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al properties of Dy3+ activated
Na3Ba2LaNb10O30 phosphors with enhanced
internal quantum yield for w-LEDs

Kanishk Poria, a Ravina Lohan,b Sanjana Bhatia,a Amit Kumar,b Rajwinder Singh,a

Nisha Deopa, *b Rajesh Punia,c Jangvir Singh Shahi*a and A. S. Raod

With an intend to develop white light emitting phosphor, for w-LED application, a series of dysprosium

(Dy3+) doped novel Na3Ba2LaNb10O30 phosphors were prepared using solid state reaction technique at

1300 °C. Their structural, morphological and vibrational spectroscopic analysis was performed. We

illustrate the luminescence characteristics of the prepared phosphors for various Dy3+ ion doping

concentration. The XRD analysis demonstrates that the prepared phosphors were in single phase, and of

tetragonal tungsten bronze structure of the P4bm space group. The FE-SEM image reveals that the

prepared phosphors contained irregular shaped both nano and micro particles. Under near-ultraviolet

(n-UV) irradiation at 387 nm, the photoluminescence (PL) emission spectra shows three characteristic

bands at 481 nm (blue), 575 nm (yellow) and 666 nm (red). Obtained optimized Dy3+ ion concentration

for the prepared sample is 7.0 mol%, beyond which the concentration quenching begins. Bonding

between Dy–O is covalent in nature as confirmed by bonding parameters and the Dexter theory

revealed that the energy transfer among Dy3+ ions is dipole–diploe interaction. CIE chromaticity

coordinates, CCT and color purity confirms the formation of warm white light emitting phosphors.

Lifetime analysis demonstrates the longer decay time in the phosphors. The Internal Quantum Yield (IQE)

and brightness (B) for the optimised phosphor is calculated as 45.35% and 11.41% respectively, which

makes it a suitable phosphor for w-LED.
1 Introduction

Phosphor is any material that exhibits the phenomenon of
luminescence when subjected to UV radiation, X-rays, electron
bombardment, friction or any other form of excitation. A
phosphor primarily comprises of a host matrix and an activator
ion in its lattice.1 These activators act as the luminescent
centres, i.e. the electron relaxes radiatively at this activator site,
within the host matrix. Rare earth elements such as Eu3+, Eu2+,
Dy3+, Pr3+ are few example of activators. Phosphors are used, in
the creation of several optoelectronic devices, including light
converters, solid state lasers, solid state lighting, optical ther-
mometer and optical ampliers, etc.2–7 In the last decade,
phosphor-converted white light emitting diodes (pc-wleds) have
been studied signicantly owing to their key characteristic, such
as efficient light output, low power consumption, longer oper-
ational lifetime (>100 000 hours), sturdiness and
, Chandigarh, India. E-mail: shahijs@
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environmentally safer as compared to their predecessors, uo-
rescent and incandescent lamp.8–12 Nowadays, w-LEDs are
widely used in plant cultivation (including vegetables, owers,
herbs, etc.), display, medical lighting, and outdoor lighting.13–15

White light emission can be obtained in three ways from
solid state lighting sources.16,17 The rst way is to setup an array
of multiple LED chips emitting light at different frequencies.
Multiple LED setup has excellent colour rendering index and
the white point can be easily controlled. However, there is no
control on correlated colour temperature, since each LED needs
an independent output power control and has its own different
lifetime. The second way is to use a single UV LED chip coated
with a combination of red, green and blue down-converting
phosphors. This setup is quite cost efficient than LED matrix,
as it gives excellent colour rendering and a control over white
light-CCT. Because of stokes conversion, this approach
becomes less energy efficient, and it is difficult to manage the
homogeneity of the phosphor coating. Another demerit is that
phosphors deteriorate faster than LEDs. The third way is
utilizing a single LED (blue) with a coating of yellow down-
converting phosphor. The blue light bleeds through the phos-
phor to give white light. This setup is small, light-weight, easy to
operate and has a long lifetime. Demerit of this setup is that it is
RSC Adv., 2023, 13, 11557–11568 | 11557
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Fig. 1 Image of Na3Ba2LaNb10O30:xDy
3+ (x = 7 mol%) phosphor

sample under daylight and 365 nm UV light.
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less efficient because of stokes shi and has a very poor colour
rendering.

Since niobates have better chemical and physical stability,
they make excellent luminous matrixes. Some rare-earth ion
doped niobates, such as Sr2LaNbO6:Eu

3+,Sm3+; LaNbO4:Bi
3+/

Dy3+ and Ca2LaNbO6:Sm
3+, have been shown to exhibit

outstanding luminous characteristics along with high thermal
stability.18–20 It is important to note that the tungsten bronze
structure (TTB) exhibits chemical and magnetic stability with
excellent crystal structure. Niobates having TTB structures are
excellent candidates for ferroelectric and piezoelectric mate-
rials. The decient perovskite TTB niobates consist of corner-
sharing NbO6 octahedra arrays and three different tunnels for
cation lling, leading to large spontaneous polarization and
high dielectric constants.21 In deformed metal–oxygen poly-
hedra, they likewise show dominating electron–hole separation
and transport through static electric elds between structure-
induced dipole moments. As a result, a little structural change
such as changing the cation-site occupancy has a huge inu-
ence on charge mobility. Utilising this property, we have opted
to use niobate based TTB structure to investigate its photo-
luminescence properties. Moreover, the tungsten bronze
phosphors such as Sr5YTi3Nb7O30, NaSr2Nb5O15 and Ba4-
LaTiNb9O30 have been reported to have potential applications
in photonics, especially in w-LED.22–24 The tetragonal tungsten
bronze structure has been shown to readily accept lanthanides
or transition metals as constituents or dopants because of its
tetragonal crystal structure, which enables the manufacture of
high-quality doped single crystals.25 The general practice to
prepare niobate-based phosphors is the solid state reaction
method, which has the benet of producing samples with
excellent morphology and luminosity, over other methods.26

