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In this study, we report the successful synthesis and thorough characterization of Eu*-doped
NazBasLaNb;0Oz0 phosphors, targeting their application in white-light-emitting diodes (w-LEDs). The
phosphors were synthesized using a high-temperature solid-state method, ensuring robust
incorporation of Eu®* ions into the host lattice. Comprehensive analyses were performed, including X-
ray diffraction (XRD), field emission scanning electron microscopy (FESEM), energy-dispersive X-ray (EDX)
spectroscopy, Fourier transform infrared (FT-IR) spectroscopy and Raman spectroscopy, confirming the
phase purity, crystallinity, morphology, and elemental composition of the phosphors. We have also
studied the electronic structure using diffuse reflectance spectroscopy (DRS). Photoluminescence
studies revealed strong red emissions under near-ultraviolet light excitation, with the optimal Eu®*
doping concentration identified to be 9 mol%. Quantum-yield measurements demonstrated high
luminescence efficiency, while chromaticity coordinates indicated excellent color purity suitable for w-

LED applications. These findings contribute significantly to the advancement of phosphor materials for

rsc.li/rsc-advances

1 Introduction

A phosphor is a substance that emits light when exposed to UV
radiation, X-rays, electron beams, friction, or other forms of
excitation. It consists of a host material with an activator ion
within its lattice, which serves as the luminescence center
where electron relaxation occurs." Examples of activators
include rare-earth elements such as Eu**, Eu*", Dy** and pr*'.
Phosphors have applications in various optoelectronic devices,
such as light converters, solid-state lasers, solid-state lighting,
optical thermometers, and optical amplifiers.>” White-light-
emitting diodes (w-LEDs) are extensively employed in areas
such as plant growth (including that of vegetables, flowers,
herbs, etc.), display technologies, medical illumination, and
outdoor lighting.**°

As a novel lighting and display technology for the next
generation, phosphor-converted LEDs (pc-LEDs) offer
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solid-state lighting, suggesting promising prospects for their integration into commercial LED devices.

significant advantages over fluorescent and incandescent
lamps. Compared to traditional light sources, these LEDs are
environmentally friendly, have long lifespans (>100 000 hours),
and deliver high Iuminous efficiency.""® White light in
commercial wLEDs is typically achieved by coating a blue LED
chip with a yellow Y;Al;0,,:Ce®* (YAG:Ce®**) phosphor. This
configuration is compact, lightweight, easy to use, and has
a long lifespan. However, its drawbacks include lower efficiency
due to the Stokes shift and subpar color rendering index (CRI)
(<80) and a high correlated color temperature (CCT) (>5000 K)
owing to the absence of red wavelengths in the YAG:Ce®*
phosphor. Another method for generating white light involves
a UV chip in combination with phosphors that encompass the
three primary colors, increasing luminous efficiency by
reducing energy reabsorption. This option is more cost-effective
compared to an LED matrix, providing excellent color rendering
and control over white light’s correlated color temperature.
However, due to Stokes conversion, this method is less energy
efficient, and maintaining a consistent phosphor coating is
challenging. Additionally, phosphors tend to degrade more
quickly than LEDs.*® The third approach involves establishing
an array of multiple LED chips, each emitting light at varying
frequencies. This multi-LED configuration provides an excep-
tional color rendering index and allows for straightforward
management of the white point. Nonetheless, maintaining

© 2024 The Author(s). Published by the Royal Society of Chemistry
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control over the correlated color temperature is challenging, as
each LED requires separate output power control and possesses
a unique lifespan.’” The current pc-wLEDs are deficient in the
red color component, making it necessary to incorporate a red
phosphor to achieve warm white light and enhance color
rendering. However, the existing red phosphors, typically based
on sulfide and nitride, suffer from poor stability and low effi-
ciency. Moreover, the heat produced by LED chips negatively
impacts the luminescent properties of the phosphor and the
overall performance of pc-wLEDs. Consequently, developing
a red phosphor that is both chemically and thermally stable is
essential.

Lanthanide ions primarily produce luminescence through
electron transitions within the 4f orbital, while the 5s and 5p
orbitals shield these 4f electrons, resulting in sharp lumines-
cence peaks relatively unaffected by the ligand field. Different
Eu’*-doped materials yield varied luminescence properties. For
example, Sr;TeOq:Eu’" exhibits intense red emission due to the
°D, — ’F, transition,® Y,Ti,0,:Eu** produces orange-red
emission from the D, — ’F, transition,' and Ca,Ga,SiO,:-
Eu®* emits strong red light via the °D, — ’F, transition.* The
choice of host material greatly influences the luminescence
characteristics of Eu**-doped phosphors. Eu** ions emit strong
red light in the 610-700 nm range, making them valuable for
creating red-light-emitting materials. The red emission from
Eu**-doped phosphors arises from transitions between *D, and
F; (J = 0, 1, 2, 3, 4) energy levels in the Eu*" configuration,
particularly from the °D, to ’F, transition, which is sensitive to
the local ligand symmetry.*

Niobates are excellent host materials for luminescence
applications due to their robust chemical and physical
stability.?»** Rare-earth-ion-doped niobates, such as K,LaNbs-
0,5:Eu’",** Ba,LaNbO4:Eu®*>* and Bi;TiNbOy:Eu®',** exhibit
excellent luminescence properties and thermal stability. The
tungsten bronze structure, known for its chemical stability and
magnetic properties, has shown potential in producing prom-
ising red phosphors for w-LEDs, such as Ba,LaTiNbgO3,:Sm**
and NaSr,NbsO;5:Eu®*.??® Niobates with TTB (tetragonal
tungsten bronze) structures are promising materials for ferro-
electric and piezoelectric applications.”* These deficient perov-
skite TTB niobates feature corner-connected NbOg octahedra
and three types of cation-filled tunnels, resulting in significant
spontaneous polarization and large dielectric constants.”® In
deformed metal-oxygen polyhedra, they exhibit strong electron—
hole separation and transport through static electric fields
caused by structure-induced dipole moments. Consequently,
even minor structural adjustments, such as changes in cation-
site occupancy, can greatly impact charge mobility. Leveraging
this property, we chose niobate-based TTB structures to study
their photoluminescence characteristics. Furthermore, tung-
sten bronze phosphors like SrsYTi;Nb,O;, NaSr,NbsO;5 and
Ba,LaTiNbyO3, have shown potential in photonic applications,
particularly in white LEDs.””*® The tetragonal tungsten bronze
structure can accommodate lanthanides or transition metals as
dopants due to its specific tetragonal crystal structure, allowing
for the production of high-quality doped single crystals.>® A
common method for preparing niobate-based phosphors is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solid-state reaction, which offers excellent morphology and
luminosity of the prepared samples compared to other
methods.*

