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BaZr(BOs)z2:Eu®* red phosphors were prepared via a microwave-assisted sol-gel auto-combustion approach, in
which Li*, Na*, and K* ions were systematically varied and introduced as alkali co-dopants to enhance lumi-
nescence performance and provide effective charge compensation. Rietveld refinement of X-ray diffraction (XRD)
data confirms the formation of a phase-pure trigonal BaZr(BOs): structure (space group R3c), while Fourier-
transform infrared (FTIR) and Raman spectroscopy analyses reveal that the BOs-ZrOes framework remains
largely intact, with only slight local distortions induced by doping. Under 393 nm excitation, the phosphors
display the characteristic Eu®** (°Do—F;) emission transitions, predominantly governed by the hypersensitive
SDo—"F2 transition centered at approximately 612 nm, resulting in intense red emission with high color purity.
The optimal Eu®* concentration is determined to be 3 wt%, with concentration quenching attributed to long-
range dipole-dipole interactions. Alkali-ion co-doping markedly enhances photoluminescence intensity by
facilitating charge compensation and mitigating defect states. Among the introduced alkali ions, Na* yields the
highest emission enhancement (approximately 12-fold relative to the Eu** doped sample) along with compara-
tively improved thermal stability, whereas K* effectively extends the *Do excited-state lifetime, and Li* promotes
increased local structural asymmetry and stronger Eu-O covalency, as evidenced by the Judd-Ofelt intensity
parameter Q2. Temperature-dependent photoluminescence studies further suggest that the improved thermal
stability in co-doped samples is associated with reduced defect-assisted non-radiative recombination pathways.
These findings highlight that Na*/K*/Li* -compensated BaZr(BOs)zEu®* phosphors represent promising red-
emitting candidates for near-UV/blue-excited white light-emitting diodes (LEDs), where performance is criti-
cally governed by the interplay between local symmetry modulation and defect suppression mechanisms.

1. Introduction

The rapid development of solid-state lighting and display technolo-
gies has created a strong demand for efficient, thermally robust red
phosphors that can be excited by near-UV or blue LED chips. Many
commercial nitridosilicate and oxynitride phosphors exhibit excellent
performance, but they often require complex synthesis and strict pro-
cessing conditions. As a result, simpler oxide and borate hosts activated
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by Eu®* have attracted considerable attention as cost-effective alterna-
tives combining wide band gaps, good chemical stability and strong
4f-4 f emissions with high color purity [1-7]. Among these, Ba-based
borates and perovskite-related lattices are especially promising
because their flexible frameworks allow systematic tuning of local
symmetry, covalency and defect structure around Eu®*, thereby
tailoring photoluminescence behavior and thermal stability [8-10].
BaZr(BOas): is a notable example of such a host, integrating ZrOs
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polyhedra and BOs groups in a rigid lattice that supports efficient Eu®*
emission under VUV and near-UV excitation, with the dominant *Do—"F2
transition near 615nm and good color purity for display and lighting
applications [1]. However, existing studies on BaZr(BOs)2:Eu®* and
related Ba-Zr-borate systems have predominantly focused on basic
excitation—emission behaviour and on co-doping strategies to boost in-
tensity, without providing a comprehensive correlation between crystal
structure, local environment and detailed Eu®* photophysics [8,11,12].
In these studies, the phosphors were primarily synthesized via the
conventional solid-state reaction method, which may limit precise
control over particle size, homogeneity, and defect chemistry. In
contrast, systematic investigations that integrate crystal structure,
vibrational properties, microstructure, temperature-dependent photo-
luminescence, radiative dynamics, and Judd-Ofelt (J-O) parameters are
still scarce. Similar integrated approaches in other Eu®*-doped borates
and perovskite-type hosts have proven highly effective for elucidating
local structure-luminescence relationships, concentration quenching
mechanisms and thermal quenching pathways, and for benchmarking
new red phosphors against state-of-the-art materials for w-LEDs and
plasma/field-emission devices [13-17].

