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luminescence, Judd–Ofelt
analysis, and thermal stability studies of Dy3+-
doped BaLa2ZnO5 phosphors for solid-state
lighting applications

Irfan Ayoub ab and Vijay Kumar *ab

Here, we report a series of white-emitting Ba(La2−xDyx)ZnO5 (x = 0–7 mol%) phosphors synthesized via

a high-temperature solid-state reaction. The synthesized phosphor's phase purity and tetragonal crystal

structure were confirmed by an X-ray powder diffraction (XRPD) pattern. The wide bandgap

characteristic feature was assessed through reflectance spectra, and the estimated bandgap was found

to be 4.70 eV. Besides analyzing the effect of doping on the surface morphology, the distribution of ions

on the surface was observed through the secondary ion mass spectroscopy technique. The synthesized

phosphor was found to display bluish (486 nm) and yellowish (576 nm) bands in the emission spectra

under the excitation of 325 nm and 352 nm, which together are responsible for producing the white

luminescence. The analysis of Judd–Ofelt parameters indicates the symmetric nature of Dy3+

substitution in the present host. The thermal stability of the phosphor was assessed by varying the

temperature up to 403 K, and it was found that the synthesized phosphor possesses improved thermal

stability with an activation energy of 0.29 eV. The photometric evaluations of the present phosphor

revealed the CIE coordinates around the near-white regime (0.3448, 0.3836), along with the color-

correlated temperature value of 5102 K. All research on this luminescent material's unique features

points to the possibility of using it to fabricate white-light-emitting devices for solid-state lighting

applications.
Introduction

The digital world of today is experiencing a considerable energy
shortage due to the development of technology and the ineffi-
cient use of the world's energy resources, particularly for
lighting.1 If available energy is not used cautiously and properly,
catastrophic scenarios will occur sooner rather than later. Thus,
it is crucial to encourage and simultaneously look for effective
energy-saving measures to avoid these disastrous scenarios.2

Aer considering the causes, it appears that the key factor is the
inefficiency displayed by machinery that consume a huge
amount of energy but generate very little in return. The key to
lowering energy usage in this area is carefully selecting high-
efficiency phosphors because light is crucial to our everyday
lives in the twenty-rst century.3 Phosphors are light-emitting
materials composed of a host matrix and an activator.4 These
materials possess the capability to transform light from its
higher frequency domain to a lower frequency domain via
e of Technology Srinagar, Jammu and
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different electronic transitions.5 Phosphor materials are regar-
ded as an affordable energy source that can satisfy present and
future energy demands on a worldwide basis. According to
a recent report by the US Department of Energy, LEDs are ex-
pected to reduce lighting energy consumption by 15% in 2020
and by 40% in 2030, saving 3.0 quads in 2030 alone, which
would amount to over $26 billion in savings at the current price
of energy.6,7 Additionally, these energy savings would result in
a 180 million metric ton reduction in greenhouse gas emis-
sions. During the next ten years, the DOE predicts that the
traditional methods of illuminating our planet, which began
with incandescent light bulbs and progressed to overhead
uorescent ones, may become outdated.8

Several elds of science and technology have undergone
a tremendous transformation because of phosphor-based
lighting technology.9 For application in solid-state lighting
systems, researchers are continuously studying various phos-
phor materials that are reliable, inexpensive, eco-friendly, have
a longer lifespan, etc.10,11 At the moment, multidisciplinary
efforts are being made with an emphasis on creating phosphor
materials with improved luminous properties.2 In several inor-
ganic host matrices, rare-earth (RE) ions are known to be
effective initiators for luminous centers. They are extremely
RSC Adv., 2023, 13, 13423–13437 | 13423
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effective in increasing the quantum efficiency of phosphors
because of their special electronic structures, which consist of
partially lled 4f shells surrounded by 5s2 and 5p6 electrons.12,13

Controlling the optical and photoluminescence (PL) properties
of various host matrixes is possible by using the RE ions as an
dopants.13 Nonetheless, the research community has focused
on creating white-light-emitting diodes (wLEDs) with efficient
characteristic parameters and efficiency since they may be used
effectively for lighting and many display applications.14 At the
beginning of phosphor technology, wLEDs were developed by
combining UV/blue LEDs with appropriate phosphor material.
However, these wLEDs were found to have inappropriate CRI
and CCT values due to a lack of red components in the emission
spectra.15,16 Later on, wLEDs were developed by coating the near-
UV LED chips with tricolor (red, green, and blue) phosphor
materials. But it was found that wLEDs developed via this
process possess a very short lifetime and lack the features of
eco-friendliness due to the presence of a poor red component.3

