthesis

We have prepared b-BaB2O4:Eu
3+ phosphors via the solid-state

reaction method. Initially, precisely weighted BaCO3 (99%),
H3BO3 (99%), and Eu2O3 (99.99%) are taken in stoichiometric
amounts and carefully ground to ensure uniform distribution
and improved homogeneity throughout the mixture. Following
this, the resulting mixtures were transferred to an alumina
crucible and calcinated at 800 °C for three hours. Finally, the
samples were cooled to room temperature and readied for
further characterization.
2.2 Material analysis techniques

Crystal structure and the phase purity of the synthesized
phosphors were veried through XRD analysis, conducted over
a 2q range of 15–70° using a Rigaku Miniex 600 diffractometer.
PL excitation and emission spectra were subsequently recorded
using a JASCO FP-800 spectrouorometer. Optical reectance
and absorption spectra were evaluated via the diffuse reec-
tance spectroscopy (DRS) mode with the help of a PerkinElmer
Lambda 900 spectrophotometer. Finally, the thermal stability of
the sample was assessed through thermogravimetric analysis
(TGA) using a PerkinElmer TGA 4000, with measurements
conducted up to 500 °C.
Fig. 1 Experimental XRD patterns overlaid with standard reference
peaks confirming the crystalline phase of the phosphors.
3 Results and discussion
3.1 Analysis of phosphor structure

XRD analysis conrmed the crystalline phase of the b-BaB2-
O4:Eu

3+ phosphors. As shown in Fig. 1, the diffraction pattern
43378 | RSC Adv., 2025, 15, 43377–43389
exhibits peak positions that are well-aligned with those of the
standard reference (JCPDS card no. 80-1049) patterns, indi-
cating the successful formation of pure b-BaB2O4:Eu

3+ phase.
The absence of secondary or impurity peaks suggests that the
incorporation of Eu3+ ions has a negligible impact on the
structure of the host crystal lattice. A closer examination of the
XRD pattern between 24° and 27° in Fig. 1 shows that, at
1.5 mol% Eu3+ doping, the XRD peaks shi slightly toward
higher 2q values. This behaviour can be attributed to the
substitution of larger Ba2+ ions by smaller Eu3+ ions, leading to
a contraction of the unit cell.26 Interestingly, at higher doping
concentrations of 2.5 mol% and 3.0 mol% Eu3+, the peaks shi
toward lower 2q values. This anomalous behaviour suggests
that, beyond a certain concentration, Eu3+ ions preferentially
occupy interstitial sites rather than substituting Ba2+ ions.
Occupation of interstitial sites expands the interplanar spacing
and increases the unit cell volume, resulting in the observed
shi of diffraction peaks to lower angles.27

This can be understood using the acceptable percentage
difference (Ra) between the host and dopant ions should
generally remain below 30% to ensure successful substitution
without signicant lattice distortion.28 It can be evaluated
through the expression given below29

Ra ¼ jRhðCNÞ � REuðCNÞj
RhðCNÞ (1)

Here, Rh represents the ionic radius of the host cations, REu is
that of the Eu3+ ion, and CN stands for the coordination
number. The values were calculated based on Shannon ionic
radius data, with the outcomes presented in Fig. 2(a). As shown,
the estimated Ra value for the Eu

3+–Ba2+ ion pair falls within the
permissible threshold, indicating a compatible ionic size
match. Therefore, Eu3+ ions will successfully substitute Ba2+

sites within the host lattice without causing signicant struc-
tural distortion. Additionally, we have drawn the visual repre-
sentation of the unit using the reference le, and it is provided
as Fig. 2(b).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Acceptable percentage difference in radii (b) pictorial representation of the unit cell.
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Subsequently, the crystallite size (D) of the synthesized
phosphor was estimated using the Size–Strain Plot (SSP)
method. In this approach, it is proposed that the broadening
due to the crystallite size follows a Lorentzian distribution,
while the strain-induced broadening by a Gaussian function.
Based on these assumptions, the following relationship was
applied30

ðbd cos qÞ2 ¼ 0:9l

D

�
bd2 cos q

�þ �3
2

�2

(2)

In this equation, l denotes the wavelength of the X-ray,
b refers to the FWHM of the peak, and d indicates the spacing
between lattice planes. To evaluate the crystallite size, a plot of
(bd cos q)2 versus (bd2 cos q) was constructed for all major
diffraction peaks for b-BaB2O4:xEu

3+ (x = 1, 1.5, 2, 2.5, and
3 mol%) phosphors, and it is shown in Fig. 3(a)–(e). From the
linear t of each dataset, the crystallite sizes were calculated
using the slope of the tted line. The estimated crystallite sizes
were found to be 14.4 nm, 11.6 nm, 14.4 nm, 16.1 nm, and
16.1 nm, respectively, when the concentration of Eu3+ varies
from 1 mol% to 3 mol%.