In addition, incorporation of Eu®* at Ba*/Zr* sites inevitably in-
troduces charge imbalance and defect formation, particularly cation
vacancies that act as non-radiative centers and deteriorate luminescence
efficiency and thermal stability. A widely adopted strategy to address
this issue is co-doping with monovalent alkali ions (Li*, Na*, K*) as
charge compensators. Previous studies on Eu®*-activated phosphates
and silicates have demonstrated that such A* co-doping can significantly
enhance red emission intensity (typically by 1.2-3 x) and improve
thermal stability [18-21]. Beyond charge compensation, alkali ions
modify the defect landscape by reducing vacancy concentrations and
regulating oxygen-related defects, thereby suppressing non-radiative
recombination and extending Eu®* lifetimes [22-24]. Furthermore,
partial substitution by A* perturbs the local coordination environment,
often lowering site symmetry and increasing Eu-O covalency, which
enhances the electric-dipole *Do—"F: transition and Judd-Ofelt Q- pa-
rameters [25,26]. Despite these advantages, such charge-compensation
strategies remain largely unexplored in BaZr(BOs)2:Eu®* systems. On
this basis, Na* and K* co-doping is expected not only to compensate for
the Eu®*—Ba?'/Zr* charge mismatch, but also to tailor defect chemistry
and local asymmetry around Eu®*, thereby enhancing emission in-
tensity, color purity, and thermal robustness compared with the un-
compensated host.

Motivated by these gaps, the present work undertakes a systematic
structural and spectroscopic investigation of Eu-doped BaZr(BOs):
phosphors synthesized via a microwave-assisted sol-gel auto-
combustion method, offering reduced particle size and improved con-
trol over compositional distribution and defect chemistry compared to
conventional solid-state routes. To ensure charge compensation and
stabilize Eu®* incorporation into the host lattice, monovalent ions (Na*,
Li*, and K*) are co-introduced. The crystal structure and phase purity are
established by X-ray diffraction combined with Rietveld refinement,
while FTIR and Raman spectroscopy are employed to resolve the
vibrational modes associated with BOs groups and Zr-O polyhedra and
to assess lattice distortions induced by Eu incorporation. SEM/EDS an-
alyses provide insight into morphology and elemental distribution.
Steady-state photoluminescence excitation and emission spectra,
together with high-temperature measurements, are used to evaluate
excitation pathways, emission color characteristics and thermal
quenching behavior under device-relevant conditions, in analogy with
other Eu?*-activated Ba-borate and Ba-Zr phosphors. Time-resolved
luminescence measurements yield decay curves and lifetimes of the
Do level, allowing separation of radiative and non-radiative contribu-
tions and assessment of concentration effects. Finally, Judd-Ofelt anal-
ysis of the Eu®* emission provides intensity parameters, radiative
transition probabilities, branching ratios and radiative lifetimes, linking
local symmetry and covalency in BaZr(BOs): to its emission efficiency
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and enabling comparison with other Eu® *-doped borate and perovskite-
type red phosphors. Through this integrated approach, Eu3+—doped BaZr
(BOa): is critically evaluated as a potential red component for advanced
lighting and display applications.

To the best of our knowledge, this work represents the first system-
atic study on Li*/Na*/K* charge-compensated BaZr(BOs)2:Eu®* phos-
phors combining time-resolved photoluminescence (TRPL) and
Judd-Ofelt (J-O) analysis to elucidate the radiative and non-radiative
processes. In addition, a comprehensive comparison of alkali-
dependent luminescence behavior and thermal stability is presented
for this host system. Furthermore, the influence of synthesis approach is
addressed through a comparison between microwave-assisted sol-gel
and conventional solid-state methods, providing deeper insight into
structure-property relationships.

This study addresses three key questions: (i) how Eu®* and Li*/Na*/
K* co-doping modifies the crystal and vibrational structure of BaZr
(BOs)2; (ii) how these changes govern room-temperature and high-
temperature photoluminescence, including concentration and thermal
quenching mechanisms; and (iii) whether the resulting luminescence
behavior, color purity, thermal robustness, and Judd-Ofelt parameters
can approach or rival those of leading Eu®*-based red phosphors for
near-UV/blue-pumped WLED applications.