In search of a suitable host lattice, scientists have been
conducting research in order to prepare phosphor-converted
white light emitting diode (pc-wled).27 In our present study,
we focus towards the generation of white light from dysprosium
doped Na3Ba2LaNb10O30 phosphors via solid state reaction
technique. We examine the structure parameter, surface
morphology and elemental analysis of the as prepared phos-
phors using the X-ray diffraction (XRD), eld emission scanning
electron microscopy (FESEM) and energy dispersive X-ray
spectroscopy (EDX), respectively. Further, optical properties
were examined employing the steady-state and time resolved
photoluminescence.

Generally, Dy3+ ions exhibit three emission bands in the
visible spectra, the blue emission (450–490 nm) corresponds to
4F9/2 /

6H15/2 transition, yellow emission (550–590 nm) corre-
sponds to 4F9/2 /

6H13/2 hypersensitive transition and the red
emission (640–680 nm) corresponds to 4F9/2 / 6H11/2 transi-
tion, latter being a feeble transition.28–30

2 Experimental procedure
2.1 Phosphor preparation

The samples of dysprosium doped niobate-based Na3Ba2-
LaNb10O30:xDy

3+ (x = 0, 1, 3, 5, 7 and 10 mol%) phosphors have
been synthesized via high-temperature solid-state reaction
11558 | RSC Adv., 2023, 13, 11557–11568
technique. The raw materials Na2CO3 (99.5%), BaCO3 (99.9%),
La2O3 (99.9%), Dy2O3 (99.9%) and Nb2O5 (99.9%) used for the
synthesis were of Sigma Aldrich and analytical grade quality.
The precursor were taken in their stoichiometric ratios and were
thoroughly mixed andmilled together in amortar and pestle for
2 hours. The grounded samples were subsequently calcinated at
a heating rate of 3 °C min−1, in a programmable muffle furnace
of Metrex Scientic Instruments (Model: MF-14P). The heating
process consisted of two steps. The reaction time for the rst
step of calcination was 5 hours at 800 °C and the second step
was 1300 °C for 7 hours. Finally the samples were rigorously
grounded to make a ne powder and the phosphorescence for
the optimised sample (7 mol%) can be easily seen in Fig. 1. The
chemical reaction involved in this process is shown in eqn (1).

3Na2CO3 þ 4BaCO3 þ ð1� xÞLa2O3 þ 10Nb2O5

þxDy2O3 ������!ð1Þ800 �C�5 h

ð2Þ1300 �C�7 h
2Na3Ba2La1�xDyxNb10O30 þ 7CO2[[ (1)

2.2 Characterization techniques

The structural parameter of the prepared phosphors were
investigated by XRD analysis using Panalytical model X'pert Pro
with Cu-Ka radiation (l = 1.5406 Å) in the 2q range from 20° to
80°. The surface morphology, energy dispersive spectroscopy
(EDS), and elemental mapping of the prepared samples were
investigated by FESEM. A thin layer of gold (Au) was coated on
the as-synthesized samples and were analysed using FESEM
utilising JEOL JSM-6490 operated at the accelerating voltage of 5
kV. The Fourier transform infrared (FT-IR) spectrum of Na3-
Ba2LaNb10O30 were recorded using a PerkinElmer Frontier
Spectrometer in the middle infrared region (4000–400 cm−1)
aer the pellets were prepared by mixing the samples with
potassium bromide (KBr2, A.R. grade) and then compressed
using a hydraulic press at 10 ton load. The steady state photo-
luminescence spectra (PL) of the prepared phosphors were
recorded using Cary Eclipse Fluorescence Spectrophotometer.
The lifetime decay spectra has been studied using Horiba
Spectroscope excited through a 150 watts microsecond xenon
© 2023 The Author(s). Published by the Royal Society of Chemistry
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ash lamp. The excitation and emission spectra was collected in
the range of 320–470 nm and 400–700 nm, respectively. The
internal quantum efficiency (IQE) was collected by Horiba
Scientic QuantaPhi-2 equiped with an integrating sphere
coated with BaSO4. Commission international de l'Eclairage
(CIE) 1931 chromaticity coordinates were calculated and plotted
for the emission spectra. All measurements were carried out at
room temperature.