3.2 Phosphor optimization and analysis of PL properties

To comprehensively understand the optical characteristics of
the phosphors, the excitation spectrum was recorded at room
temperature. The PL excitation spectrum corresponding to
2 mol% Eu3+ is illustrated in Fig. 4 using an emission wave-
length at 615 nm across the 240–500 nm wavelength range. The
spectrum reveals key insights into the electronic transitions
involved in the luminescence mechanism. A prominent broad
excitation band is observed in the 240 to 290 nm region, which
is attributed to the charge transfer band (CTB) associated with
the Eu3+ ions. This CTB originates from an electron transition
between the 2p orbital of the oxygen anion to the partially lled
4f orbitals of the Eu3+ ion.

This type of transition is characteristic of RE-doped oxide
materials, and its presence indicates strong covalent interac-
tions between the host lattice and the dopant ion.31 In addition
to the CTB, sharp excitation peaks are detected in the 295–
© 2025 The Author(s). Published by the Royal Society of Chemistry
480 nm range, signifying the intra-4f transitions. These peaks
are observed at 299, 321, 363, 384, 395, 416, and 467 nm, cor-
responding to the intra-4f transitions from the ground state
(7F0) to the excited states (5F4,

5H6,
5L8,

5L7,
5L6,

5D3, and
5D2).32

Although f–f electronic transitions are generally forbidden by
parity selection rules, the local asymmetry of the crystal eld
surrounding the Eu3+ ions relaxes these restrictions.33 Among
the observed excitation peaks, the one centered at 395 nm di-
splayed the strongest intensity and was consequently selected
as the optimal excitation wavelength.

As illustrated in Fig. 5, the emission spectra display multiple
sharp and well-dened peaks in the 550–750 nm wavelength
range, characteristic of Eu3+ transitions. These peaks originate
from the intra-congurational f–f transitions of Eu3+ ions,
specically from the excited 5D0 level to the various sublevels of
the 7FJ ground state (J= 0–4). Among these transitions, the most
intense emission, centered around 615 nm (5D0 /

7F2), corre-
sponds to the 5D0 /

7F2 transition. Additional emission bands
are observed at approximately 581 nm (5D0 /

7F0), 593 nm (5D0

/ 7F1), 653 nm (5D0 /
7F3), and 702 nm (5D0 /

7F4), respec-
tively.34 Fig. 6 illustrates the simplied energy transfer pathway
from O2− / Eu3+ along with the detailed emission mechanism
of Eu3+ ions. The corresponding intensity variations of the
emission peaks at 593, 615, and 702 nm are presented in
Fig. 7(a).35–37

Notably, the 5D0 /
7F2 transition is an electric dipole (DJ =

2) transition, oen termed a hypersensitive transition due to its
pronounced sensitivity to the local crystal eld surrounding
Eu3+ ions. In contrast, the 5D0 / 7F1 transition, identied as
a magnetic dipole transition, is relatively insensitive to varia-
tions in the local crystal eld environment. Based on JO theory,
such dominant electric dipole transition suggests that Eu3+ ions
are situated at non-centrosymmetric sites within the host
lattice. In non-centrosymmetric environments, the electric
dipole transitions become parity-allowed, particularly evident in
the 610–630 nm emission range, while magnetic dipole transi-
tions are parity-forbidden. Conversely, if Eu3+ ions are situated
at the inversion symmetry sites, the magnetic dipole transitions
prevail due to the suppression of the electric dipole pathway.38