Continuing with the aim of fabricating efficient wLEDs,
researchers have developed an interest in fabricating single-
composition wLED phosphor materials.1,17 In this regard,
trivalent dysprosium (Dy3+) is thought to be an efficient acti-
vator for the fabrication of wLEDs due to its strong white
emission. Dy3+-ion possesses a complex intra-4f electronic
congurational band that allows a wide range of electronic
transitions, thereby exhibiting better white emission spectra
composed of yellow (Y) and bluish (B) bands when excited by
near UV wavelengths. Thus, the optimization of the bands (Y
and B) results in the generation of effective white light.18,19

For the generation of white light, different varieties of host
matrices have been explored, such as phosphates, oxides,
sulfates, aluminates, vanadates, etc.20–26 Amongst all the
mentioned host matrices, oxide hosts are considered to be the
most important because of their characteristic features like
stable crystal structure, ease of synthesis, economical, increased
tensile strength, high chemical and thermal stability, moisture
resistance, and most importantly, their eco-friendly
nature.20,27,28 Furthermore, the oxide host materials were
found to have a broad bandgap and inefficient luminous char-
acteristics. Among the different oxide hosts, BaLa2ZnO5 is
considered an efficient luminous host due to its stable crystal
structure and thermal stability.29 The structural framework of
this host is comprised of ten- and eight-fold polyhedra of BaO10

and LaO8, with C2v and D4 symmetry, respectively, and four-fold
coordinate sites occupied by Zn2+.30 In light of the above
discussion, BaLa2ZnO5 was selected for the presented study as it
is an enigmatic host for different structural and optical studies.

There have been several past articles on this host, such as
Song et al.,31 studied the thermometric properties of Bi3+/Sm3+-
doped BaLa2ZnO5. Using the combustion approach, Sehrawat
et al.30,32 investigated the green and white light emissions
caused by the emissions of Er3+ and Dy3+ doping in the host.
The sol–gel approach was used by Singh et al.33,34 for studying
the luminescence properties of Sm3+ and Tb3+ doping in
BaLa2ZnO5. Using the combustion approach, Dahiya et al.,35

have also studied the luminescence properties of Tb3+-doped
BaLa2ZnO5. Similarly, Xie et al.36 have performed the synthesis
13424 | RSC Adv., 2023, 13, 13423–13437
and up-conversion luminescence properties of Ho3+, Yb3+ co-
doped BaLa2ZnO5 and observed that synthesized phosphors
possess strong green and weak red up-conversion emissions
centered at 548 nm, 664 nm, and 758 nm. Similarly, comparable
studies of the structural and luminescent characteristics of
Nd3+, Tb3+, and Eu3+ have also been done in other works.

From the above discussion, it is clear that several authors
reported the synthesis of RE3+-doped BaLa2ZnO5 phosphors by
using combustion or sol–gel methods. It has also been found
that in all the investigations, the luminescence studies have
been carried out in either one of the three spectral regions—
ultraviolet, visible, or near-infrared. Furthermore, none of the
investigations have studied the distribution of ions using time-
of-ight secondary ion mass spectrometry (ToF-SIMS) and the
thermal behavior of the synthesized phosphor materials. In this
work, an effort has been made to prepare Dy3+-doped BaLa2-
ZnO5 phosphors by using a solid-state reaction method. The
main aim was to determine its crystal structure and study the
effect of different Dy3+ ion concentrations on the optical and
luminescent properties of prepared phosphor materials.
Comprehensive luminescence studies were carried out by
recording the emission spectra in the ultraviolet, visible, and
NIR regions. Additionally, the surface morphology, elemental
composition, and ion distribution were also studied. The
behavior of doping on the host was analyzed through the
calculation of Judd–Ofelt intensity parameters. The thermal
stability of the synthesized phosphor was analyzed through
temperature-dependent luminescence spectra. The lifetime of
the synthesized phosphor was computed from the decay prole.
The detailed study has revealed that the synthesized Ba(La2−x-
Dyx)ZnO5 (x = 0–7 mol%) phosphor can act as an efficient
candidate for fabricating wLED for solid-state lighting
applications.
Materials synthesis and
characterization

A series of Ba(La2−xDyx)ZnO5 (x= 0–7 mol%) phosphor material
was synthesized by using the solid-state reaction method. All
the precursors employed, i.e., BaCO3 (99.9%), La2O3 (99.9%),
ZnO (99.9%), and Dy2O3 (99.9%), were procured from Sigma
Aldrich. Following the stoichiometric calculations, the required
amount of all the precursors was thoroughly mixed in an agate
mortar for several hours. During mixing, ethyl alcohol was
added at regular intervals for proper homogenization. The
mixture was then transferred to an alumina crucible and kept in
amuffle furnace at 900 °C for 2 h with a heating and cooling rate
of 5° min−1. The mixture was removed from the furnace for
further grinding and then calcinated at 1200 °C for 6 h with
a heating and cooling rate of 5° min−1. Aer calcination, the
mixture was ground into a powder form of the desired
nanomaterial.