In this study, a novel red-light-emitting TTB-structured
phosphor, NazBa,LaNb,;,0;0:Eu®*, was investigated. The
research focused on its crystal structure, morphology, elemental
composition, electronic structure, infrared and Raman spec-
troscopy, steady-state and time-resolved photoluminescence,
doping concentration effects on the luminescence properties,
and quantum efficiency. The results showed that the phosphors
produced sharp emission peaks under near-ultraviolet light at
398 nm and blue light at 465 nm. The Naz;Ba,LaNb;,0;0:xEu’"
(x = 9 mol%) sample exhibited a narrowband emission peak at
615 nm under 398 nm excitation. This Eu**-doped Na;Ba,-
LaNb;,03, phosphor demonstrated dual red emission at
615 nm (°D, to “F,) and 592 nm (°D, to 'F;). Comprehensive
analysis for wLEDs, including determination of chromaticity
coordinates, CCT, and color purity, suggests that the Na;Ba,-
LaNb;,030:Eu®" phosphor has promising potential for use in
WLEDs due to its red emission properties. This study focuses on
exploring Na;Ba,LaNb;,0s0:xEu®" as a novel red-emitting
phosphor for use in w-LEDs. NazBa,LaNb,,03, was first re-
ported in 2023 as a tetragonal tungsten bronze structure with
enhanced internal quantum yield.** Although its luminescence
properties for red emissions have not been extensively studied,
the potential for Na;Ba,LaNb,,054:¥Eu" in w-LED applications
warrants investigation.

2 Experimental procedure
2.1 Phosphor preparation

The NajBa,LaNb,;,03, phosphors have been synthesized using
a high-temperature solid-state method with varying Eu** doping
levels (x = 1-11 mol%). The starting materials used for the
preparation included Na,COj; (99.5%), BaCO; (99.9%), La,Os
(99.9%), Eu,03 (99.9%) and Nb,O5 (99.9%). All precursors were
of analytical-grade quality from Sigma Aldrich. These compo-
nents were carefully measured using an electronic balance and
ground together in an agate mortar and pestle for approxi-
mately 1 hour. The samples were placed into alumina crucibles
(numbered 1 to 11) and subjected to high-temperature pro-
cessing in a programmable muffle furnace from Metrex Scien-
tific Instruments (model: MF-14P), with a heating rate of 3 °
C min~". The initial calcination was carried out at 800 °C for 5
hours, followed by subsequent calcination at 1300 °C for 7
hours. The samples were naturally allowed to cool to room
temperature and then reground for 30 minutes to make a fine
powder. This process produced a series of prepared phosphor
samples for further analysis and experimentation. The relevant
reaction equation is as follows:

3N3.2CO3 + 4BaCO; + (1 — X)L3.203 + IONb205 + XEU203

1)800 °Cx5 h
WS0CSE HyNasBasLay Eu,NbyOs + 7CO, 1 1
(2)1300 °Cx7 h

(1)
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2.2 Characterization techniques

X-ray diffraction (XRD) patterns of the phosphor samples were
recorded using a Panalytical model X’pert Pro with Cu K,
radiation (A = 1.5406 A) in the scanning range from 20° to 80° at
40 kv and 40 mA. The phosphors were then analyzed with field-
emission scanning electron microscopy (FESEM) utilising
a JEOL JSM-6490, which was operated at an accelerating voltage
of 5 kv, while the elemental composition and mapping of the
powder was determined using an energy-dispersive X-ray (EDX)
spectrometer. Image] software was used to estimate the average
particle size of the as-prepared phosphor material. The Fourier-
transform infrared (FT-IR) spectrum of Naz;Ba,LaNb;,03, was
captured using a PerkinElmer Frontier spectrometer in the mid-
infrared range (4000-400 cm ). The spectrum was measured
after preparing pellets by blending the samples with potassium
bromide (KBr, analytical grade) and compressing them using
a hydraulic press at a load of 10 tons. The Raman spectra were
recorded in the range of 0-1600 cm ™" using a JY Horiba iHR550
spectrometer, which is equipped with 2400 lines per mm grat-
ings and a Peltier-cooled CCD. A Shimadzu model UV 3600 Plus
UV-Vis-NIR spectrophotometer (+1.0 nm resolution) was
employed to record the diffuse reflectance spectroscopy (DRS)
of the as-prepared phosphor samples within the 200-1000 nm
wavelength range. Photoluminescence excitation (PLE) and
emission spectra were recorded using a JASCO model FP-8300
spectrofluorometer with +1.0 nm resolution and Xe as the
excitation source. The attenuation curve was captured with the
Horiba spectrometer, using a 150 watt microsecond xenon flash
lamp for excitation. The internal quantum efficiency (IQE) and
external quantum efficiency (EQE) were measured with a Horiba
Scientific QuantaPhi-2 equipped with an integrating sphere
coated with BaSO,. The Commission Internationale de
I'Eclairage (CIE) 1931 chromaticity coordinates were calculated
and plotted based on the emission spectra.

3 Results and discussion

3.1 X-ray diffraction and structural analysis

The X-ray diffraction (XRD) patterns for the NazBa,LaNb,,-
030:xEu’" (x = 0-11 mol%) samples are shown in Fig. 1. These
patterns closely resemble that of the Naz;Ba,LaNb,,03, tetrag-
onal tungsten bronze structure, with Joint Committee on
Powder Diffraction Standards (JCPDS) card no. 00-038-1236.
The XRD analysis shows that incorporating Eu** ions does not
alter the crystal structure of Na;Ba,LaNb;,03,. Fig. S1 in the
ESIt provides a closer look at a specific portion ((311) plane) of
Fig. 1. As the Eu®" ion concentration increases from 1 mol% to
11 mol%, a slight shift in the main diffraction peak at higher 26
angles is observed. This propensity is attributed to the smaller
radius of Eu*" compared to the occupied La** ion, resulting in
lattice contraction. According to the theory of effective cation
radius, the incorporation of Eu®" ions into the host lattice as an
activator can be calculated using the formula stated in eqn (2).
The percentage difference in radius (D,) is typically used to
assess whether the doped ion can substitute the original cation.
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Fig. 1 XRD patterns of JCPDS 00-038-1236 and NazBa,LaNb;O=q:-
XEu®* (x = 011 mol%) phosphors.