3 Results and discussion
3.1 X-ray diffraction and structural analysis

The powder X-ray diffraction (XRD) analysis demonstrated the
crystal structure of Na3Ba2LaNb10O30:xDy

3+ (x = 0, 1, 3, 5, 7 and
10 mol%) phosphors and matches well with the JCPDS card no.
00-038-1236 corresponding to Na3Ba2LaNb10O30, as shown in
Fig. 2. XRD peaks reveals that the inclusion of dysprosium ion
does not effect the crystal structure of Na3Ba2LaNb10O30.
Furthermore, the crystal structure of Na3Ba2LaNb10O30:xDy

3+ (x
= 0, 1, 3, 5, 7 and 10 mol%) phosphor belongs to the lled
tetragonal tungsten bronze (TTB) structure of the P4bm space
group. The general representation of tungsten bronze structure
is [(A1)2(A2)4]C4[(B1)2(B2)8]O30. It can be seen that the TTB
structure consists of three different crystal sites namely six A
sites, ten B sites (B crystal sites are located in the center of the
[BO6] octahedrons), and the triangular interstitial C site (mostly
Fig. 2 XRD patterns of JCPDS 00-038-1236 and Na3Ba2LaNb10-
O30:xDy

3+ (x = 0, 1, 3, 5, 7 and 10 mol%) phosphors.

© 2023 The Author(s). Published by the Royal Society of Chemistry
empty).31 In the present study of Na3Ba2LaNb10O30:xDy
3+ (x = 0,

1, 3, 5, 7 and 10 mol%), Ba2+ and La3+ present at two A1 crystal
sites while Na1+ and Ba2+ are present at four A2 crystal sites
whereas Nb5+ occupies all ten B sites. In order to gure out
which element of the matrix is swapped with Dy3+ ion, the ionic
radii percentage difference (Dr) is calculated and reproduced
using the following expression.32

Dr ¼ RsðCNÞ � RdðCNÞ
RsðCNÞ � 100% (2)

where, Rs and Rd are the ionic radii of the cation in the matrix
and doped Dy3+ ion respectively. The ionic radii of cations that
corresponds to the coordination number six are Na1+(Rs = 1.02
Å), Ba2+(Rs = 1.35 Å), La3+(Rs = 1.032 Å), Nb5+(Rs = 0.64 Å) and
doped ion Dy3+(Rd = 0.912 Å). The calculated Dr values are
10.59%, 32.44%, 11.63% and −42.5% respectively. Among all
the cations, Na1+ and La3+ are the closest ions to be replaced by
the Dy3+ ion. Since both La and Dy exist in trivalent oxidation
state, Dy3+ ions would occupy the site of La3+ ion. Dy3+ will not
substitute Na1+ as it leads to chemically nonequivalent substi-
tution and the host lattice acquires an excess positive charge.

The Debye–Scherrer formula (eqn (3)) is employed to
compute the average crystallite size of the prepared
phosphors.33,34

D ¼ Kl

b cos q
(3)

where K is the form factor (usually 0.94), l denotes the X-ray
wavelength (1.5406 Å, for Cu-Ka), q represents the Braggs
diffraction angle and b denotes the FWHM (full-width at half
maxima). For Na3Ba2LaNb10O30:xDy

3+ (x = 0, 1 and 10 mol%)
phosphor, the average crystallite size is summarized in Table 1.
The results show that as the Dy3+ ion concentration increased
the D value declines.

A very slight shi (of the order of 10−2 Å) in the 2q angle of
the most intense peak of Na3Ba2LaNb10O30 ((311) plane) is
observed to shi towards the higher 2q angle as we increase the
doping concentration. This propensity may be brought on by
the mismatch between the ionic radii of Dy3+ and La3+ ions,
which further raises the possibility of Dy3+ ion incorporation
into Na3Ba2LaNb10O30. This slight shi can be easily seen from
Fig. 3.
3.2 Field emission scanning electron microscopy and energy
dispersive X-ray spectroscopy

Surface morphology of the prepared Na3Ba2LaNb10O30:xDy
3+ (x

= 7 mol%) phosphor is obtained using FE-SEM depicted in
Table 1 Crystallite size of Na3Ba2LaNb10O30:xDy
3+ (x = 1, 3, 5, 7 and

10 mol%) phosphors

Dy3+ (mol%)
Average crystallite
size, D (nm)

0.0 41.45057
1.0 40.35571
10.0 40.25051

RSC Adv., 2023, 13, 11557–11568 | 11559
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Fig. 3 XRD peak corresponding to 311 plane of Na3Ba2LaNb10O30:-
xDy3+ (x = 0, 1, 3, 5, 7 and 10 mol%) phosphors.

Fig. 5 EDX spectrum of Na3Ba2LaNb10O30:xDy
3+ (x = 7 mol%)

phosphor.
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Fig. 4. From FE-SEM images, the phosphor particles were
inferred as non-uniform, inhomogeneous and irregular in
shape. The agglomeration of particles were expected in the
preparation of phosphor through high-temperature solid state
reactionmethod. The agglomerated particle size range from few
micrometers to few nanometers, and are tightly packed with
each other. Because of the large surface area to volume ratio,
number of voids are observed inside the agglomerated nano-
particles. No change in the morphology is observed with the
change in dopant ion concentrations.

The EDX spectrum and elemental mapping reveals the
chemical composition and elemental distribution in the
Fig. 4 FE-SEM micrograph of Na3Ba2LaNb10O30:xDy
3+ (x = 7 mol%)

phosphor sintered at 1300 °C.