The phase purity of the synthesized phosphor samples was
conrmed using a Bruker AXS D8 Advanced X-ray Diffractom-
eter (Cu-Ka) functioning at high resolution with a specic
voltage and tube current of 40 kV and 40mA, respectively. Band-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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gap analysis was performed by recording the diffuse reectance
spectra using a PerkinElmer Lambda 950 spectrometer.
Morphological and compositional measurements were per-
formed using a JEOL JSM-7800F scanning electron microscope
(SEM), equipped with an energy-dispersive X-ray spectroscopy
(EDS) system. Time-of-ight secondary ion mass spectroscopy
(ToF-SIMS 5) was employed for recording the surface maps
displaying the distribution of ions. Photoluminescence spectra
of synthesized phosphor material were recorded by using
a Varian Carry-Eclipse uorescence spectrophotometer coupled
with a xenon lamp and photomultiplier tube (PMT) for excita-
tion and recording PL spectra. Also, the He–Cd laser system
with a 325 nm excitation wavelength was employed for
recording the PL spectra in both the visible and NIR regions,
along with temperature-dependent PL. Phosphorescence life-
time measurements were carried out using the FS5 uorescence
spectrophotometer.
Results and discussion
Phase purity and crystal structure

Fig. 1 represents the XRPD pattern of the synthesized series of
Ba(La2−xDyx)ZnO5 (x = 0–7 mol%) phosphor. The obtained
XRPD pattern was found to be consistent with the joint
committee on powder diffraction standard (JCPDS) 01-080-1882
along with the crystallographic open database (COD) #2002571,
thereby conrming the phase of synthesized phosphor mate-
rial. From the JCPDS data le, it was found that the synthesized
phosphor possesses a tetragonal phase structure with space
group I4/mcm (140) and lattice parameters a = b = 6.9091 Å and
c = 11.5907 Å.

The absence of impurity peaks in the XRPD pattern at
different doping concentrations established the fact that Dy3+

doping has not altered the basic crystal structure of BaLa2ZnO5.
Fig. 1 X-ray powder diffraction pattern of Ba(La2−xDyx)ZnO5 (0–
7 mol%) phosphor materials along with the standard diffraction pattern
peaks pattern.

© 2023 The Author(s). Published by the Royal Society of Chemistry
According to Vegard's mixing rule, dopant Dy3+ ions are
supposed to replace La3+ ions in the host matrix. The replace-
ment of the host lattice ion (La3+) by the dopant lattice ions
(Dy3+) was validated by calculating the percentage radius
difference (Dr) using the following formula:37

Dr ¼ RmðCNÞ � RdðCNÞ
RmðCNÞ � 100 (1)

In the above equation, Rm, Rd, and CN stand for effective ionic
radii for host and dopant lattice ions along with their respective
coordination numbers. By substituting the respective values in
the above equation, the value of Dr was estimated to be 11.62,
which is quite less than the acceptable limit of 30 percent.38 The
calculated value of Dr completely suggests the replacement of
La3+ ions by Dy3+ ions, which is also evident by observing
a slight shi in the XRPD pattern towards the right. Further-
more, other options for the replacement of Ba2+ and Zn2+ ions
by the dopant Dy3+ ions are ruled out due to dissimilarity in
their ionic radii and charges, which results in considerable
percentage radii differences.32

In addition, the average crystallite size (D) of the synthesized
phosphor was estimated by using the fundamental Scherrer's
equation:39

D ¼ 0:941l

b cos q
(2)

In the above equation, D represents the grain size, l represents
the wavelength of the employed X-ray source (Cu-Ka radiation, l
= 0.154 nm), and b represents the value of the full-width half
maxima (FWHM) of prominent peaks residing at angle q.
Applying the empirical formula, the average crystallite size was
estimated to be 81.70 nm.
Band-gap analysis

For examining the effect of Dy3+-doping on the optical prop-
erties of BaLa2ZnO5, diffuse reectance spectra (DRS), depic-
ted in Fig. 2(a), were recorded from 200 to 800 nm using a UV-
visible spectrophotometer. From the gure, it is evident that at
the initial concentrations of doping, the reectance percentage
slightly increases; however, as the concentration increases,
a further decrease in the reectance percentage from 80% to
60% is evident from the plot. A decrease in the reectance
percentage, in turn, tends to enhance the emission properties
of the host. In addition, feeble peaks are evident in the
reectance plot for doped samples in the range of 290 nm to
480 nm, which has been ascribed to the intracongurational 4f
transitions of Dy3+-ions. Among the different peaks, two
prominent peaks at 367.46 nm and 453.96 nm correspond to
the 6H15/2 / 6P3/2,5/2 transitions of Dy3+-ions, respectively.32

The existence of weak peaks in the reectance spectra high-
lights the practical application of the synthesized phosphor
material for wLEDs.