A

_ R(CN) — Ry(CN)

D, = RCN) x 100% (2)

where R; and R4 are the radii of the substituted cation and the
doped Eu’" ion, respectively, at the given coordination number
(CN).* The ionic radii of cations with a coordination number of
six are as follows: Na'* (Ry = 1.020 A), Ba®" (R, = 1.350 A), La*"
(Rs = 1.032 A), Nb** (R = 0.640 A), and the doped ion Eu*" (Rq =
0.947 A). The calculated D, values are 7.16%, 29.85%, 8.24%,
and —47.97%, respectively. Considering that both La** and Eu**
share the same number of valence states and similar ionic radii,
it is likely that Eu®" replaces La*" and occupies the same site.
Among all the cations, Na'* and La®" are the closest ions to
being replaced by the Eu** ion. Since both La*" and Eu®* exist in
a trivalent oxidation state, Eu** ions would occupy the site of
La*" ions. Eu** will not substitute for Na'* as this would lead to
a chemically non-equivalent substitution, resulting in an excess
positive charge in the host lattice.

The NasBa,LaNb;,03, compound features a filled tetragonal
tungsten bronze structure, crystallizing within the P4bm space
group. The general formula of the tungsten bronze structure
compound is [(A1)2(A2)4]Ca[(B1)2(B2)s]O30. This structure
includes three types of crystal sites: six A sites, ten B crystal sites
(the B sites are located in the center of the [BOg] octahedra), and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Tablel Each cation with its corresponding coordination numbers and
crystal sites for NazBa,LaNb;oO3g

Elements Na Ba La Nb
Coordination 12,15 15 12 6
number

Crystal site A1, A2 A2 Al B

one C interstitial site (usually vacant).** In this structure, the two
Al sites are filled with Na'* and La®*, while the four A2 sites are
filled by two Na'" and two Ba**. All the B sites are populated by
Nb>* (Table 1).

The crystallite size of the powder sample can be estimated
from the XRD patterns by analyzing the full-width at half-
maximum (FWHM) and the Bragg diffraction angle. This esti-
mation is done using the Debye-Scherrer formula for zkl (311
plane):

K2
 Bacost

(3)

In this formula, D represents the average crystallite size, K is the
shape factor (commonly around 0.94), 1 is the X-ray wavelength
(1.5406 A for Cu K, radiation), B is the FWHM, and @ is the
Bragg diffraction angle. The micro-strain (¢) and crystallite size
(D) of the NazBa,LaNb,,05,:xEu®" (x = 0, 3, 6 and 9 mol%)
phosphors were also estimated using the Williamson-Hall (W-
H) plot formalism.>® The W-H plot is represented by the
following equation:

KA .
Bcosl = 53 + 4esind (4)

Here, the parameter K is 0.94, D is the average crystallite size, 20
is the diffraction angle associated with the XRD peaks, and
is the full width half maximum (FWHM) of the diffraction
peaks. Parameters ¢ and A correspond to the lattice micro-strain
of the phosphor samples and the wavelength of the Cu K,
source, respectively. The W-H plots shown in Fig. 2 produce
graphs (straight lines) of 8 cos 6 (y-axis) and sin # (x-axis) to
find the D and ¢ values for the NazBa,LaNb,,Oz0:xEu®* (x=0,3,
6 and 9 mol%) phosphors. The data in Table 2 demonstrate that
the crystallite size increases with increasing doping concentra-
tions of Eu®" ions, whereas the lattice strain first increases and
then remains unaffected at higher doping concentrations of
Eu’" ions.

All samples underwent Rietveld refinement using the Full-
Prof Suite software for detailed structural analysis. Linear
interpolation was applied in fifteen cycles for background
optimization, and the pseudo-Voigt function was used to fit the
experimental data for each composition. Fig. 3 illustrates the
Rietveld refinement map for the Nas;Ba,LaNb,,053, sample, with
the related crystal structure parameters listed in Table S1 (ref.
36) of the ESI.T The observed positions of sodium (Na), barium
(Ba), lanthanum (La), niobium (Nb), oxygen (O), and europium
(Eu) ions showed no change during the refinement process.

The black dots in refinement map represent the observed
intensity data, while the calculated intensity is represented with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Williamson—Hall (W-H) plots of NazBasLaNb;oOs:xEU* (x =0,
3, 6 and 9 mol%) phosphors.

a red line. The blue line shows the difference between the
calculated and observed intensities, and the green vertical lines
indicate the Bragg peak positions. The goodness of fit value for
each composition, ideally between 1.0 and 2.0, signifies
appropriate fit. VESTA software was used to analyze the crystal
structure of the host lattice, which contains 121 atoms, 180
bonds, and 25 polyhedra. The complete crystal structure is
depicted in Fig. 4.

3.2 Field-emission scanning electron microscopy and energy
dispersive X-ray spectroscopy

Fig. 5 presents the 1000-times-magnified surface morphology of
the NazBa,LaNb;oO30:xEu®* (x = 9 mol%) phosphor. Due to the
high-temperature solid-state reaction process used in the
preparation, particle clumping was expected, resulting in sizes
ranging from a few micrometers to nanometers. The SEM image
reveals the irregular shape of the Na;Ba,LaNb;oOz0:xEu’" (x =
9 mol%) powder sample, with the sample primarily consisting
of solid microcrystals. The particles appear tightly clustered
with numerous voids within the agglomerates, likely due to the
high surface-area-to-volume ratio. There was no noticeable
change in morphology despite variations in dopant ion
concentrations. Fig. 6 displays the particle size distribution of

RSC Adv, 2024, 14, 29490-29504 | 29493
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Table 2 Crystallite size and micro-strain of NazBa,LaNb;pOz0:xEU* (x = 0, 3, 6 and 9 mol%) phosphors using Willamson—Hall and Debye—