To quantitatively evaluate the local site symmetry of Eu3+, the
RSC Adv., 2025, 15, 43377–43389 | 43379
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Fig. 3 (a)–(e) SSP plot for the phosphor with dopant concentration.
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asymmetry ratio, dened as IED/IMD, was determined.39 Values
of this ratio are provided in Fig. 7(b), and it ranges between 1.18
and 1.74, indicating a signicant degree of local asymmetry
around the Eu3+ ion, corroborating its incorporation into non-
centrosymmetric positions within the host structure.40

Notably, the emission intensity increases steadily with higher
Eu3+ doping levels, reaching a maximum at x = 2 mol%. Above
this concentration, the intensity diminishes due to the
concentration quenching. This is due to the enhanced non-
43380 | RSC Adv., 2025, 15, 43377–43389
radiative energy transfer among neighboring Eu3+ ions, which
leads to diminished radiative recombination efficiency.

To better understand the nature of the interaction mecha-
nism at higher Eu3+ concentrations, the critical distance (Rc) is
computed. It represents the average distance at which non-
radiative energy transfer becomes signicant, and the
following relation is employed to compute Rc

41

Rc ¼ 2

�
3V

4pxcN

�1=3
(3)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Excitation spectrum corresponding to the b-BaB2O4:xEu
3+ (x=

2 mol%) phosphors.

Fig. 5 PL emission spectra for b-BaB2O4:xEu
3+ with excitation at

395 nm.

Fig. 6 Energy level diagram of Eu3+ describing various emission
peaks.
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In this equation, V and N represent the volume of the unit cell
and the number of available cationic sites per unit cell that can
be substituted by Eu3+ ions. Furthermore, xc denotes the
optimum dopant concentration. The Rc value was found to be
approximately 23.96 Å, and according to theoretical models,
when Rc > 5 Å, the dominant quenching mechanism is attrib-
uted to multipole–multipole interactions rather than short-
range exchange interaction.42 Thus, the concentration quench-
ing observed is mainly attributed to long-range multipolar
interactions between Eu3+ ions.

From Dexter's theory, the emission intensity (I) of each Eu3+

ion in a luminescent material can be described as a function
© 2025 The Author(s). Published by the Royal Society of Chemistry
dependent on dopant concentration (x) using the following
equation43,44

I

x
¼ K

8<
:1þ bx

Q

3

9=
;

�1

(4)

In this expression, b and K are the numerical constants
inuenced by the host b-BaB2O4 as well as the excitation
parameters. The parameter Q characterizes the nature of the
non-radiative interaction mechanism between neighbouring
Eu3+ ions. The value of Q may be 6, 8, or 10, corresponding
respectively to dipole–dipole, dipole–quadrupole, and quadru-
pole–quadrupole interactions.45 Under the assumption that
bxQ/3 [ 1, we get

loge
I

x
¼ �Q

3
logeðxÞ þ constant (5)

To determine the precise value of the interaction parameter

Q, a plot of loge
I
x
versus loge(x) is presented in Fig. 8, the linear

graph has a slope of−2.08, which is associated with a Q value of
6.24. This result is closely aligned with Q = 6, and hence the
concentration quenching of Eu3+ luminescence primarily arises
from dipole–dipole energy transfer interactions in the investi-
gated host material.

Furthermore, the decay proles of the Eu3+ doped phosphors
were well tted using amono-exponential function of the form46

I(t) = I0 + A exp(−t/s)

where I0 is the initial luminescence intensity, s is the uores-
cence decay lifetime, and A represents the constant. The tted
decay curves are presented in Fig. 9(a)–(e). The variation of
lifetime with Eu3+ concentration follows the same trend as the
emission intensity. Specically, the lifetime increases with Eu3+
RSC Adv., 2025, 15, 43377–43389 | 43381
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Fig. 7 (a) Variation of intensity for the peaks at 593, 615, and 702 with the concentration of Eu3+. (b) Concentration dependent asymmetry ratio.