Furthermore, for estimation of the bandgap, the obtained
DRS spectra were subjected to a well-known theoretical
approach called the Kubelka–Munk function. Correlating the
Kubelka–Munk function and Tauc's generalization results in
RSC Adv., 2023, 13, 13423–13437 | 13425
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Fig. 2 (a) Diffusive reflectance spectra for Ba(La2−xDyx)ZnO5 (x = 0–7 mol%) phosphor (b) Tauc's plot for estimating the indirect bandgap of
synthesized phosphor materials.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 1
2:

03
:5

0 
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
the general eqn (3) that helps in determining the nature of
transitions.

[F(RN)hn]2 = C(hv − Eg)
n (3)

In the above equation, C is constant, F(RN) represents the
Kubelka–Munk function, hn corresponds to the value of phonon
energy, and n represents the type of electronic transition and
can take values of either 1, 3 for direct allowed and forbidden
transitions or 4, 6 for indirect allowed and forbidden
Fig. 3 SEM images for (a) 0 mol% of Dy3+ (b) 1 mol% of Dy3+ (c) 5 mol%

13426 | RSC Adv., 2023, 13, 13423–13437
transitions, respectively. It was observed that synthesized
phosphor materials favor the occurrence of indirect allowed
transitions. Fig. 2(b) represents Tauc's plot, from which it is
evident that doping does not have to cause any signicant
change in the bandgap of the materials. The synthesized
phosphor was found to have an indirect bandgap of the order of
4.70 eV, indicating that it belongs to the wide bandgap semi-
conductors and can be effectively used for different photonic,
lasing, and optoelectronic applications.40
of Dy3+ (d) 7 mol% of Dy3+ in BaLa2ZnO5 phosphor material.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EDS spectrum for 5 mol% doped BaLa2ZnO5 coated with Iridium.
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Surface morphology and compositional probe

The progression in themicrostructures of the Ba(La2−xDyx)ZnO5

phosphor material is depicted in Fig. 3. The different micro-
graphs present in Fig. 3(a)–(d) correspond to the 0 mol%,
1 mol%, 5 mol%, and 7 mol% concentrations of the Dy3+ ion in
the host. From the SEM micrographs, it is evident that surface
morphology is strongly dependent on the activator concentra-
tion of Dy3+. For the pristine sample, the SEM micrographs
show uneven particle sizes and irregular shapes. However, at
the initial doping concentrations, particles are completely
agglomerating together, forming a sheet-like structure. As the
doping concentrations increase, further particles start
dispersing again in an irregular fashion. However, no such
change in the structure is evident due to doping concentration.
Also, to conrm the elemental composition, the EDS spectrum
was recorded for the optimum doping concentration and is
given in Fig. 4. The EDS spectrum validates the compositions, as
the emission peaks present in the spectrum correlate with the
Ba, La, Zn, O, and Dy.
TOF-SIMS analysis

ToF-SIMS images acquired for the pristine and doped samples
(1, 5, and 7 mol%) are presented in Fig. 5(a)–(d). The images
were recorded in a zone of 100 × 100 mm2 and then combined
overlays were created. These images reveal the topography of
the synthesized powder. All the images depicted were recorded
aer the sputter-cleaning process. The overlay mapping images
depict the regular distribution of different ions on the surface.
Besides visualizing the distribution of the host ions, i.e., Ba, La,
Zn, and O, it is evident that Dy3+-ions have been successfully
incorporated into the host lattice. As can be seen from the
gures, all the ions present in the host are dispersed consis-
tently in each sample. In addition, the dopant Dy3+ ions also
seem to be present throughout the sample's surface.8
© 2023 The Author(s). Published by the Royal Society of Chemistry
Photoluminescence study

Photoluminescence excitation (PLE) and emission (PL) spectra
recorded from 200 nm to 800 nm of the synthesized Ba(La2−x-
Dyx)ZnO5 (x = 1–7 mol%) phosphor materials are depicted in
Fig. 6. In the recorded spectra (PLE and PL), there are many
peaks because of the intracongurational f–f transitions of the
Dy3+ ion. The PLE spectra (Fig. 6(a) and (b)) were recorded at an
emission wavelength of 577 nm, and the emission was found to
consist of a broad charge transfer band (CTB), followed by
several peaks at 294.44, 326.67, 352.87, 367.98, 388.37, 429.13,
453.89, and 472.77 nm, which correspond to 6H15/2 / 4K13/2,
6H15/2 / 6P3/2,

6H15/2 / 6P7/2,
6H15/2 / 6P5/2,

6H15/2 / 4I13/2,
6H15/2 / 4G11/2,

6H15/2 / 4I15/2, and 6H15/2 / 4F9/2,
respectively.