Scherrer formulae

Willamson-Hall

Eu®" (mol%) Crystallite size, D (nm)

Micro-strain, ¢ (strain x 10~%)

Debye-Scherrer crystallite size, D (nm)

0.0 68.31 0.407221
3.0 84.69 0.462166
6.0 93.43 0.573583
9.0 118.70 0.575917
4000
72=1.355| [Na;Ba,LaNb,,Os,
i e Experimental Data
3000 Calculated Data
—— Difference
- | Bragg's Position
s 2000 -]
2
‘@
C
$ 1000 4
£

TEE TR o S o ey o i .
(V) o dornthobemoghrrsachb
T ’

.
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-1000 T T T T T
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26 (degree)

Fig. 3 Rietveld refinement plot of the un-doped NazBasLaNb;qOzq
sample. The black and red colored lines represent the experimental
and calculated data, respectively.

the Na;Ba,LaNb;,050:xEu®" (x = 9 mol%) phosphor, showing
primary concentrations around 38.44 and 138.37 nm, with a few
larger clusters around 337.62, 439.19, and 712.93 nm due to
incomplete grinding and agglomeration of particles at high
temperature. In general, LED phosphors feature small particle

96.91

113.29
130.73
139.21

sizes, typically around 10 um. LED devices using smaller
phosphor particles benefit from reduced light scattering and
increased luminous efficiency.*” Consequently, the Na;Ba,-
LaNb;oOz0:xEu®* (x = 9 mol%) phosphor is well-suited for
manufacturing wLEDs.*®

The EDX spectrum and element mapping provide insights
into the chemical makeup and the elemental distribution of the
sample. EDX is a common technique for assessing the quali-
tative and quantitative elemental composition in small sample
areas. In Fig. 7, the EDX spectrum displays the peaks for the
elements sodium (Na), barium (Ba), lanthanum (La), niobium
(NDb), oxygen (O), and europium (Eu) present in the sample.
Fig. 8 depicts the six elements highlighted in distinct colors,
showing that the elements are uniformly distributed across the
particles. The atomic percentages in Fig. 7 confirm the presence
of 9 mol% Eu**-doped phosphor agglomerates. These findings
confirm the successful synthesis of the Na,Ba,LaNb,O5¢:xEu’"
(x = 9 mol%) phosphor.

3.3 Fourier-transform infrared and Raman spectroscopy

FT-IR spectroscopy is a powerful tool for confirming the quality
of a product and is beneficial for preliminary material charac-
terization. The FT-IR spectrum of the Na;Ba,LaNb;,0;q:xEu’"
(x = 9 mol%) phosphor has been analysed over the wavenumber
range of 4000-400 cm ' to analyze the structural components
and functional groups present in the material. Fig. 9 presents

Fig. 4 Crystal structure of NasBasLaNb;oOzo and cation co-ordination spheres of Na'*, Ba?*, La*/Eu®* and Nb°*.

29494 | RSC Adv, 2024, 14, 29490-29504
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Fig. 5 FE-SEM micrograph of the NazBasLaNb;gOzo:XEU®" (x =
9 mol%) phosphor sintered at 1300 °C.

22
00 ]38.4446.28

Gaussian Peak Fit

XY Particle size distribution

18 H
16

514

138.37+9.90

337.62+43.39
439.19+73.55 712.93+62.21

T T T
300 400 500 600 700
Particle size (um)

0 100 200 800

Fig. 6 NazBa,LaNb;oOs0:xEU™ (x = 9 mol%) phosphor particle size
distribution.

the FT-IR spectrum of the synthesized phosphor. The spectrum
exhibits eight distinct peaks at approximately 439, 650, 832,
1386, 1635, 1744, 2924, and 3435 cm ™ *. These peaks have been
identified based on previous research. Specifically, the peaks at
439 cm ™" and 832 cm ™ are attributed to Nb-O stretching-mode
couplings,® while the 650 cm ™' peak corresponds to La-O
stretching vibrations.* The peak near 1386 cm ™" is associated
with the symmetric stretching of the COO™ functional group.**
The peaks at 1635 cm ™' and 3435 cm ™' suggest the presence of
water molecules.*? The peak around 1744 cm ™" is linked to C-O
stretching modes in free carboxylic groups,** and the 2924 cm™"
peak likely indicates residual organic materials.**

The Raman spectrum of the synthesized NazBa,LaNb;,-
030:xEu”" (x = 9 mol%) phosphor, in its tetragonal form con-
taining the [NbO4]'~ octahedral ion, was recorded at room
temperature over the wavenumber range of 0-1600 cm™ ", as
illustrated in Fig. 10. The spectrum revealed three prominent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 EDX spectrum of the NasBayLaNb;gOz0:XEU®t (x = 9 mol%)
phosphor.

Raman-active modes: one at 246 cm™ ' (v5), associated with O-
Nb-O bending vibrations; another at 641 cm ™" (»,), attributed to
Nb-O stretching vibrations; and a third at 831 ecm ™" (v,), cor-
responding to Nb-O stretching vibrations. These modes are
consistent with those typically observed in the tetragonal
tungsten bronze structure, characterized by point groups Cy,*>*°
and C,,.” In the tungsten bronze structure, the majority of the
Raman lines originate from the external vibrations of the
oxygen octahedron, with only three characteristic vibrational
modes. Thus, the Raman spectrum of NazBa,LaNb,,0;, can be
discussed in terms of internal vibrations of the (NbOg) octa-
hedra and external vibrations involving Na'*, Ba**, and La®*
cations. As shown in Fig. 10, there are peaks at 110 cm ',
183 em™}, 531 em™, 721 cm™*, 1267 cm ™}, 1329 cm ™Y, and
1405 cm ™Y, attributed to external vibration modes.