2. Materials and methods
2.1. Synthesis of BaZr(BOs)z:Eu®* phosphors

BaZr(BOs)2 and Eu?® *-doped BaZr(BOs). phosphors were synthesized
via a microwave-assisted sol-gel auto-combustion method. High-purity
zirconium (IV) oxynitrate hydrate (ZrO(NOs)2-xH20, Merck, > 99.0%),
barium nitrate (Ba(NOs)2, Sigma-Aldrich, >99.5%), and boric acid
(HsBOs) were used as precursor materials. Europium oxide (Euz0s,
99.99%, Alfa Aesar) was employed as the luminescent activator and
introduced at concentrations ranging from 0.5 to 7 wt% by substitution
at Ba** sites. The Eu®* concentration range (0.5-7 wt%) was selected
based on preliminary photoluminescence screening experiments
together with previous reports on Eu®*-activated borate phosphors,
where concentration quenching typically occurs within a similar
composition range [25]. A mixture of urea and glycine was used as the
fuel for the combustion process. For the co-doping studies, lithium ni-
trate (LiNOs, 99.9%, Merck), sodium nitrate (NaNOs, 99.9%, Merck),
and potassium nitrate (KNOs, 99.9%, Merck) were incorporated into the
precursor mixture at identical weight percentages to evaluate the in-
fluence of Li*, Na* and K* ions on the structural and luminescent prop-
erties. A series of samples with varying Li*, Na*, and K* co-doping levels
(y=0.5-7wt%) was systematically synthesized to evaluate the
concentration-dependent effect of alkali-ion incorporation on PL
enhancement and to identify the optimal co-doping level. The optimal
alkali-ion concentration was determined by comparing the integrated PL
emission intensities and thermal-intensity retention behavior of samples
with different co-doping levels under identical excitation conditions.
Among the investigated alkali ions, Na* co-doping at 5 wt% produced
the highest emission enhancement together with comparatively
improved thermal-intensity retention, and was therefore identified as
the optimum charge-compensation condition for the present host lattice.
In a representative synthesis procedure, stoichiometric quantities of the
precursor materials were initially dissolved in 20 mL of ultrapure water
using a quartz beaker. Specifically, 0.181 g of zirconium oxynitrate,
0.204 g of Ba(NOs)2, and 0.12 g of HsBOs were used as the starting ma-
terials. In addition, urea and glycine were employed as combustion fuels
in amounts of 0.3g and 0.3 g, respectively. Appropriate amounts of
Euz20s and alkali-ion precursors (LiNOs, NaNQOs, or KNOs) were subse-
quently added according to the designed Eu®* and alkali-ion co-doping
concentrations. The fuel agents (urea and glycine) were subsequently
introduced into the solution, which was then covered with a watch glass
and subjected to magnetic stirring at 80 °C for 1 h to ensure complete
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homogenization. The resulting solution was further maintained at the
same temperature under continuous stirring until a viscous gel was
gradually formed due to gradual solvent evaporation.

The obtained gel was exposed to microwave irradiation using a do-
mestic microwave oven operating at 850 W. The microwave-assisted
combustion process was completed within approximately 5-7 min,
during which the gel rapidly ignited and transformed into a voluminous
and porous precursor powder through a self-propagating combustion
reaction accompanied by the evolution of gaseous by-products [27]. To
facilitate complete elimination of residual organic species and enhance
crystallization, the as-combusted powders were subsequently annealed
at 920 °C for 4 h under ambient air conditions [28]. Following the heat
treatment, well-crystallized BaZr(BOs)2:Eu®* phosphors were success-
fully obtained. The final products were preserved in a desiccator to
avoid moisture uptake prior to subsequent characterization procedures.

Microwave-assisted sol-gel auto-combustion methods based on
metal nitrates and urea-type fuels have been widely reported for the
synthesis of Ba-Zr-O-based ceramic systems, including BaZrOs and
related oxides [29,30]. In addition, similar nitrate-urea combustion
routes have been successfully applied for the rapid preparation of
Ba-containing oxide and hexaferrite nanopowders [31,32]. Further-
more, microwave-assisted synthesis has been shown to facilitate the
formation of Zr-B-based ceramic precursors at relatively lower tem-
peratures, demonstrating its effectiveness for producing borate-based
phosphor materials [33].

2.2. Characterization techniques

The synthesized BaZr(BOs)z2:Eu®* phosphors, along with alkali co-
doped counterparts, were comprehensively analyzed in terms of their
structural, vibrational, morphological, and optical characteristics
through a suite of complementary characterization methods.