Similarly, while observing the PL spectrum (Fig. 6(c) and (d))
recorded at an excitation wavelength of 352 nm, it consists of
two sharp emission peaks at 486.52 (blue) and 576.95 (yellow),
which correspond to 4F9/2 / 6HJ (J = 15/2, 13/2), respec-
tively.41,42 In addition, there exist two feeble peaks in the PL
spectra at 669.49 and 755.62 nm, which correspond to 4F9/2 /
6H11/2. For analyzing the emission in the NIR, the emission
spectrum for the optimum doping concentration was recorded
from 300 to 1600 nm by using a UV excitation 325 nm PL laser
system, which is depicted in Fig. 7.

The emission spectra recorded by the PL laser system
(Fig. 7(a)) are similar to those presented in Fig. 6(c) and (d),
thereby further illustrating the observed spectra. However, the
emission spectrum of the synthesized phosphor in the NIR
region (Fig. 7(b)) possesses two sharp peaks at 920 nm and
1090 nm and two feeble peaks around 1260 nm and 1426 nm.
These two sharp peaks correspond to the transitions from 4F9/2
/ 6FJ (J = 7/2, 9/2), respectively.43

The most peculiar thing to observe in the emission spectrum
of synthesized phosphor is that all the emissions mostly arise
from the 4F9/2 energy level to different ground state levels. The
RSC Adv., 2023, 13, 13423–13437 | 13427
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Fig. 5 TOF-SIMS surface mapping for (a) undoped (b) 1 mol%, concentrations (c) 5 mol% , and (d) 7 mol% concentations of Dy3+ in Ba(La2−xDyx)
ZnO5 phosphor.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 1
2:

03
:5

0 
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
different transitions involved in the emission from UV to NIR
regions are well depicted in the energy level diagram shown in
Fig. 8. During the early phase of excitation, the electrons
13428 | RSC Adv., 2023, 13, 13423–13437
residing in the ground state get stimulated into different excited
states. From the different excitations these electrons reach the
stable quantum mechanical state 4F9/2 via non-radiative
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a and b) Excitation spectra of Ba(La2−xDyx)ZnO5 (x= 5mol%) and 3D-excitation plot for Ba(La2−xDyx)ZnO5 (x= 1–7 mol%), recorded at an
emission wavelength of 577 nm. (c and d) Emission spectra of Ba(La2−xDyx)ZnO5 (x= 5mol%) and 3D-emission plot for Ba(La2−xDyx)ZnO5 (x= 1–
7 mol%), recorded at an excitation wavelength of 352 nm.

Fig. 7 (a) Emission spectra of Ba(La2−xDyx)ZnO5 (x = 5 mol%) from UV to visible and (b) visible to NIR regions of the electromagnetic spectrum
recorded by using an excitation wavelength of 325 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 13423–13437 | 13429
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Fig. 8 Energy level diagram corresponding to the excitation and emission spectra of Dy3+ activated BaLa2ZnO5.
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transitions. Finally, the blue and yellow emission transitions
occur from the stable 4F9/2 state to different ground-state energy
levels.

The impact of doping on the host materials is evident from
the varying PLE and PL intensities (Fig. 6(c) and (d) and 9(a)).
Fig. 9 (a) Variation of emission intensity (4F9/2 /
6H15/2) with variation in

Dy3+ doped BaLa2ZnO5 phosphor.

13430 | RSC Adv., 2023, 13, 13423–13437
Although all the proles are similar, a gradual increase in
intensity is observed until the amount of doping acquires
a 5 mol% value, aer which a signicant drop in intensity is
observed. The decrease in intensity is caused by the concen-
tration quenching (CQ) phenomenon, which may be the result
the doping concentration (b) logarithmic variation of the PL intensity of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Variation of U2 and U4 for Ba(La2−xDyx)ZnO5 (x = 1–7 mol%)
host matrix.

Fig. 11 Temperature-dependent photoluminescence spectra of
Ba(La2−xDyx)ZnO5 (x = 5 mol%) phosphor.
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of non-radiative (nR) cross-relaxation processes. The validation
of the nR cross-relaxation process can be done by calculating
the value of the critical distance (Rc) using Blasse's equation:44

Rc ¼ 2

�
3V

4pXN

�1
3

(4)

In the above equation, V stands for the volume of the unit cell, X
represents the value of the optimal doping concentration, and N
stands for the number of replaceable cations. By substituting
the respective values in the above equation, we get a value of Rc