3.4 Bandgap and electronic structure

The diffuse reflectance spectrum of NazBa,LaNb;y0;0:xEu"
(x =1-11 mol%) was recorded at room temperature, as depicted
in Fig. 11. The optical bandgap (E,) of Na;Ba,LaNb,(03o:xEu’"
(x = 0-11 mol%) can be estimated using eqn (5):**°

(aabs'hl’ph)n = A'(thh - Eg) (5)

The band gaps of the NagBa,LaNb;oOsp:xEu’** (x = 0-
11 mol%) phosphors are shown in Table 3. The graphs shown in
Fig. 12 depict the estimation of these values by extrapolating the
photon energy (Av) to the energy axis. These values are influ-
enced by the absorption coefficient (,ps), Planck’s constant
(h = 4.1356674335 x 10~ eV s), constant 4, and the semi-
conductor’s bandgap energy (E,). Here, vy, denotes the photon
frequency, and 7 is a transition-dependent parameter (n = 1/2
for allowed direct electronic transitions and n = 2 for allowed
indirect electronic transitions, while n = 3/2 and 3 correspond
to forbidden direct and indirect electronic transitions, respec-
tively). An increase in Eu®" ion concentration in the NazBa,-
LaNb;4030:xEu’* (x = 0-11 mol%) phosphor results in a red-
shift in the optical bandgap, as shown in Fig. 12.
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Fig. 8 Elemental mapping of the NasBa,LaNb;oOzq:xEU>* (x = 9 mol%) phosphor.
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Fig. 9 Fourier transformed infrared (FT-IR) spectrum of the NazBa,-
LaNb;oO30:XEu®* (x = 9 mol%) phosphor at room temperature.

3.5 Steady-state photoluminescence

The spectral properties of the Na;Ba,LaNb;,05q:xEu’" (x=1-
11 mol%) matrix have been examined through its photo-
luminescence excitation (PLE) and photoluminescence emis-
sion (PL) spectra to better understand its luminescent behavior.
Fig. 13 showcases the excitation spectra of Naz;Ba,LaNb;,O30:-
¥Eu”* (x = 1-11 mol%) with the emission monitored at 615 nm.
Peaks at 309, 364, 380, 398, 418 and 465 nm represent transi-
tions from the “F, state to °Hg, °Dy, °G,, °Ls, °D3, and D, states,
respectively.”® The narrow peaks observed in the range of 350-
475 nm are attributed to Eu’®* ion f-f transitions. Strong exci-
tation bands at 398 and 465 nm correspond to the "F, — °Lg
and 'F, — °D, transitions, respectively, which align with those
of InGaN and GaN chips. Additionally, the 380 and 418 nm

29496 | RSC Adv, 2024, 14, 29490-29504

peaks correlate with the “F, — °G, and “F, — °Dj transitions.
The optimal excitation wavelength is observed to be 398 nm.
The PL spectra in Fig. 14 reveal that the emission peaks remain
consistent at excitation wavelengths of 398 and 465 nm. The
strongest excitation intensity occurs at 398 nm, making it the
best choice for emission spectrum testing. Hence, from this
analysis it can be said that the synthesised phosphor shows
significant applications in near-ultraviolet (398 nm) and blue-
light (465 nm) chips.

Fig. 15 presents the emission spectra of the NazBa,LaNb;,-
050:xEu’" (x = 1-11 mol%) phosphors under 398 nm excitation.
With the increase in Eu®* ion concentration, the positions of the
peaks remain unaffected. The emission range spans 550-
750 nm and contains sharp peaks representing the

|Na3Ba2LaNb1OO3O:xEu3*|

Raman Intensity (a.u.)

! 1%29
12671 11405

T T L
600 800 1000
Raman Shift (cm™")

1 I 1 1
0 200 400 1200 1400 1600

Fig. 10 Raman spectrum of the NasBa,LaNb;oOz0:XEU®* (x = 9 mol%)
phosphor at room temperature.
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Fig.11 Diffuse reflectance spectra of the NazBa,LaNb;oOzo:xEU®t (x =
1-11 mol%) phosphors.

Table 3 Bandgaps of the NazBasLaNb;oOzo:xEu** (x = 0-11 mol%)
phosphors

Eu®" (mol%) Bandgap (eV)

0.0 3.3142
1.0 3.3069
2.0 3.3041
3.0 3.3023
4.0 3.3010
5.0 3.2969
6.0 3.2932
7.0 3.2859
8.0 3.2777
9.0 3.2750
10.0 3.2722
11.0 3.2075

characteristic emissions of Eu** ions. The most prominent peak
was found in the range of 603-643 nm, centered at 615 nm, and
is linked to the D, — ’F, transition of the Eu®*" ion. Other
transitions include °D, — F,, Dy, — ’F,, °Dy — 'F3, and °D,
— 7Fy, located at 581, 592, 651, and 692 nm, respectively.*®
The peak at 615 nm (°D, — ’F,) is characterized by a forced
electric dipole (ED) transition. Conversely, the peak at 592 nm
(°Dy — ’F,) is associated with the magnetic dipole (MD) tran-
sition of the Eu®" ion. The forced ED transition, specifically D,
— 7F,, is highly sensitive to the surrounding ions. The asym-
metry ratio (R,;), which is the ratio of the integrated red to
orange emission intensities (ED/MD), serves as an indicator of
the site symmetry of the activator (Eu**) ions. This ratio, R,1, can

be expressed as follows:**
643
R,d2A
Ro= G ©)
583 Rid2
The asymmetry ratio (R,;), which is the ratio of the integrated
red (R,) to orange (R,) emission intensities (ED/MD), serves as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Tau plot of NazBa,LaNb;gO30:XEU®* (x = 0-11 mol%) phos-
phors for the determination of optical bandgap Eq4 (assuming indirect

transitions).
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Fig. 13 PLE spectra of the NazBa,LaNb;oOs0:xEU*T (x = 1-11 mol%)
phosphors, fixing the emission at 615 nm.

an indicator of the site symmetry of the activator (Eu’") ions.
The R, ratios for the phosphors were found to be 1.496 and
1.598 at the excitation wavelengths of 398 and 465 nm,

RSC Adv, 2024, 14, 29490-29504 | 29497
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Fig. 14 Comparative PL emission spectra of the NazBasLaNb;oOzq:-
xEu®* (x = 9 mol%) phosphor under the excitation wavelengths of both
398 and 465 nm.
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Fig. 15 PL emission spectra of the NazBa,LaNb;oOz0:xEU* (x = 1—
11 mol%) phosphors under the excitation wavelength of 398 nm.

respectively. These R,; values suggest a high degree of asym-
metry around the Eu®* ions, with the red emission intensity
being more prominent than the orange-red emission intensity.
This may be attributed to the fact that the Eu** ions are situated
at a low-symmetry site that lacks an inversion center.