Phase composition and crystal structure were investigated via pow-
der X-ray diffraction (XRD) using a Malvern PANalytical Empyrean
diffractometer equipped with a Cu Ko radiation source (A = 1.5406 A).
The diffraction data were collected over a 20 range of 10°-80°, and
subsequent Rietveld refinement was performed using HighScore Plus
software to extract lattice parameters, evaluate phase purity, and assess
structural stability. The refinements were carried out using a pseudo-
Voigt peak-profile function together with a polynomial background
model and a standard least-squares weighting scheme (wi = 1/6i%). The
x? values obtained from the refinements are close to unity and consistent
with reliable refinement quality and good agreement between the
observed and calculated diffraction profiles. The refinement reliability
was therefore evaluated not only from y? values, but also from the low
Rp/Ruwyp factors, smooth residual curves, and the chemical consistency of
the refined structural parameters.

Vibrational properties and local bonding configurations within the
borate framework were examined by Fourier-transform infrared (FTIR)
spectroscopy (Thermo Scientific Nicolet iS50) over the spectral range of
4000-400 cm™ . Complementary Raman spectroscopic measurements
were conducted using a Renishaw inVia system with a 532 nm excitation
source, enabling detailed analysis of BOs units, Zr-O coordination, and
local structural distortions associated with Eu® * incorporation and alkali
co-doping.

Microstructural characteristics and surface morphology were char-
acterized using field-emission scanning electron microscopy (FE-SEM;
ZEISS GeminiSEM 500). Elemental composition and spatial distribution
were determined via energy-dispersive X-ray spectroscopy (EDS) inte-
grated with the SEM system. Prior to imaging, the samples were coated
with a thin conductive gold layer to minimize surface charging effects
and enhance image clarity.

PL excitation and emission spectra were measured using an Edin-
burgh FS5 spectrofluorometer equipped with a 150 W xenon lamp
serving as the excitation source. Time-resolved PL decay analyses were
conducted to investigate the excited-state dynamics and to evaluate the
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average lifetimes of Eu®* emission. The decay profiles were analyzed
using a bi-exponential fitting model after considering the instrument
response characteristics of the measurement system, and the fitting
quality was evaluated using y? values close to unity. Temperature-
dependent PL measurements were carried out over the range of
300-500 K using a precisely controlled heating stage, enabling system-
atic assessment of thermal quenching characteristics and emission sta-
bility under elevated temperature conditions. To quantitatively
characterize the emission color, chromaticity coordinates were derived
based on the CIE 1931 colorimetric system, providing insight into color
purity and correlated color temperature (CCT). To further elucidate the
radiative properties and local coordination environment of Eu®* ions
within the BaZr(BOs). host lattice, a Judd-Ofelt (J-O) analysis was
systematically carried out based on the emission spectral data. The ob-
tained parameters provide quantitative insight into the asymmetry of
the local crystal field and the covalency of Eu-O bonds, thereby offering
a deeper understanding of the influence of alkali co-doping on the
luminescence behavior.

3. Results and discussions
3.1. Crystal structure and rietveld-refined X-ray diffraction analysis

The crystal structure, phase purity, and lattice evolution of BaZr
(BOs)2:Eu®* and alkali co-doped phosphors were systematically inves-
tigated by powder X-ray diffraction (XRD) coupled with Rietveld
refinement analysis (Fig. 1(a—c)). The samples were found to crystallize
in a trigonal structure belonging to the R3c space group (hexagonal
setting), which is consistent with the standard JCPDS reference card
(No. 98-009-5227). The diffraction profiles of undoped, Eu® *-activated,
and alkali co-doped compositions (Fig. 1(a)) can be well indexed to the
rhombohedral BaZr(BOs): phase, confirming the formation of a single-
phase structure without detectable secondary phases. The distinct re-
flections associated with the (104), (018), (110), (024), and (112)
crystallographic planes further verify the high crystallinity of the pre-
pared samples. Notably, no appreciable peak shifts were observed upon
incorporation of Eu®* and alkali ions, indicating that the dopant species
are effectively accommodated within the host lattice without inducing
significant structural distortion.

The structural model shown in Fig. 1(b) confirms that BaZr(BOs)2
crystallizes in a trigonal system with space group R3c, derived from a
distorted dolomite-type framework, consistent with previous reports
[34]. The crystal structure consists of alternating BaOs and ZrOs octa-
hedra interconnected by planar BOs triangular units, where rotational
distortion of the BOs groups along the c-axis leads to a
non-centrosymmetric lattice environment. In this framework, Ba®* ions
are coordinated by six oxygen atoms forming distorted BaOs polyhedra,
while Zr* ions occupy relatively rigid ZrOs octahedral sites connected
through BOs groups.