= 13.82 Å, which is quite larger than the acceptable value of 5 Å,
thereby ruling out the possibility of CQ through nR cross-
relaxation pathways.45 Therefore, the phenomenon of CQ can
either be due to radiative reabsorption or multipolar interaction
phenomena. However, there is no evidence of overlap between
the excitation and emission, which thereby clearly infers the
© 2023 The Author(s). Published by the Royal Society of Chemistry
non-occurrence of radiative reabsorption processes.32 Thus, the
effective pathway for CQ is due to multipolar interactions,
which can be assessed by using Dexter's generalization.46,47 The
amount of energy being transferred is governed by the extent of
interaction between the luminescence centers. While studying
the CQ phenomenon, Huang et al.,48 found that the interaction
between the luminescence centers has a strong correlation with
the luminescence intensity and doping concentration. The
relation between them can be well understood from Huang's
equation:48

I ¼ a
1� s

3G
�
1þ s

3

�
(5)

a ¼ xG
�
1� s

3

��
Xo

�
1þ A

g

��3
s

(6)

In the above eqn (5) and (6), I stand for peak intensity corre-
sponding to the optimal doping concentration value x, and s
represents the type of interaction, which can be either dipole–
dipole (s = 6), dipole–quadruple (s = 8), or quadruple–
quadruple (s = 10). G corresponds to the probability of the
occurrence of donor intrinsic transitions. Inference about the
type of interaction can be estimated by solving the above eqn (5)
and (6), which result in the following general equation:49

log
I

x
¼

h
� s

3
log xþ log f

i
(7)

In the above equation, f is a constant, and I represent the
intensity corresponding to the different concentrations of
doping (Dy3+). The term “−s/3” in the above equation represents
the slope of the graph plotted in between log(I/x) vs. log(x) and
was estimated to be −1.09 (Fig. 9(b)). Therefore, the measured
value of s was found to be 3.27, which suggests the only option
for the energy transfer and subsequent CQ phenomenon is the
occurrence of some exchange-type interaction within the
synthesized phosphor.32 As the concentration of Dy3+ ions
exceeds its optimum values, the space between the activator
ions starts decreasing, which results in the initiation of some
non-radiative exchange-type of interactions. As a result,
a decrease in emission intensity is observed. All the above-
discussed photoluminescence results are also endorsed by the
DRS spectra results discussed above.

Judd–Ofelt analysis

For understanding the variation in the intensities of the blue
and yellow bands, optimization of radiative transfer was done
by employing the Judd–Ofelt (JO) theory.50,51 The line strength of
the activator ions was computed from the excitation spectra
using the magnetic dipole (MD) and electric dipole (ED) tran-
sitions. The probability of occurrence for ED transitions is
higher than that of MD transitions.52 Luo et al.53 have envisaged
a simplistic approach for determining the JO parameters for
powder samples based on their excitation spectra. The same
approach was put to use onmany systems, and it was found that
the computed results are in good agreement with the results
obtained via the conventional method. Dutta et al.52 have also
reported a comprehensive formalism for the estimation of the
RSC Adv., 2023, 13, 13423–13437 | 13431
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Fig. 12 (a) Bar chart plot depicting the variation of emission intensity with an increase in temperatures (b) Arrhenius plot for estimation of the
activation energy of synthesized Ba(La2−xDyx)ZnO5 (x = 5 mol%) phosphor.
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JO parameters using the excitation spectra. In the current study,
a similar formalization was opted for when computing the line
strength:

Sed
Cal

�
J/J

0	 ¼ X
Utjhj0jUtjj0ij2 (8)

Here, jU′j represents the unit tensor operator, U2, U4, and U6

denote the JO intensity parameters. These parameters provide
information about the impact of the host on the plausibility of
the transition. Furthermore, employing the excitation spectra,
experimental line strengths were also calculated using the
following eqn (9):

Sed
meas

�
J/J

0	 ¼ 3hcð2J þ 1Þ
8p3le2No

9n

ðn2 þ 2Þ2Gexc (9)

J and J′ represent the angular momentum quantum numbers
corresponding to the ground and excited states. n is the value of
the refractive index of the sample, and Gexc is computed from
the integral excitation intensity. Thereaer, for computing the
JO parameters, the least squares tting method was employed
between the calculated and experimental line strengths. The
Fig. 13 Luminescence decay curves of synthesized Ba(La2−xDyx)ZnO5 ph
radiative lifetime of the synthesized phosphor material.