Fig. 8 Dexter plot for the prepared phosphors with variation of PL
intensity for 615 nm as the inset.
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content and reaches a maximum value of 1.988 ms at 2 mol%,
beyond which a progressive decrease is observed. This reduc-
tion at higher concentrations is attributed to the enhanced
probability of non-radiative energy transfer among closely
spaced Eu3+ ions, leading to concentration quenching.47
3.3 Analysis of colorimetric properties

The emission colour of the phosphors was assessed through
colorimetric analysis, employing the Commission Inter-
nationale de l'Éclairage (CIE) chromaticity coordinate system to
quantitatively assess the perceived colour of the emitted light.
The CIE 1931 chromaticity coordinates (xp, yp) for all samples
were derived from their emission spectra, using an excitation
wavelength of 395 nm. The coordinates are summarized in
Table 1, and they were found to exhibit minimal variation,
indicating consistency in emission colour across different
compositions. The CIE coordinates of the prepared phosphors
are illustrated in the CIE diagram shown in Fig. 10.48
43382 | RSC Adv., 2025, 15, 43377–43389
Subsequently, the correlated colour temperature (CCT) was
calculated to quantitatively describe the perceived warmth or
coolness of the emitted light. Warm white, typically preferred
for residential and ambient lighting light is generally charac-
terized by CCT values of below 3200 K, whereas CCT values
exceeding 4000 K correspond to cooler light, more suitable for
commercial or industrial environments.49 To estimate the CCT,
McCamy's empirical formula was employed50

CCT = −449n3 + 3525n2 − 6823.3n + 5520.33 (6)

Here, n ¼ xp � x0
yp � y0

with (x0, y0) = (0.3320, 0.1858), representing

the chromaticity epicenter of white light convergence. Using the
CIE coordinates obtained under 395 nm excitation, the optimal
phosphor sample was found to have a CCT value of 1979 K,
placing it rmly within the warm light region. The observed
variation in CCT values arises from the fact that CCT is calcu-
lated based on the chromaticity coordinates (x, y) in the CIE
diagram. These coordinates depend on the relative spectral
power distribution, that is, the relative intensities of the indi-
vidual emission peaks. Consequently, even if the overall PL
spectrum shape remains largely unchanged, small variations in
the relative intensities of peaks can shi the chromaticity
coordinates, resulting in changes in the calculated CCT values.
The variations in CCT as a function of doping concentration are
systematically compiled in Table 1.

Finally, the CIE coordinates were used to compute the colour
purity (C P) of the synthesized phosphor materials based on the
following standard formula51

CP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
xp � x0

�2 þ �
yp � y0

�2
ðxd � x0Þ2 þ ðyd � y0Þ2

vuut � 100 (7)

Here (xd, yd) indicates the CIE coordinates for the dominant
wavelength on the chromaticity diagram. Using ColorCalculator
v7.77 analysis soware, and PL data acquired under 395 nm
excitation in the 550–750 nm emission range, the CP of all
samples was calculated to be nearly 100%. This exceptionally
high purity results from the fact that both the sample
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a)–(e) Decay curves corresponding to the doped phosphors.

Table 1 CIE 1931 coordinates with CCT and C P for the prepared
phosphors

Eu3+

(mol%) xp yp x0 y0 CCT (K)
Colour purity
(%)

1.0 0.6376 0.3620 0.3320 0.1858 1948 100
1.5 0.6369 0.3627 0.3320 0.1858 1933 100
2.0 0.6391 0.3606 0.3320 0.1858 1979 100
2.5 0.6352 0.3644 0.3320 0.1858 1900 100
3.0 0.6290 0.3706 0.3320 0.1858 1796 100
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coordinates and the dominant wavelength lie nearly coincident
at the periphery of the CIE chromaticity diagram. This posi-
tioning conrms that the emitted light corresponds to pure
reddish-orange emission, with minimal deviation from the
dominant wavelength. For clarity, the colorimetric properties
are also compared with previously reported phosphors in
Table 2, thereby emphasizing the consistency of the observed
trends with earlier studies. The evaluation reveals that the b-
BaB2O4:Eu

3+ phosphor exhibits notably higher CP relative to its
counterparts. This enhanced chromatic performance under-
scores the material's effectiveness as a high-quality orange-red
emitter. As a result, the synthesized phosphor exhibits signi-
cant potential as a viable candidate for its potential applicability
in warm colour emitting devices.
Fig. 10 Chromaticity coordinates of the synthesized phosphors in the
CIE 1931 colour coordinate diagram.
3.4 Analysis of DRS spectra

The combination of diffuse reectance spectrum and absor-
bance spectrum for the b-BaB2O4:xEu