Considering the ionic size and charge, Eu® * ions are most likely to
substitute at the Ba** sites rather than Zr** sites, due to their comparable
ionic radii and coordination preferences. This preferential substitution
can be further supported by the ionic radius difference (D,) calculation,
where the mismatch between Eu® * and Ba** is approximately 25.18%,
which is below the critical limit of 30% for effective substitution,
whereas the mismatch with Zr** exceeds 40%, making substitution at the
Zr site energetically unfavourable [35]. Although Rietveld refinement
cannot unambiguously resolve Eu® * site occupancy at these low con-
centrations, this assignment is consistent with ionic radii, coordination
preferences, and the rigidity of the ZrOs octahedra. Substitution at the
Zr** site is energetically unfavorable because of the higher charge and
smaller ionic radius of Zr*, as well as the rigidity of the ZrOs octahedra.
The aliovalent substitution of Eu®* (3*) at Ba?>* (2*) sites introduces a
positive charge imbalance in the lattice. The defect chemistry related to
Eu® * doping can be effectively illustrated using Kroger-Vink notation.
When Eu?® * occupies Ba** lattice sites, a charge imbalance occurs and is
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Fig. 1. (a) XRD patterns of BaZr(BOs):Eu® * and alkali co-doped (Li*, Na*, K*) phosphors, together with the standard reference pattern (JCPDS No. 98-009-5227). All
observed reflections are indexed to the rhombohedral phase, confirming phase purity and structural integrity. (b) Crystal structure model of BaZr(BOs)z, highlighting
the arrangement of BaOs and ZrOs polyhedra linked by planar BOs units; the constituent elements and dopant sites are distinguished by different colors. (c) Rietveld
refinement profiles for undoped, Eu® *-doped, and alkali co-doped samples, including observed data, calculated patterns, difference curves, and Bragg positions,
demonstrating excellent agreement between experimental and refined results.
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compensated by the creation of cation vacancies:

Eu,03 + 3Bay, —»2Euf, + Vi, + 3BaO (€))

where Euj, denotes Eu® * substituting for Ba** with an effective positive
charge, while Vjp, represents a doubly negatively charged barium va-
cancy introduced for charge compensation.

Upon co-doping with monovalent alkali ions (A* = Li*, Na*, K*),
charge compensation is achieved more effectively through:

Eu,03 + A0 + 4Bay,—2Eu} + 2A; + 4BaO @)

where Ajp, represents monovalent alkali ions (Li*, Na*, K*) substituting
for Ba®* sites with an effective negative charge. In this case, the
Euj, —Ay, defect association provides local charge compensation and
suppresses the formation of vacancy-related defects. Such aliovalent
substitution and defect-regulation mechanisms are widely reported for
Eu-activated borate and phosphate phosphors, where such charge-
compensation mechanisms reduce cation-vacancy and oxygen-related
defect populations, suppress defect-assisted non-radiative relaxation
pathways, and thereby enhance Eu emission intensity and thermal sta-
bility [36,37]. These defect reactions are written as physically consistent
and schematic Kroger-Vink models of Eu®*—Ba** substitution and
alkali-ion-assisted charge compensation. While the exact defect topol-
ogy cannot be directly resolved by XRD analysis alone, the proposed
model is consistent with the Rietveld refinement results, Raman
broadening behavior, Judd-Ofelt analysis, luminescence lifetime evo-
lution, and thermal quenching characteristics discussed in the following
sections. Although multisite Eu® * occupation (simultaneous occupation
of A- and B-type lattice sites) has been reported in certain
perovskite-related oxide systems at high dopant concentrations, the
present structural and spectroscopic results do not provide evidence for
substantial Eu®* incorporation at Zr** sites in BaZr(BOs)2. Significant
Eu® * substitution at Zr** sites would be expected to induce larger lattice
distortions and more pronounced modifications of the ZrOs-BOs
framework. In contrast, the Rietveld refinement, Raman/FTIR spectra,
and photoluminescence behavior observed in this study indicate that the
trigonal R3c framework remains largely preserved with only minor local
distortions. Furthermore, the Judd-Ofelt parameters, asymmetry ratios,
and lifetime behavior are consistent with emission originating pre-
dominantly from a single low-symmetry Eu® * environment associated
mainly with Ba®*-related sites. Therefore, while minor multisite occu-
pation cannot be completely excluded at high Eu® * concentrations, the
combined experimental evidence supports predominantly Eupg-type
substitution with alkali-assisted charge compensation as the dominant
mechanism in the investigated composition range.