13432 | RSC Adv., 2023, 13, 13423–13437
deviation among them was calculated using the root mean
square (rms) parameters

rmsDS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

ðSmeas � ScalÞ2
.
N � 3

vuut (10)

where N corresponds to the band number. The computed JO
parameters for different concentrations of Ba(La2−xDyx)ZnO5 (x
= 1–7 mol%) were plotted as shown in Fig. 10. According to the
existing literature, the U2 value of 5 mol% Dy3+-doped BaLa2-
ZnO5 phosphor was found to be comparatively low, i.e., 0.82 ×

10−24 cm2.52 The low value of U2 pointed to the high symmetry
of the ligand environment surrounding Dy3+ ions. When the
concentration of Dy3+ increased, it was found that the U2 value
of the Dy3+-doped BaLa2ZnO5 phosphor changed slightly,
modifying its covalent nature due to the overlap of molecular
orbitals between O2− ion (p-orbital) and Dy3+ (f-orbital). The
electron cloud extended as a result of the orbital overlap,
creating a connection with a stronger covalent character.
According to the JO analysis, Dy3+ ion placement follows
inversion symmetry. The variation of U4 parameters with Dy3+
osphor (x = 1–7 mol%) (b) Auzel's fitting for calculation of the intrinsic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Chromaticity diagram depicting the variation in the color
coordinates as the concentration of Dy3+ changes from 1 to 7 mol% in
the synthesized Ba(La2−xDyx)ZnO5 phosphor.
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concentration was observed to be almost negligible, indicating
the strong symmetric nature of Dy3+ ions in the present host.
Owing to this excellently symmetric nature, blue and yellow
emissions can provide near-white emissions from the present
phosphor materials.

Thermal stability

The thermal stability parameter is another prominent factor in
determining the effectiveness of phosphor materials. In this
regard, temperature-dependent PL emission of Ba(La2−xDyx)
ZnO5 (x = 5 mol%) was recorded by using Kimmon IK Series
325 nm Laser Source excitation from room temperature to 410
K, and the variation in intensity observed is depicted in Fig. 11.

It is evident from Fig. 11 that the position of emission bands
did not change as the temperature increased from room
temperature to 410 K. This invariability of the emission peak
position helps in recording the steady-state emission even at
elevated temperatures. However, an increase in temperature
tends to decrease the intensity of PL emission, as is evident
Table 1 Fitting parameters and the calculated average lifetime values f
ZnO5 phosphor materials

Concentration (mol%) Adj R2 value

1 0.9994
2 0.9994
3 0.9993
4 0.9995
5 0.9056
6 0.9998
7 0.9999

© 2023 The Author(s). Published by the Royal Society of Chemistry
from Fig. 11 and 12(a), due to different temperature quenching
processes.54 Fig. 12(a) represents the variation of intensity with
the rise in temperature. The total variation in intensity can be
divided into three temperature regions: 273–313 K, 323–373 K,
and 383–403 K, respectively. As the temperature increases from
room temperature, a slight variation in intensity is observed,
suggesting a stable thermal behavior up to 313 K. However, in
the second region (323–373 K), a gradual decrease in intensity is
observed, which again stabilizes aer 383 K. Beyond that, the PL
intensity shows stabilized behavior up to 403 K, which conrms
the good thermal stability of the synthesized phosphor. The
essence of thermal quenching, due to which the gradual
decrease in intensity occurs from 323 to 373 K, can be observed
by determining the activation energy using the following
equation:55

ln

�
Io

I
� 1

�
¼ ln A� DE

kT
(11)

In the above equation, Io represents the intensity at room
temperature, I denotes the emission intensity at different
temperatures (T), A is constant, DE signies activation energy,
and k stands for the Boltzmann constant. Fig. 12(b) represents
the curve corresponding to ln(Io/I − 1) versus 1/kT for
Ba(La2−xDyx)ZnO5 (x = 5 mol%) phosphor. The slope for the
plot was estimated through linear tting and is around −0.29,
revealing that the value of activation energy is 0.29 eV for
synthesized Ba(La2−xDyx)ZnO5 (x = 5 mol%) phosphors. Ob-
tained activation energy endorses excellent thermal stability
and its applicability in high-power wLEDs and other
applications.54
Lifetime and photometric analysis

The phenomenon of energy transfer can be further evaluated by
analyzing the decay curves. The decay curves depicted in
Fig. 13(a) were recorded using an excitation and emission
wavelength of 352 nm and 577 nm, respectively. It was observed
that all the curves were not following the single exponential
trend, which can be attributed to the unequal distribution of
dopant ions in the host matrix.19 Thus, the decay curves were
tted by the double exponential function:56

I(t) = Io + A1 exp
−t/s1 + A2 exp

−t/s2 (12)
or varying doping concentrations of Dy3+ in synthesized Ba(La2−xDyx)

Chi-square value
(× 10−6)

Average lifetime
(ms)

6.00 0.074
3.39 0.047
2.05 0.034
1.17 0.028

175 0.021
0.27 0.017
0.12 0.004

RSC Adv., 2023, 13, 13423–13437 | 13433
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Table 2 Chromaticity coordinates and other parameters correspond to the different concentrations of Dy3+ ions in the host matrices BaLa2ZnO5