The excited state is released to D, through non-radiative
transitions,* ultimately leading to radiative transitions from
Dg to "Fy, 'Fy, 'F,, 'F3, and 'F, energy states. Fig. 14 illustrates
five characteristic peaks in each PL spectrum curve, with the
most prominent at 615 nm, corresponding to the D, — “F,
transition of the Eu** ions. The Na;Ba,LaNb;oO0:xEu’" (x = 1-
11 mol%) phosphors exhibit peak luminescence intensity at
9 mol% Eu*" doping concentration. Beyond this threshold, the
intensity begins to decrease, as depicted in Fig. 16. This

29498 | RSC Adv, 2024, 14, 29490-29504
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Fig. 16 Variation of the emission intensity of the emission peaks at
various Eu®*-ion concentrations.

quenching is primarily caused by non-radiative energy transfer
among Eu®" jons. Although the Eu*" ions primarily occupy La**
sites, some may also be present at Na'* sites due to the similar
ionic radii of Eu®" and Na'" ions.”® At a high concentration of
dopants, the non-equivalent substitution can create defects and
increase non-radiative transitions. Choosing a substrate with
longer bond lengths between the cations and the main lattice
coordination atoms can reduce energy transfer among Eu®** ions
at high doping levels. This strategy allows high-concentration
Eu**-doped phosphors to handle high-power excitation, which
benefits WLED applications.

3.6 Effect of europium doping concentration

Non-radiative energy transfer among Eu’* ions plays a major
role in concentration quenching due to three mechanisms:
exchange interaction, radiative reabsorption, and electric
multipole interaction.® Increasing the Eu®*" ion concentration
results in reduced distances between Eu®*" ions and intensified
non-radiative transitions. The critical transfer distance (R) is an
important parameter to understand energy transfer between
activator ions, using the Blasse formula:*

3\
Re= 2(4TCXCN ) @

The calculated R, is 23.45 A, based on a unit cell volume (V) of
607.7981 (A®), a critical concentration (x.) of 9 mol%, and
a cation count (N) of 1. The short critical distances (<5 A)
needed for exchange interactions suggest that this mechanism
is not viable for energy transfer among Eu®" activators. The
dominant interaction in concentration quenching is multi-
polar. To explore this further, the Dexter formula (8) can be
applied:

%: K[1+6(x)%] B (8)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In this equation, I represents the emission intensity and x
denotes the ion concentration under identical excitation
conditions.”® Constants K and § are involved, and Q represents
the multipole-multipole interaction function.>” The equation
can be approximated to:
QOlog(x),

I /
log—=K — =——;
X

3 here, <K' = logK — logﬁ) (9)

The logarithmic plot of log(l/x) against log(x) in Fig. 17
demonstrates a linear relationship. The Q value characterizes
the multipolarity of the electric interaction between adjacent
activator ions. The multipolar character function Q can take
values of 3, 6, 8, and 10, corresponding to the interaction
mechanisms of nearest-neighbor, dipole-dipole (d-d), dipole-
quadrupole (d—-q), and quadrupole-quadrupole (q-q), respec-
tively. The slopes of the fits with varying excitation and emission
wavelengths come out as —2.29, —2.42, —1.89 and —1.83,
yielding Q values of 6.87, 7.29, 5.67 and 5.49, respectively, which
come out to be closest to 6. This analysis of the NazBa,-
LaNb;(O30:xEu®* (x = 1-11 mol%) phosphors shows that
quenching of Eu** emission centers is caused by dipole-dipole
(d-d) interactions. As the Eu®" ion concentration increases in
the NajzBa,LaNb,,03, lattice, the probability of non-radiative
transitions increases, thereby strengthening the likelihood of
concentration quenching beyond 9 mol%, leading to
a progressive decrease in photoluminescence intensity.

The energy-level diagram in Fig. 18 provides insights into the
luminescence properties of Eu®" ions, explained by the photo-
luminescence emission and excitation spectra. Excitation at
wavelengths of 309, 364, 380, 398, 418, and 465 nm enables
electron transitions to an excited state. These electrons subse-
quently transition non-radiatively to metastable °D, via multi-
phonon processes. Beyond this level, the spacing between
energy levels becomes negligible, leading to energy transfer
primarily through non-radiative transitions. The rate of phonon
emission (w) can be determined using eqn (10):

1.5
. }\ — ® 2, =398nm, A, =615nm
1.4 4 SEEIRNN — @ 1.,=398nm, A, =592nm
\\\\ — A ) =465nm, A, =615nm
1.3 1 — ¥ Ae=465nm, 4, =592nm
1.2
R111
810+
0.9 -
0.8
0.7 -
0.6 T T T T T T T T T T T T T T T
090 092 094 09 098 100 102 104 1.06
log(x)

Fig. 17 The linear-fitting plots of various emission peaks, between
log(l/x) and log(x).
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Fig. 18 Partial energy-level diagram of Eu®*in the NasBasLaNb;oO=g
phosphor.

KpE/hv . (10)

w=e
where Kj is the Boltzmann constant, E is the energy gap, and
hvmax 1S the maximum energy of the phonons. From there,
electrons transition to lower energy states ('Fo, 'F, 'F,, F3, and
’F,), emitting photons in the process. This excited state is
released from °D, through non-radiative transitions,* ulti-
mately leading to radiative transitions from °Dy to “Fq, “F;, "Fa,
’F;, and 'F, energy states.

3.7 CIE chromaticity coordinates

CIE chromaticity coordinates, derived from emission spectra,
serve as an essential metric for assessing phosphor lumines-
cence performance. Fig. 19 shows the CIE chromaticity coor-
dinates of the NazBa,LaNb;oOzp:xEu® (x = 1-11 mol%)
phosphors at an excitation wavelength of 398 nm, which fall
within the red region on the CIE 1931 chromaticity diagram.