11560 | RSC Adv., 2023, 13, 11557–11568
prepared Na3Ba2LaNb10O30:xDy
3+ (x = 7 mol%) phosphor. EDX

is a typical approach for detecting and measuring the qualita-
tive and quantitative elemental composition of a sample in an
area of few square nanometer dimensions. The elemental peaks
corresponding to sodium (Na), barium (Ba), lanthanum (La),
niobium (Nb), oxygen (O) and dysprosium (Dy) of the prepared
sample was observed in the EDX spectrum and are shown in
Fig. 5. Their elemental mapping is demonstrated in Fig. 6 which
depicts the even distribution of constituent elements. The
atomic% shown in Fig. 5 also conrms the agglomeration of
Na3Ba2LaNb10O30:xDy

3+ (x = 7 mol%) doped phosphor.
3.3 Raman and Fourier transform infrared spectroscopy

Raman spectra of the synthesized Na3Ba2LaNb10O30:xDy
3+ (x =

7 mol%) phosphor in the tetragonal structure, with the octa-
hedral ion [NbO6]

7−, recorded at room temperature from 100–
1000 cm−1 wavenumber as shown in Fig. 7. The three Raman
Fig. 6 Elemental mapping of Na3Ba2LaNb10O30:xDy
3+ (x = 7 mol%)

phosphor.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Raman spectrum of Na3Ba2LaNb10O30:xDy
3+ (x = 0, 1, 3, 5, 7

and 10 mol%) phosphor at room temperature.
Fig. 8 Fourier transformed infrared (FT-IR) spectrum of Na3Ba2-
LaNb10O30:xDy

3+ (x = 0, 1, 3, 5, 7 and 10 mol%) phosphor at room
temperature.

Fig. 9 Diffuse reflectance spectra of Na3Ba2LaNb10O30:xDy
3+ (x= 1, 3,
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active modes centered at 252 cm−1 (n5) corresponds to O–Nb–O
bend vibrations, 639 cm−1 (n2) assign to Nb–O stretch vibra-
tions, and 862 cm−1 (n1) corresponds to Nb–O stretch vibra-
tions, is similar to one other in tetragonal tungsten bronze
structure with the point group C4n (ref. 35 and 36) and C2n.37 For
the tungsten bronzes structure, all Raman lines except for the
three characteristic vibrational modes originate from the
external vibrations for oxygen octahedron. Therefore, the
Raman spectra of Na3Ba2LaNb10O30 can be discussed in terms
of internal vibrations of the (NbO6) octahedra and external
vibrations involving the motions of Na1+, Ba2+ and La3+ cations.
As shown in Fig. 7, the peaks centered at 108 cm−1, 142 cm−1,
189 cm−1 and 438 cm−1 originate from external vibration
modes.

The FT-IR spectra are recorded from 4000–400 cm−1 wave-
number to know about the structural units and functional
groups in the as-prepared Na3Ba2LaNb10O30:xDy

3+ (x = 1, 3, 5, 7
and 10 mol%) phosphor. Fig. 8 depicted the FT-IR spectra of as-
synthesized phosphor. The quality of product is best checked by
the FT-IR spectroscopy and is used in the initial stage process
for the analysis of material. The shi in the peaks of spectra
suggests the inclusion of contaminate. All the spectra shows
similar shoulder positions as demonstrated in the Fig. 8. FT-IR
spectra contain eight shoulders about 435, 654, 829, 1386, 1633,
1743, 2921 and 3432 cm−1. The shoulders in the spectra are
assigned according to the previously published research papers.
The shoulder near 435 and 829 cm−1 consigned to the coupling
between Nb–O stretching mode.38 The shoulder about 654 cm−1

is owing to the La–O stretching vibrations.39 The shoulder about
1386 cm−1 is because of symmetric stretching of COO− func-
tional group.40 The shoulder in the region 1633 and 3432 cm−1

is because of water molecules.41 The shoulder near 1743 cm−1 is
contributed by C–O stretching mode in free carboxylic group.42

The shoulder about 2921 cm−1 may correspond to the residual
organic presence.43
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.4 Bandgap and electronic structure

Using reectance spectra we can explore optical characteristics
of phosphors. Bandgap (Eg) of Na3Ba2LaNb10O30:xDy

3+ (x= 1, 3,
5, 7 and 10 mol%) phosphor samples can be calculated using
Tauc plot44 derived from the plot of diffuse reectance spectra
of the phosphors. Fig. 9 exhibit UV-Vis diffuse reectance
spectra of Na3Ba2LaNb10O30:xDy

3+ (x = 1, 3, 5, 7 and 10 mol%)
phosphor and Fig. 10 shows the corresponding Tauc plot
determined from eqn (4). The transition 6H15/2 / 6F5/2 and
6H15/2 /

6F7/2 at 808 nm and 908 nm, respectively can be easily
seen in Fig. 9.

(aabshnph)
n = A(hnph − Eg) (4)

where A represents a constant, aabs denotes the absorption
coefficient, nph represents the photon frequency and n is the
transition dependent parameter (n = 1/2 corresponds to
5, 7 and 10 mol%) phosphor.

RSC Adv., 2023, 13, 11557–11568 | 11561
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Fig. 10 Tau plot of un-doped and Na3Ba2LaNb10O30:xDy
3+ (x= 1, 3, 5,

7 and 10 mol%) phosphors for the determination of optical bandgap Eg
(assuming indirect transitions).