3+ (x = 2 mol%) phosphor
© 2025 The Author(s). Published by the Royal Society of Chemistry
is presented in Fig. 11. Within the wavelength range of 250 to
350 nm, the spectra show prominent absorption, primarily
resulting from CTB transitions between O2− and Eu3+ ions,
features consistent with those observed in their excitation
spectra. Additionally, two weaker absorption peaks are identi-
ed near 390 nm and 470 nm, due to the 4f–4f transitions of RE
ions.62
RSC Adv., 2025, 15, 43377–43389 | 43383
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Table 2 Comparison of colorimetric parameters of b-BaB2O4:xEu
3+ (x = 2 mol%) phosphor with various previously reported Eu3+ doped

phosphorsa

Phosphor xc (xp, yp) CP (%) CCT (K) Ref.

Li2SiO3:Eu
3+ 4 mol% (0.5800, 0.3375) 75 1240 52

Ba3Lu4O9:Eu
3+ 5 mol% (0.6535, 0.3461) 95 2710 53

SrZrO3:Eu
3+ 5 mol% (0.6262, 0.3333) 92 4324 54

Ba2LaTaO6:Eu
3+ 35 mol% (0.5872, 0.4064) 98.16 1723 55

Sr3LiSbO6:Eu
3+ 2 mol% (0.6166, 0.3802) 99.2 1818 56

Ba5P6O20:Eu
3+ 12 mol% (0.6471, 0.3494) 91.4 4336 57

SrLaGaO4:Eu
3+ 30 mol% (0.647, 0.353) 99.56 4431 58

LiYO2:Eu
3+ 20 mol% (0.662, 0.335) 98.9 4354 59

Na2ZrO3:Eu
3+ 2 mol% (0.65, 0.35) 91.57 2524 60

KCaF3:Eu
3+ 6 mol% (0.5736, 0.4224) 95.56 1565 61

b-BaB2O4:Eu
3+ 2 mol% (0.6391, 0.3606) 100 1979 This work

a xc = optimized Eu3+ concentration.

Fig. 11 Absorbance and reflectance spectra in the UV-Vis-NIR range
for the optimized phosphor.
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Next, the optical band gap (Eg) was calculated by trans-
forming the DRS measurements into the Kubelka–Munk func-
tion F(R), as described by the equation below63

FðRÞ ¼ ð1� RÞ2
2R

¼ a

S
(8)

where a, R, and S denote the absorption coefficient, reectance,
and the scattering coefficient, respectively, with S considered to
be a constant across the measured wavelength range.64 To
further evaluate Eg, the Tauc relation was applied, which links
a to the photon energy (hn) as follows65

ahn = C(hn − Eg)
n (9)

In this equation, C denotes a constant, and the numerical
exponent n is equal to 2 for indirect allowed transitions and 1/2
for direct allowed transitions. Given the direct proportionality
between a and F(R), the Tauc equation can be rearranged as

[F(R)hn]1/n = B(hn − Eg) (10)
43384 | RSC Adv., 2025, 15, 43377–43389
with B being the constant of proportionality.
To estimate the band gap value of optimized phosphors,

a graph of [F(R)hn]1/n and [F(R)hn]nagainst hn was plotted. The Eg
was then obtained by extrapolating the linear segment of the
graph to the photon energy axis. The Tauc's plots corresponding
to the optimized sample are shown in Fig. 12(a) and (b). Here, n
= 1/2 shows the better linear t, and hence it can be concluded
that the b-BaB2O4:xEu

3+ (x = 2 mol%) phosphor shows a direct
band gap, and the Eg value was calculated to be 4.30 eV.
3.5 Analysis of TGA curve