BaLa2−xDyxZnO5 (mol%) CIE coordinates (x, y) (u′, v′) CCT (K)

1 0.3549, 0.4145 0.1954, 0.5135 4887
2 0.3525, 0.4331 0.1882, 0.5203 4998
3 0.3463, 0.3859 0.5006, 0.0158 5058
4 0.3463, 0.3923 0.1977, 0.5034 5061
5 0.3448, 0.3836 0.1995, 0.4994 5102
6 0.3480, 0.4041 0.1958, 0.5074 5029
7 0.3508, 0.3971 0.1987, 0.5059 4951
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In the above eqn (12), I(t) represents emission intensity at some
time (t), Io represents the background intensity, A1 and A2 are
constants, and s1 and s2 correspond to lifetimes for different
decays, respectively. The average lifetime was calculated using
the following equation:

s ¼ A1s12 þ A2s22

A1s1 þ A2s2
(13)

Employing the above eqn (13), it was observed that the
average lifetime of the synthesized phosphor decreases from
0.074 ms to 0.004 ms (Table 1) as the concentration of Dy3+

varies from 1 to 7 mol% due to the nR energy relocation
phenomenon.

The observed decrease in a lifetime with the increase in the
concentration of Dy3+ was further assessed through Auzel's
model (Fig. 13(b)) by using the following equation:

sðcÞ ¼ sR

1þ c

co
exp

�N
3

(14)

Here, c represents the variable concentration of the dopant ions
in terms of mol%, s(R) represents the intrinsic lifetime, and N
represents the total number of photons generated during the
relaxation of the 4F9/2 state to different ground states via nR
processes. Furthermore, 4F9/2 is the only stable quantum
mechanical state in Dy3+ and is responsible for other radiative
relaxations with a radiative lifetime s(R) of 0.23 ms.

The CIE paradigm of the synthesized Ba(La2−xDyx)ZnO5

phosphor is depicted in Fig. 14. The chromaticity coordinates
and other parameters like (u′, v′) (Table 2) were calculated as
per the standards of the Commission Internationale de
l'Eclairage (CIE). Also employing the McCamy formula,57 the
CCT values of the synthesized materials were also computed
and were found to vary from 4887 to 5102 K, as shown in Table
1. From the different parameters listed in Table 2, it is evident
that the synthesized phosphor material exhibits white emis-
sion coordinates. For the optimal doping concentration, these
coordinates approximately match the National TV Standards
Committee (NTSC) standards (x= 0.333, y= 0.0333) and are in
accord with the available literature.8,19,32 These ndings
suggest that the as-synthesized phosphor materials can be
suitable for the generation of UV-excited warm white light
emission.
13434 | RSC Adv., 2023, 13, 13423–13437
Conclusion

In summary, a Dy3+-activated BaLa2ZnO5 phosphor material
emitting a white light was synthesized through a high-
temperature solid-state reaction. The XRPD pattern conrms
the tetragonal-phase transparency as well as the structural
stability of the synthesized nanomaterial when doped with
Dy3+ ions. Diffusive reectance spectra were recorded for
computing the bandgap, and it was found that the synthesized
phosphor possesses an indirect bandgap of the order of
4.70 eV. It was found that doping does not have a signicant
impact on the morphology of the particles. Under the excita-
tion and emission wavelengths of 325 nm, 352 nm, and
577 nm, the photoluminescence spectra of targeted samples
were analyzed to elucidate the incorporation of Dy3+ ions in
the BaLa2ZnO5 host matrix. The emission spectra were found
to consist of two sharp blue and yellow bands, which are
responsible for the white emission exhibited by the synthe-
sized phosphor material. Furthermore, an upsurge in lumi-
nescence intensity was observed until the concentration of
Dy3+ reached 5 mol%. Aer that, the intensity decreases due to
the CQ phenomenon initiated by the exchange type of inter-
action. The thermal stability of the synthesized phosphor was
also assessed from temperature-dependent photo-
luminescence spectra for optimal doping, and it was found
that the synthesized phosphor has good thermal stability and
possesses an activation energy of 0.29 eV. The decay lifetime of
synthesized phosphor ranges in microseconds and shows
a decreasing trend with an increase in doping concentrations
of Dy3+. The obtained lifetime was tted with Auzel's model,
and a radiative lifetime of the order of 0.23 ms was attained for
the stable 4F9/2 quantum mechanical state. Lastly, the CIE
coordinates of the synthesized phosphor were found to lie in
the white region of the color gamut. The chromaticity coor-
dinates (0.3448, 0.3836) for the optimal doping with CCT 5102
K was found to match well with NTSC standards. In a nutshell,
the synthesized phosphor material is capable of being used
effectively for fabricating wLEDs for solid-state lighting
applications.
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