Fig. 11 PLE spectra of Na3Ba2LaNb10O30:xDy
3+ (x = 1, 3, 5, 7 and

10 mol%) phosphors by fixing emission at 575 nm.
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allowed electronic transition (direct), n = 2 for allowed elec-
tronic transition (indirect), while n = 3/2 and 3 corresponds to
forbidden direct and indirect electronic transition, respec-
tively). A red shi is represented in the optical bandgap of the
Na3Ba2LaNb10O30:xDy

3+ (x = 1, 3, 5, 7 and 10 mol%) phosphor
with increase in Dy3+ ion concentration, as seen in Fig. 10. Table
2 shows the bandgap for Na3Ba2LaNb10O30:xDy

3+ (x = 1, 3, 5, 7
and 10 mol%) phosphor.
3.5 Steady state photoluminescence

The photoluminescence excitation (PLE) spectra of dysprosium
doped niobate-based Na3Ba2LaNb10O30:xDy

3+ (x = 1, 3, 5, 7 and
10 mol%) phosphors are demonstrated in Fig. 11, which were
Table 2 Bandgap, nephelauxetic ratio (b) and bonding parameter (d) in
Na3Ba2LaNb10O30:xDy

3+ (x = 1, 3, 5, 7 and 10 mol%) phosphors

Dy3+

(mol%)
Bandgap
(eV)

Nephelauxetic Bonding

Ratio
(b)

Parameter
(d)

1.0 3.691 0.99980 0.00021
3.0 3.689 0.99973 0.00028
5.0 3.668 0.99938 0.00062
7.0 3.658 0.99883 0.00117
10.0 3.630 0.99601 0.00401

11562 | RSC Adv., 2023, 13, 11557–11568
performed in wavelength range 320–470 nm for xed emission
wavelength of 575 nm. Several excitation peaks were observed at
351, 366, 387, 427 and 453 nm due to the characteristic Dy3+ ion
transitions from 6H15/2 (ground state) to several excited states as
exhibited in Fig. 15. The ve intense peaks correspond to 6H15/2

/ 6P7/2(351 nm); 6H15/2 /
4I11/2,

6P5/2(366 nm); 6H15/2 /
4I13/2,

4F7/2(387 nm); 6H15/2 /
4G11/2(427 nm) and 6H15/2 /

4I15/2(453
nm) transitions.45,46 Hence, one can conclude that the syn-
thesised phosphor shows potential for applications in near-
Ultraviolet chips.

The photoluminescence (PL) emission spectra of Na3Ba2-
LaNb10O30:xDy

3+ (x = 1, 3, 5, 7 and 10 mol%) phosphors taken
in the range of 400–700 nm while keeping excitation wavelength
xed at 387 nm are presented in Fig. 12. The emission spectra
shows three characteristic bands centred at 481, 575 and
Fig. 12 PL emission spectra of Na3Ba2LaNb10O30:xDy
3+ (x = 1, 3, 5, 7

and 10 mol%) phosphors under the excitation wavelength of 387 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Variation of emission intensity of the emission peaks to various
Dy3+ ions concentration.
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666 nm which correspond to blue (4F9/2 / 6H15/2 transition),
yellow (4F9/2 /

6H13/2 transition) and red (4F9/2 /
6H11/2 tran-

sition) respectively. Further, due to magnetic dipole nature of
the 4F9/2 /

6H15/2 transition the surrounding crystal eld lays
no effect on it. Whereas, the forced electric dipole 4F9/2/

6H13/2

transition of Dy3+ ion is sensitive to surrounding environment.
Moreover the intensity of the yellow band is greater than the
blue band signifying that the Dy3+ ions are present at the sites
lacking inversion center in the host lattice.47,48 The optimized
Dy3+ ion concentration is 7.0 mol%, beyond which the
concentration quenching begins.

3.6 Nephelauxetic ratio (b) and bonding parameter (d)

To understand the behaviour of ligand eld that surrounds the
Dy3+ ions in the host matrix and to determine the nature of
bonding, the (b) and (d) are evaluated using the following
expression:49

b ¼ wc

wa

and d ¼ 1� b

b
(5)

where, wc and wa are the wavenumbers in cm−1 for a specic
transition of RE ion and the same transition of an aqua ion
respectively and b� represents the average value of all b. Neph-
elauxetic effect occurs because of the partially lled f-shell.
When host matrix is incorporated with RE ions, the 4f shell
gets deformed due to the inuence of ligand eld. The calcu-
lated values of b for Na3Ba2LaNb10O30:xDy

3+ (x = 1, 3, 5, 7 and
10 mol%) are shown in Table 2.

The d value strongly relate to the ligand eld environment
around the Dy3+ ions. The value may be positive/negative indi-
cating ionic/covalent nature. The calculated values of d for
Na3Ba2LaNb10O30:xDy

3+ (x = 1, 3, 5, 7 and 10 mol%) are shown
in Table 2. The positive value indicates that the bond present
between Dy–O is covalent in nature,50 which increases with the
increase in Dy3+ ions concentration.