CIE 1931

520

0.8

0.2

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 19 CIE 1931 chromaticity diagram showing the color coordinates
of the NazBa,LaNb;Osp:xEu** (x = 1-11 mol%) phosphors under the
excitation wavelength of 398 nm.
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Meanwhile, Fig. S2 in the ESI{ displays the diagram of the
NazBa,LaNb,O;0:xEu®" (x = 1-11 mol%) phosphors at an
excitation wavelength of 465 nm. The variables x and y repre-
sent the chromaticity coordinates in the CIE 1931 color space,
and they are derived as follows:

X B Y
“Xt+v+z ' T xXyv+z

(11)

Here, X, Y, and Z denote the tristimulus values for the three
primary colors, namely red, green, and blue, respectively. The
correlated color temperature (CCT) concept, as explained by
Khan et al.,** associates the color of light with that emitted by
a black body at a specific temperature, measured in Kelvin. The
calculation of the CCT utilizes McCamy’s empirical formula,*
represented by eqn (12):

CCT = —4491® + 3525n% — 6823.3n + 5520.33 (12)

. . X — Xe

Here, with an epicenter of (x. = 0.332, y. = 0.186), n = W
— Je

denotes the inverse slope line. Table 4 presents the color coor-
dinates, CCT and color purity of the NazBa,LaNb;,030:xEu®"
(x = 1-11 mol%) phosphors at different concentrations and
varying excitation wavelengths. The color purity of the Na;Ba,-
LaNb;oO30:xEu®* (x = 1-11 mol%) phosphors at excitation
wavelengths of 398 and 465 nm is calculated using eqn (13):

2 2
color purity = \/ ()(Cx j; 1 g y),}))z x 100%
4= Xi 4= i

In this context, the variables (x, y) represent the CIE coordinates
of the prepared phosphors, while (x4, y4) signify the coordinates

(13)
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corresponding to the dominant wavelength (14). Additionally,
(x;, i) stand for the CIE coordinates of the reference white light.
Calculations show that the NasBa,LaNb;oOzo:xEu’’ (x = 1-
11 mol%) phosphors exhibit high color purity, in the range of
97.98% t0 99.93%. Fig. S3 in the ESIT shows a notable change in
the chromaticity coordinates (x, y) as the doping concentration
increases. The coordinate deviations Ax and Ay are measured as
0.01829 and 0.01814, respectively, indicating a significant
impact on color stability, leading to color tunability from the
Eu®" dopant concentration. Similarly, Fig. S4 in the ESI{ shows
the chromaticity coordinates (x, y) of the NazBa,LaNb,,Ozq:-
xEu®" (x = 1-11 mol%) phosphors with an excitation wavelength
of 465 nm, with coordinate deviations of Ax and Ay measured to
be 0.01563 and 0.01581, respectively, showing color tunability
with varying Eu®* ion concentration.’® This change in chroma-
ticity coordinates (x, y) with varying concentration leads to color
tunability from orangish-red to bright red. The results demon-
strate that the NazBa,LaNb;,050:xEu”" (x = 1-11 mol%) phos-
phors display excellent color purity and stability. The prepared
phosphors exhibit better color purity than commercial red
phosphors such as Y,0;3:Eu’, Y,0,8:Eu**(87.2%), K,SiFs:Eu®",
Ca;B,06:Eu*"(90%),” and La,M0,04:Eu"(93.1%).

3.8 Lifetime analysis

The phenomenon responsible for the prolonged decay time is
schematically illustrated in Fig. 20. The Eu®* ion acts as an
effective trapping agent, and the formation of these traps is
a primary cause of the extended decay time. Furthermore, the
luminescence intensity of the phosphor is influenced by the
density of trapped electrons, while the luminescence duration is

Table 4 CIE coordinates, correlated color temperature (CCT), color purity and average decay time for the NazBasLaNbyoOso:xEU™ (x = 1-

11 mol%) phosphors at excitation wavelengths of 398 and 465 nm

CIE coordinates

Aex (Nm) Eu’* (mol%) x y CCT (K) Color purity (%) Average decay time (p1s)
398 1.0 0.56413 0.43093 1837.873 97.98 806.819 £ 24.296
2.0 0.57725 0.41791 1716.026 98.51 704.667 £ 12.181
3.0 0.58594 0.40929 1659.469 99.52 695.745 £ 12.909
4.0 0.58622 0.40901 1658.014 99.61 672.311 + 10.898
5.0 0.59454 0.40076 1627.013 98.79 666.847 £ 25.750
6.0 0.60701 0.38838 1631.146 99.51 591.919 + 12.122
7.0 0.61113 0.38430 1648.267 99.27 472.388 + 38.566
8.0 0.61449 0.38097 1668.832 98.83 374.265 £ 44.661
9.0 0.62182 0.37368 1736.505 99.68 342.850 + 21.262
10.0 0.61431 0.38114 1667.607 98.77 307.658 £+ 44.761
11.0 0.60882 0.38659 1637.606 98.53 111.552 £ 32.831
465 1.0 0.56332 0.43173 1846.589 99.66 —
2.0 0.57550 0.41964 1729.909 99.81 —
3.0 0.58064 0.41455 1691.404 99.62 —
4.0 0.58521 0.41001 1663.349 99.28 —
5.0 0.59152 0.40375 1635.460 99.55 —
6.0 0.60197 0.39339 1621.347 99.51 —
7.0 0.60467 0.39070 1625.135 98.76 —
8.0 0.60831 0.38710 1635.609 99.93 —
9.0 0.61273 0.38271 1657.308 99.78 —
10.0 0.60687 0.38852 1630.710 99.46 —
11.0 0.60375 0.39262 1622.634 98.51 —
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Fig. 20 Schematic diagram illustrating the luminescence mechanism
in the NasBa,LaNb;gOz0:EU* phosphor.

affected by the depth of these traps. When phosphor materials
are exposed to radiation, charge carriers are excited and tran-
sition to a higher-energy conduction band, as depicted by
process (a) in Fig. 20. These charge carriers have two potential
pathways to occupy the luminescence centers formed by Eu®*
ions. One pathway involves the direct approach of charge
carriers to the luminescence centers via the host conduction
band, as shown in process (b). However, a portion of the excited
charge carriers becomes confined in electron traps, as indicated
by process (c), storing part of the excitation energy. These
trapped electrons do not immediately return to the ground
state, but are released from the traps due to thermal excitation
at appropriate temperatures and transferred to the lumines-
cence centers via the host lattice. At these luminescence centers,
characteristic emissions of Eu*" are observed, as depicted by
process (d). In physical systems, the numbers of electron and
hole traps may not be exactly equal, leading to the characteristic
luminescence.