TGA studies were performed to assess the thermal stability of
the b-BaB2O4:xEu

3+ (x = 2 mol%) phosphor at elevated
temperatures. The obtained TGA curves for both the undoped
and Eu3+ doped samples, presented in Fig. 13, exhibit an initial
weight increase followed by a gradual decrease with rising
temperature. The slight initial mass gain is attributed to the
adsorption of atmospheric gases on the sample surface, while
Fig. 12 Tauc plot for the optimized phosphor with (a) n= 2, (b) n= 1/2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 TGA curve for b-BaB2O4:xEu
3+ (x = 2 mol%) phosphor.
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the subsequent weight loss primarily results from the desorp-
tion and evaporation of physically adsorbed moisture and
residual volatile species.66 Importantly, no signicant mass loss
or decomposition event was observed throughout the heating
process, indicating the strong thermal robustness of the host
lattice. The optimized b-BaB2O4:2 mol% Eu3+ phosphor
retained its structural integrity up to 500 °C, exhibiting only
a minor mass loss of about 2.16 wt%, compared to 4.06 wt% for
the pure host. This demonstrates that Eu3+ incorporation not
only enhances the luminescent properties but also slightly
improves the thermal stability of the material, conrming its
suitability for high-temperature optoelectronic and photonic
applications.
3.6 Analysis of JO parameters

To assess the radiative parameters of RE ions in the host matrix,
it is important to examine the JO parameters, namely Uk (k = 2,
4, 6).67,68 These parameters also provide valuable information
regarding the local symmetry, bonding characteristics, and
covalency around the RE ion within the host lattice. Among
them, U2 is particularly sensitive to changes in the local
symmetry and ligand eld, making it a reliable indicator of
covalency and the structural conguration around the dopant
ion. Meanwhile, U4 and U6 are primarily linked to the macro-
scopic properties of the host, including rigidity, viscosity, and
dielectric behaviour.69 JO parameters are usually obtained from
absorption spectra; however, for Eu3+ doped phosphors, the 5D0

/ 7F1 transition remains largely unaffected by local
surroundings and is therefore used as a reliable reference to
calculate electric dipole transition probabilities for other tran-
sitions. These include transitions 5D0 /

7FJ0 (J0 = 2, 4, 6), which
are inuenced by the local symmetry and are used to extract the
JO parameters for the prepared phosphors.70 In our work, theU6

parameter could not be calculated because the 5D0 / 7F6
emission transition was too weak to be observed. As is
commonly reported for Eu3+ systems, U6 was therefore
© 2025 The Author(s). Published by the Royal Society of Chemistry
considered to be zero in the determination of the luminescence
radiative properties.71

First, we dene the spontaneous emission probability of
a magnetic dipole72

Amd
J 0�J ¼

64p4

l3md3hð2J 0 þ 1Þ
	
n3


Smd (11)

Similarly, for an electric dipole

Aed
J 0�J ¼ 64p4e2

l3ed3hð2J 0 þ 1Þ
nðn2 þ 2Þ2

9

X
J¼2;4

UJk
�
5D0

��U ð JÞ5FJ

��
k2
(12)

Here, n represents the refractive index of the host material,
while Smd is equal to 7.83 × 10−42 esu2 cm2, corresponding to
the magnetic dipole line strength for Eu3+ ions, which remains
unaffected by the surrounding host matrix.73 The parameter lmd

and led denotes the wavelengths, e is the charge of an electron, h
denotes Planck's constant, and (2J0 + 1) refers to the degeneracy
of the excited state. The squared reduced matrix elements
‖h5D0jU(J)j7F2i‖2 = 0.0023 and ‖h5D0jU(J)j7F4i‖2 = 0.0032,
respectively.74

First, we take the intensity ratio of emission bands origi-
nating from the magnetic dipole (Imd) and electric dipole (Ied)
transitions can be represented as follows75

R ¼ Ied

Imd

¼ lmd

led
� Aed

J 0�J

Amd
J 0�J

Substituting for Amd
J 0�J and AedJ 0�J from eqn (11) and (12) will give

us

R ¼ lmd

led
�
"
3h

�
2J

0 þ 1
�

64p4l3edn
3Smd

#"
64p4l3mde

2

3hð2J 0 þ 1Þ
nðn2 þ 2 Þ2

9

#

X
J¼2;4

UJk
�
5D0

��U ð JÞ5FJ

��
k2

On simplifying, we get

R ¼
"
l4md

l4ed

#�
e2

Smd

�"ðn2 þ 2Þ2
9n2

#X
J¼2;4

UJk
�
5D0

��U ð JÞ5FJ

��
k2 (13)

This ratio can also be expressed as

R ¼

ð
Ieddlð
Imddl

(14)