3.7 Effect of dysprosium doping concentration

The emission spectra of Na3Ba2LaNb10O30:xDy
3+ (x = 1, 3, 5, 7

and 10 mol%) in Fig. 12 showed the same peak positions for all
the Dy3+ ions concentration. Fig. 13 shows the yellow and blue
peak emission intensity of Na3Ba2LaNb10O30:Dy

3+ phosphor
with change in Dy3+ ion concentration. Fig. 13 reveals that the
emission intensity depends upon the concentration of Dy3+ ion,
and is seen to increase with steady increase in the latter upto
7 mol%. Beyond 7 mol% of Dy3+ ion concentration, the lumi-
nescence intensity in Na3Ba2LaNb10O30 phosphor begins to
decrease due to quenching of the concentration. This supported
the fact that as Dy3+ ion concentration increases beyond
a certain value, here 7 mol%, the non-radiative energy transfer
probability between dysprosium ions tends to increase. Theo-
retically, the critical distance (Rc) between Dy3+ ions aer which
concentration quenching begins can be calculated using the
Blasse formula:51

Rc ¼ 2

�
3V

4pccN

�1=3

(6)
© 2023 The Author(s). Published by the Royal Society of Chemistry
where V denotes the unit cell volume, N denotes the number of
cation sites in the host unit cell and cc represents the fraction of
activator concentration at which quenching occurs. For Na3-
Ba2LaNb10O30:Dy

3+ phosphor, cc = 0.07, N = 1, V = 604.4425 Å,
hence Rc can be calculated as 25.45 Å. Resonant energy transfer
is primarily caused by exchange and multipolar interactions.
The distance between the adjacent Dy3+ ions falls below the
critical distance beyond the 7 mol% concentration of Dy3+ ions.
Given that the calculated Rc value is greater than 5 Å, the
multipolar interactions will be dominant in the concentration
quenching of Na3Ba2LaNb10O30:Dy

3+ phosphor as the proba-
bility of energy transfer via exchange interaction mechanism is
very low.52

In line with Dexter's hypothesis,53 type of multipolar inter-
action mechanism between Dy3+–Dy3+ ions can be obtained
using the eqn (7).

I

x
¼ K

h
1þ bðxÞQ=3

i�1
(7)

here b and K denote constants specic to the host lattice, x
represents the activator ion concentration, and I denotes the
photoluminescence emission intensity. The Q value denes the
multipolarity of electric interaction between the adjacent acti-
vator ion.54 The multipolar character function Q can take values
of 3,6,8 and 10 according to the interaction mechanism being
nearest neighbour, dipole–dipole (d–d), dipole–quadrupole (d–
q) and quadrupole–quadrupole (q–q) respectively.55 The eqn (7)
can be approximated to:

log
I

x
¼ K

0 � Q logðxÞ
3

; here
�
K

0 ¼ log K � log b
�

(8)

The linear dependance of log(I/x) and log(x) was analysed
using 4F9/2 transition of dysprosium ion and is shown in Fig. 14.
The calculated slope value prior to linear t is −1.70753, which
gives the Q value equivalent to 5.13 (close to 6). Thus, it can be
stated that the main mechanism through which energy transfer
RSC Adv., 2023, 13, 11557–11568 | 11563
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Fig. 14 The linear fitting plot between log(I/x) and log(x).
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occurs between the adjacent dysprosium ions is dipole–dipole
interaction.

The partial energy states of Na3Ba2LaNb10O30:Dy
3+ phosphor

is drawn in Fig. 15. The synthesized phosphor absorbs near
ultraviolet light corresponding to it's absorption band origi-
nating from 6H15/2 (ground state) to different excited states. The
phosphor Na3Ba2LaNb10O30:Dy

3+ gets excited at 387 nm to
populate the short-lived 4I13/2 and

4F7/2 excited state. The excited
ions undergo multiphonon non-radiative transitions to relax to
the low lying metastable 4F9/2 state. Since beyond this level, the
energy spacing between various energy levels is negligible,
hence the energy transfer mainly occurs through the non-
radiative transitions. The rate of phonon emission (w) can be
determined using eqn (9):

w = eKE/hnmax (9)

where K is the Boltzmann constant, E is the energy gap and
hnmax is the maximum energy of phonons.

Because of signicant energy difference between 4F9/2 level
and 6H15/2,

6H13/2,
6H11/2 levels, radiative photonic emission
Fig. 15 Partial energy level diagram of Dy3+ in Na3Ba2LaNb10O30

phosphor.

11564 | RSC Adv., 2023, 13, 11557–11568
takes place. Cross relaxation (CR) channels and resonance
energy transfer (RET) between nearby dysprosium ions may be
responsible for the non-radiative energy transfer and concen-
tration quenching. According to the energy match rule, the
three cross-relaxation channels (CR1, CR2, and CR3) and
potential resonant energy transfer are as follows:50,56,57

CR1: (4F9/2 +
6H15/2 /

6F11/2,
6H9/2 +

6F3/2)
CR2: (4F9/2 +

6H15/2 /
6F9/2,

6H7/2 +
6F5/2)

CR3: (4F9/2 +
6H15/2 /

6F1/2 +
6F11/2,

6H9/2)
RET: (4F9/2 +

6H15/2 /
6H15/2 +

4F9/2).
3.8 CIE chromaticity coordinate

CIE chromaticity58 coordinates were calculated and plotted on
CIE 1931 chromaticity diagram, as shown in Fig. 16, using the
emission spectra of Na3Ba2LaNb10O30:Dy