Fig. 21 displays the fluorescence attenuation curve of the
NazBa,LaNb,(O;0:xEu®" (x = 1-11 mol%) phosphors, high-
lighting the energy transfer among Eu®* ions. The double-decay
exponential function indicates the presence of a single emis-
sion center within the crystal structure of NazBa,LaNb;(O3,.
Fig. S5 in the ESIf shows that the curve aligns well with the fit
line, with a fitting degree (x?) of 0.999, confirming the fitting’s
accuracy. Eqn (14) is used to fit the attenuation curve and
determine the phosphor’s lifetime:

t

I1(t) = Iy + Ajexp (——> + Asexp (—Ti>
2

: (14

In this equation, I, and I(¢) represent the phosphorescence
intensities at the initial time (¢ = 0) and at a later time ¢,
respectively. 4; and A, are fitting constants, while 7; and 1,
correspond to the fast and slow decay lifetimes. The calculation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Decay curves for the *Fg;, — ®Hyz)o transition in the Nas-
BasLaNb;oO30:XEU®* (x = 1-11 mol%) phosphors.

of 7,y for various Eu*" doped NazBa,LaNb,,0;, phosphors was
performed using eqn (15):*®

Ait2 + Axty?

_ 15
Ayt + Aoy (15)

Tavg =
Table 4 presents a summary of the average decay time t,,, for
the different Eu®*'-doped Na;Ba,LaNb;,03;, phosphors. From
the curve, it is evident that there is energy transfer among Eu®*
ions, as the fluorescence decay slows down and the lifetime
lengthens with increasing Eu®* concentration.

3.9 Internal quantum efficiency (IQE) and external quantum
efficiency (EQE)

The internal quantum efficiency (IQE) is crucial for a phosphor,
as it measures the efficiency of converting electrical power into

ya

7/
Excitation with BaSO , as reference
[\ —— Emission of Na ;Ba,LaNb,,04,:0.09Eu®*
\o
J [\
—_ v
51 N s
Sl uwf |3
2 " z
= 2
£ £
575 660 655 650 6%5 7(I]0 725
Wavelength (nm)
/L
T T 7A T T T T
390 400 500 550 600 650 700 750

Wavelength (nm)

Fig. 22 Excitation and emission spectra of the NazBa,LaNb;oOszq:-
XEU®* (x = 9 mol%) phosphor and BaSQO4 reference using an integrating
sphere for IQE measurement. Inset: enlarged emission spectra (575—
725 nm).
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Table 5 IQE and EQE of NazBayLaNb;oOs0:Eu>* and some other re-
ported materials

Phosphor IQE% EQE% Ref.
Na,Ba,LaNb,,Oz0:Eu®" 78.26 9.99 This work
Na;Sc,(PO,);:Eu®" 49.00 — 61
BaZrGe;Oq:Eu®* 37.40 — 62
Sr,_,Ca,LaMgSbOg:Eu** 57.60 — 63
LiYMgW,.oMo0y.104:Eu®* 49.90 — 64
Na,GdTi;0,0:Eu®" 71.00 — 65
CayoLi(PO4),:Eu®” 75.00 — 66
NasZr,Si;P;0,4:Eu®* 72.14 14.59 67
Sr,LaNbOg:Eu** 33.51 — 68
Y,0,S:Eu*" 35.00 — 69

visible optical power. The PLE and PL spectra of the Na;Ba,-
LaNb;030:xEu®" (x = 9 mol%) phosphor and BaSO, reference,
obtained using integrating spheres under 398 nm excitation,
are shown in Fig. 22. Enlarged emission spectra are displayed in
the inset from 575 to 725 nm. In qualitative terms, the internal
quantum efficiency (IQE) represents the ratio between the
number of emitted photons and the number of absorbed
photons, and the external quantum efficiency (EQE), also
referred to as brightness,* is the ratio of emitted to incident
photons. The IQE, absorption efficiency (¢), and EQE are
calculated using eqn (16)-(18):

IQE = ﬁ (16)
= % (17)
EQE = IQE x ¢ (18)

Here, Ls represents the sample’s emission spectrum, while Eg
and Ey represent the excitation light spectra obtained with and
without samples in the integrating sphere, respectively.®
Additionally, ¢ denotes the absorption rate. The calculated IQE
reaches as high as 78.26%, with an absorption rate (¢) of 12.78%
and EQE reaching 9.99%. The relatively low EQE might be
attributed to the severe aggregation of the NazBa,LaNb;,O30:-
xEu*" (x = 9 mol%) phosphor particles. This issue could be
mitigated to some extent by optimizing the preparation proce-
dure. Table 5 summarizes the internal quantum efficiency (IQE)
and external quantum efficiency (EQE) of Eu®** doped phos-
phors in recent years, which shows significant enhancement
from previously reported papers.

4 Conclusions

The research presented in this paper highlights the successful
synthesis and comprehensive characterization of Eu**-activated
NazBa,LaNb,,03, phosphors, emphasizing their potential
application in white light-emitting diodes (w-LEDs). The high-
temperature solid-state synthesis method employed allowed
for the effective incorporation of Eu®* ions into the host lattice,
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resulting in phosphors with robust structural integrity and
enhanced luminescent properties. XRD analysis confirmed the
phase purity and crystallinity of the phosphors, while FESEM
and EDX provided detailed insights into their morphology and
elemental composition. The FT-IR spectra further validated the
successful synthesis of the phosphor compounds. Photo-
luminescence studies revealed that the Na;Ba,LaNb,;,O0z0:Eu®"
phosphors exhibit strong red emissions when excited with near-
ultraviolet light, with the optimal doping concentration iden-
tified as 9 mol%. The internal and external quantum yields were
measured, demonstrating high luminescent efficiency. The
chromaticity coordinates were calculated, indicating excellent
color purity suitable for w-LED applications.

Overall, the findings of this study contribute significantly to
the development of advanced phosphor materials for solid-state
lighting. The Eu*'-doped Na;Ba,LaNb,,0;, phosphors exhibit
promising characteristics, including high quantum yield, and
excellent color purity, making them ideal candidates for next-
generation w-LEDs. Future research could explore the optimi-
zation of synthesis parameters and the integration of these
phosphors into commercial LED devices to fully realize their
potential in lighting applications.
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