On comparing eqn (13) and (14), we getð
Ieddlð
Imddl

¼
"
l4md

l4ed

#�
e2

Smd

�"ðn2 þ 2Þ2
9n2

#X
J¼2;4

UJk
�
5D0

��U ð JÞ5FJ

��
k2
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Table 3 Summary of JO intensity parameters calculation for the
prepared phosphors

Concentration
of Eu3+ (mol%) U2 (10

−20 cm2) U4 (10
−20 cm2) Trend U2 :U4

1 2.58 0.76 U2 > U4 3.40
1.5 2.33 0.74 U2 > U4 3.14
2 2.32 0.74 U2 > U4 3.14
2.5 2.06 0.57 U2 > U4 3.59
3 1.82 0.39 U2 > U4 4.70
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Here, the term on the light hand side denotes that they are
under the PL emission peaks, and hence, we get

U2 ¼ 1

0:0032

"
l4ed

l4md

#�
Smd

e2

�"
9n2

ðn2 þ 2 Þ2
# ð

Ieddlð
Imddl

(15)

U4 ¼ 1

0:0023

"
l4md

l4ed

#�
Smd

e2

�"
9n2

ðn2 þ 2 Þ2
# ð

Ieddlð
Imddl

(16)
Table 4 Comparison of JO parameters of the optimized phosphor with

Phosphor U2 (10
−20 cm2) U4 (10

−20 cm2)

KBaScSi3O9:Eu
3+ 1.25 0.38

CaMoO4:Eu
3+ 11.50 2.65

Ca2MgSi2O7:Eu
3+ 2.80 2.77

CaZrO3:Eu
3+ 4.36 0.89

Ba2GdSbO6:Eu
3+ 1.52 0.53

Y2Si2O7:Eu
3+ 5.91 0.98

Na2ZrO3:Eu
3+ 5.12 1.59

CaGeO3:Eu
3+ 4.59 1.70

Y7O6F9:Eu
3+ 5.70 1.80

b-BaB2O4:Eu
3+ 2.32 0.74

Table 5 Radiative parameters of the prepared phosphors

Eu3+ concentration Transition Amd
J 0�J ðs�1Þ Aed

J 0�J ðs�1Þ

1 mol% 5D0 /
7F2 — 48.40

5D0 /
7F4 — 3.82

5D0 /
7F1 35.87 —

1.5 mol% 5D0 /
7F2 — 43.76

5D0 /
7F4 — 3.74

5D0 /
7F1 35.87 —

2 mol% 5D0 /
7F2 — 43.51

5D0 /
7F4 — 3.72

5D0 /
7F1 35.87 —

2.5 mol% 5D0 /
7F2 — 38.69

5D0 /
7F4 — 2.89

5D0 /
7F1 35.87 —

3 mol% 5D0 /
7F2 — 34.10

5D0 /
7F4 — 1.95

5D0 /
7F1 35.87 —

43386 | RSC Adv., 2025, 15, 43377–43389
Table 3 presents the results of calculations and the ratio U2/
U4 for the prepared phosphors. For all the prepared phosphors,
JO parameters follow U2 > U4 trends. This condition reects the
enhanced covalency in the Eu–O bonds, which is most prom-
inent at all the doping levels. The elevated U2 parameter in
Table 3 emphasizes the hypersensitive nature of the 5D0 /

7F2
transition and implies that Eu3+ ions occupy sites with a highly
polarizable and asymmetric chemical environment.

Additionally, the observed trend of U2 > U4 further supports
the presence of strong metal–ligand covalency and a non-
centrosymmetric environment surrounding the Eu3+ ions.76

Additionally, we have presented the comparison of JO parame-
ters and the trend for U2 :U4 in Table 4.

3.7 Analysis of radiative parameters

U2 and U4 can be used to estimate key radiative properties of
Eu3+ doped b-BaB2O4 phosphors, including total radiative
transition probability (AT), mean lifetime (smean), effective
bandwidth (Dleff), branching ratio (bJ0–J) and stimulated emis-
sion cross-section (sJ0–J), and for the corresponding emission
transitions.

For the ith transition, the radiative transition probability86

Ai
J’�J ¼ Amd

J’�J þ Aed
J’�J
the previously reported works

U4 (10
−20 cm2) Trend

U2

U4 Ref.