3+ phosphors. Here, x
and y correspond to the chromaticity coordinates in the CIE
1931 and were obtained as follows:

x ¼ X

X þ Y þ Z
; y ¼ Y

X þ Y þ Z
(10)

where X, Y, Z are the tristimulus values for the three primary
colors i.e. red, green and blue, respectively. The calculated CIE
coordinates are found to be quite close to the center white light
point (0.33333, 0.33333), as observed in Fig. 16. Correlated color
temperature (CCT)59 relate its color to the color of the light
emitted by the black body at a particular temperature, and is
measured in Kelvins. Based on the CCT, the phosphors fall in
the warm white light region. McCamy's empirical formula60 was
employed to calculate the CCT as stated in the eqn (11):

CCT = −449n3 + 3525n2 − 6823.3n + 5520.33 (11)

where (xe = 0.332, ye = 0.186) is the epicenter and n ¼ x� xe
y� ye

is

the inverse slope line.
Fig. 16 CIE 1931 chromaticity diagram showing the color coordinates
of Na3Ba2LaNb10O30:xDy

3+ (x = 1, 3, 5, 7 and 10 mol%) phosphors.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Schematic diagram of the mechanism in Na3Ba2LaNb10O30:-
Dy3+ phosphor.
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Furthermore, the asymmetry ratio i.e. Y/B ratio is the relative
measure of band intensities at 575 nm and 481 nm that is used
to assess the effectiveness of Dy3+ ion doped phosphors. The
asymmetry ratio is found close to 1, indicating the appropriate
white emission for as prepared Dy3+ ion doped phosphor.61 The
Y/B ratio for this investigation lies in the range of 1.18329 to
1.34318 as shown in Table 3. With the increase in Dy3+ ion
concentration, the position of peak remains unaffected. The
color purity of the prepared Na3Ba2LaNb10O30:xDy

3+ (x = 1, 3, 5,
7 and 10 mol%) phosphor are calculated using the following
formula:

Color purity ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� xiÞ2 þ ðy� yiÞ2
ðxd � xiÞ2 þ ðyd � yiÞ2

s
� 100% (12)

where (x, y) denotes the CIE coordinates of the prepared phos-
phors, (xd, yd) denotes the dominant wavelength coordinates
corresponding to the dominant wavelength (ld), and (xi, yi)
denotes the CIE coordinates of the reference white light. The
color purity for the prepared samples are calculated between
19% and 24%. The low color purity value is the evident aspect
indicating the purity for white light emission which is signi-
cantly lower than the previously indicated Dy3+ doped phos-
phors.62,63 CIE coordinates, CCT, Y/B ratio and color purity are
shown in Table 3.
3.9 Lifetime analysis

The phenomenon responsible for the longer decay time is
illustrated systematically in the Fig. 17. The Dy3+ ion happens to
be a potent trap creating ion, and formation of these traps is
a major cause for longer decay time. Moreover, the phosphor's
luminescence intensity is inuenced by the densities of the
trapped electrons, whereas its duration is inuenced by the
depth of the trapped electrons. Phosphor materials when
exposed to radiation, cause excitation of the charge carriers and
they shi to a higher energy conduction band through process 1
illustrated in Fig. 17. There are two possible choices for these
charge carriers to occupy the luminescence centres made by
Dy3+ ions. One way is for the charge carriers to directly approach
the luminescence centres via host conduction band (as directed
by process 2). However, a fraction of the excited charge carriers
get conned into electron traps (as directed by process 3),
eventually storing some part of excitation energy. These trapped
electrons do not come to the ground state directly, instead they
are released from these traps, due to thermal excitations at
Table 3 CIE coordinate, correlated color temperature, Y/B ratio and aver
phosphors

Dy3+ (mol%)

CIE coordinate

CCT (K)x y

1.0 0.36724 0.39237 4455.777
3.0 0.36210 0.38917 4585.400
5.0 0.36695 0.39261 4464.850
7.0 0.37063 0.39636 4383.463
10.0 0.36496 0.39091 4512.177

© 2023 The Author(s). Published by the Royal Society of Chemistry
proper temperature, and get transferred to the luminescent
centres via host lattice. At these luminescent centres, Dy3+

characteristic emissions are observed (as directed by process 4).
In physical systems, number of electron and hole traps may not
be exactly equal and this embodies the cause for the charac-
teristic luminescence.64

The typical luminous decay curve of Na3Ba2LaNb10O30:xDy
3+

(x = 7 mol%) phosphor is presented in Fig. 18. The decay curve
to calculate lifetime, for 4F9/2 /

6H13/2 transition under 487 nm
excitation, at room temperature for different Dy3+ concentra-
tions, is demonstrated in Fig. 19. It can be seen that, the decay
curves t closely with the double exponential function65,66

shown in eqn (13). The degree of tting (c2) was observed to be
very close to 1 (∼0.99932).