0 U2 > U4 > U6 3.29 77
0 U2 > U4 > U6 4.34 78
0 U2 > U4 > U6 1.01 79
0 U2 > U4 > U6 4.90 80
0 U2 > U4 > U6 2.87 81
0 U2 > U4 > U6 6.03 82
0 U2 > U4 > U6 3.25 83
0 U2 > U4 > U6 2.70 84
0 U2 > U4 > U6 3.17 85
0 U2 > U4 > U6 3.14 This work

AT (s−1) smean (s) b Dleff (nm) sJ0–J (10
−23 cm2)

88.09 0.0114 0.55 14.80 3.25
0.04 11.69 5.51
0.41 11.61 2.24

83.37 0.0120 0.52 15.95 2.73
0.04 11.61 5.44
0.43 10.64 2.90

83.10 0.0120 0.52 15.15 2.85
0.04 11.48 5.47
0.43 11.25 2.74

77.45 0.0129 0.50 14.57 2.64
0.04 9.99 4.88
0.46 11.73 2.63

71.92 0.0139 0.47 14.83 2.29
0.03 9.91 3.32
0.50 11.37 2.71

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Therefore, the total radiative transition probability is given by

AT ¼
X

Ai
J’�J (17)

Using the AT, we can determine the mean lifetime and
branching ratio for a given transition using equations87

smean ¼ 1

AT

(18)

bJ
0�J ¼ Ai

J’�J

AT

(19)

Finally, the cross-section of stimulated emission is calcu-
lated using88

sJ’�J ¼ Ai
J’�Jl

4
J’�J

8pcn2Dleff
(20)

where, Dleff, c, AiJ’�J , and lJ0–J, represents the FWHM of the
emission peak, speed of light, radiative transition probability,
and the peak emission wavelength, respectively. Table 5 repre-
sents the radiative parameters corresponding to the prepared
phosphors. For efficient laser performance, it is preferable for
the emission peak to exhibit a narrow FWHM, as this enhances
sJ0–J. A high sJ0–J value associated with a strong emission tran-
sition is particularly advantageous for applications requiring
low lasing thresholds and high optical gain, making the mate-
rial suitable for laser-based technologies.89

In our case, we observe that the branching ratio associated
with the 5D0/

7F2 transition is signicantly greater than that of
the 5D0 /

7F1 and
5D0 /

7F4 transitions, indicating enhanced
colour purity in the studied phosphor material. Furthermore,
the elevated values of sJ0–J highlight the strong radiative char-
acteristics of the phosphor, making it a promising candidate for
laser applications.
4 Conclusions

Eu3+ doped b-BaB2O4 phosphors were successfully synthesized
via the solid-state reaction route, and their structural, optical,
and thermal properties were systematically investigated. XRD
analysis conrmed the formation of a single-phase b-BaB2O4

structure without any secondary peaks or lattice distortions,
indicating the effective incorporation of Eu3+ ions into the host
lattice without altering its crystal symmetry. Under 395 nm
excitation, the photoluminescence spectra revealed dominant
emission bands centered at 581, 593, 615, 653, and 702 nm,
corresponding to the 5D0 /

7F0,
5D0 /

7F1,
5D0 /

7F2,
5D0 /

7F3, and
5D0 /

7F4 transitions, respectively, exhibiting excellent
colour purity (z100%). The concentration quenching behav-
iour was attributed to non-radiative energy transfer via dipole–
dipole interactions among adjacent Eu3+ ions. The material
exhibited a direct band gap of 4.30 eV and exceptional thermal
stability, retaining structural integrity with only ∼2.18% mass
loss at 500 °C. Judd–Ofelt analysis indicated U2 > U4 for all Eu

3+

concentrations, implying strong covalent bonding between the
Eu3+ ions and the host lattice. Furthermore, the asymmetry ratio
© 2025 The Author(s). Published by the Royal Society of Chemistry
greater than unity conrmed that Eu3+ ions occupy low-
symmetry sites within the b-BaB2O4 matrix. Among the
observed transitions, the 5D0 / 7F2 transition exhibited the
highest branching ratio and radiative probability, signifying its
dominance in the red emission region. Collectively, these
ndings demonstrate that b-BaB2O4:Eu

3+ phosphors possess
superior structural stability, efficient red emission, and favor-
able electronic characteristics, making them promising candi-
dates for advanced solid-state lighting and laser applications.
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