IðtÞ ¼ I0 þ A1 exp

�
� t

s1

�
þ A2 exp

�
� t

s2

�
(13)

where I0 and I(t) signify the phosphorescence intensities at time
t = 0 and some later time t, respectively. A1 and A2 are tting
constants and s1 and s2 are rapid and slow decay lifetimes. savg
for different Dy3+ doped Na3Ba2LaNb10O30 phosphors were
calculated using eqn (14):67
age decay time for Na3Ba2LaNb10O30:xDy
3+ (x = 1, 3, 5, 7 and 10 mol%)

Y/B ratio Color purity
Average decay
time (ms)

1.322 23.001 302.559 � 0.859
1.183 19.645 249.539 � 0.906
1.263 22.842 242.453 � 1.164
1.343 25.364 238.778 � 2.054
1.240 21.508 207.428 � 3.567

RSC Adv., 2023, 13, 11557–11568 | 11565
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Fig. 18 Decay curve 4F9/2 / 6H13/2 transition in Na3Ba2LaNb10O30:-
xDy3+ (x = 7 mol%) phosphor.

Fig. 20 Excitation and emission spectra of Na3Ba2LaNb10O30:xDy
3+ (x

= 7 mol%) phosphor and BaSO4 reference using an integrating sphere
for IQEmeasurement. Inset: enlarged emission spectra (400–630 nm).
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savg ¼ A1s12 þ A2s22

A1s1 þ A2s2
(14)

Table 3 summarises the average decay time savg of different
Dy3+ doped Na3Ba2LaNb10O30 phosphors. It is clearly evident
that as the Dy3+ ion concentration increases, the savg of the
prepared phosphors gradually decreases from 302.6 ms to 207.4
ms because of energy transfer between adjacent Dy3+ ions.
3.10 Internal quantum yield (IQE) and brightness (B)

Internal quantum yield (IQE) is an important aspect of a phos-
phor as it gives the efficiency of conversion of electrical power to
observed optical power. The IQE of Na3Ba2LaNb10O30:xDy

3+ (x=
7 mol%) phosphor, shown in Fig. 20, was measured using the
reference of BaSO4 excitation line. Qualitatively, IQE is the ratio
Fig. 19 Decay curves for 4F9/2 / 6H13/2 transition in Na3Ba2LaNb10-
O30:xDy

3+ (x = 1, 3, 5, 7 and 10 mol%) phosphors.

11566 | RSC Adv., 2023, 13, 11557–11568
of number of emitted and absorbed photons and can be ob-
tained using the eqn (15):68

h ¼

ð
LSð

ER �
ð
ES

(15)

where h represents IQE, LS denotes to the emission spectra of
Na3Ba2LaNb10O30:xDy

3+ (x = 7 mol%), ES represent phosphor
excitation spectra and ER represent excitation exclusively with
BaSO4 as reference. IQE (h) of Na3Ba2LaNb10O30:xDy

3+ (x =

7 mol%) phosphor was calculated as 45.35% under the excita-
tion of 387 nm, which is signicantly higher than previously
reported Ca2ZnSi2O7:Dy

3+,Eu3+ (IQE: 12.88%),69 LiCaBO3:Dy
3+

(IQE: 25.00%)70 and Ca2NaMg2V3O12:Dy
3+ (IQE: 25.00%)71

phosphors. Similarly, brightness (B)72 is a dimensionless
quantity dened as a parameter that has nothing to do with how
sensitive the human eye is and is dened by eqn (16):

B ¼ ne

ni
¼ ne

na
� na

ni
¼ h� xabs (16)

where na, ni and ne correspond to the number of photons
absorbed, incident and emitted respectively. Hence absorption
efficiency xabs becomes:

xabs ¼
na

ni
(17)

The calculated value of brightness for Na3Ba2LaNb10O30:-
xDy3+ (x = 7 mol%) phosphors is 11.41%.
4 Conclusions

In this study, a series of novel white light emitting dysprosium
doped Na3Ba2LaNb10O30 phosphors were successfully
© 2023 The Author(s). Published by the Royal Society of Chemistry
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synthesized through conventional solid-state reaction method.
Their structural, morphological, and spectroscopic properties
have been investigated for w-LED application using XRD, FE-
SEM, FT-IR, steady state and time resolved spectroscopy and
quantum yield. X-ray diffractometer conrms that the prepared
phosphors were in pure phase, and the crystal system is
revealed as lled TTB with P4bm space group. The FE-SEM
micrograph reveals that the particle size distribution is in
both mm and nm ranges, and the agglomerated particles were of
non-uniform shape. Raman and FT-IR spectra indicates the
presence of different vibrational modes and functional groups,
respectively. Ultraviolet visible diffuse reectance spectra (UV-
DRS) indicates the presence of surface defects in the prepared
phosphors. The phosphor emits white light under near-
ultraviolet (n-UV) excitation via a dominant mix of blue and
yellow emission bands at 481 nm (4F9/2 /

6H15/2) and 575 nm
(4F9/2 / 6H13/2), respectively. The optimised concentration of
Dy3+ ions beyond which quenching occurs was found to be
7.0 mol%. This concentration quenchingmechanism arises due
to dipole–dipole interaction. Nephelauxetic ratio and bonding
parameters were determined from their luminescent spectra.
The CIE chromaticity coordinates, CCT, Y/B ratio and color
purity indicates that the synthesised phosphors emits warm
white light. The decay time decreases with increasing concen-
tration of Dy3+ ions due to energy transfer between neighbour-
ing Dy3+ ions, as indicated by the lifetime decay curves. The
Internal Quantum Yield and Brightness calculated for the
optimised phosphor suggests that the prepared phosphor has
a potential utility in w-LED application under n-UV excitation.
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