This mechanism reduces the concentration of vacancy-related de-
fects, thereby suppressing non-radiative recombination centers and
enhancing luminescence efficiency.

To maintain charge neutrality, this excess positive charge is
compensated by the incorporation of monovalent alkali ions (Li*, Na*,
K*) and/or the formation of intrinsic defects such as barium vacancies
(V'Ba) or oxygen-related defects. In particular, the exact occupation
sites of alkali ions cannot be directly resolved by XRD; however, sub-
stitution at or near Ba**-related sites is considered the most physically
consistent charge-compensation model [18,38,39]. Although precise
site positions cannot be directly determined from XRD analysis, the
small variations in lattice parameters and the absence of secondary
phases indicate that alkali ions are incorporated at low concentrations
without inducing long-range structural ordering. This defect-mediated
charge compensation mechanism reduces lattice strain and prevents
the formation of secondary phases, which is consistent with the
phase-pure XRD and Rietveld results. These defect structures will be
further investigated using FTIR/Raman spectroscopy and photo-
luminescence (PL) lifetime analysis in the following sections.

Therefore, the combined substitution of Eu®* and alkali ions
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establishes a charge-balanced defect structure, where local distortions
are introduced without disrupting the overall crystal symmetry. Such
structural asymmetry is crucial for the luminescence properties of Eu® *
ions, as it promotes electric dipole transitions due to the absence of
inversion symmetry, consistent with previous reports. The Rietveld
refinement profiles for all compositions (Fig. 1(c)) exhibit excellent
agreement between the observed and calculated diffraction patterns, as
evidenced by the close overlap of the experimental data (black circles)
and the fitted curves (green line), along with minimal residuals in the
difference plots.

All diffraction peaks can be attributed to the BaZr(BOs)- phase, with
no evidence of secondary phases within the detection limits of the in-
strument, confirming the phase purity of all samples. Furthermore, the
absence of noticeable peak shifts among the samples suggests that
dopant incorporation does not significantly alter the long-range crystal
symmetry. Such high phase purity is crucial for the reliable interpreta-
tion of photoluminescence properties.

The refined lattice parameters, unit-cell volumes, and refinement
reliability factors are summarized in Table 1, together with the Rietveld
refinement profiles shown in (Fig. 1(c)), further support the structural
stability of the system. Although the ionic radius of Eu®* (~1.07 A) is
smaller than that of Ba?* (~1.35 10\), the slight increase in the refined
unit-cell volume with increasing Eu® * concentration does not neces-
sarily contradict the proposed substitution mechanism. In aliovalent
substitution systems, the lattice response is governed not only by ionic
size but also by local structural relaxation, charge-compensation
mechanisms, and defect formation. When Eu®* substitutes for Ba*,
the resulting charge imbalance may induce cation vacancies and local
distortions of the surrounding coordination environment, which may
slightly expand the average lattice framework despite the smaller Eu® *
ionic radius. Similar anomalous lattice-expansion behavior has been
reported in several Eu® *-doped oxide and borate phosphor systems,
where defect-assisted relaxation competes with the simple ionic-size
effect. It should also be noted that the variation in the refined cell vol-
ume is relatively small and does not follow a simple ionic-radius trend,
indicating that local structural relaxation and defect-compensation ef-
fects play an important role in determining the average lattice response
[38].

In contrast, alkali co-doping induces slight but noticeable changes in
the unit cell volume, where Li* incorporation leads to lattice expansion
(= 787.10 A%), Na* results in moderate expansion (~ 784.66 A%, and K*
causes a slight contraction (~ 781.04 A%). This behavior suggests that
Li*-induced lattice expansion may be associated with interstitial incor-
poration and/or vacancy formation, whereas the slight contraction
observed for K* is consistent with partial substitution at Ba** sites
accompanied by reduced vacancy concentration. These variations can
be explained based on ionic size and charge compensation effects; Li*
(0.76 10\), Na* (1.02 A), and K* (1.38 [c\) introduce different degrees of
local strain and defect formation when incorporated into the lattice or
interstitial positions. Despite these small variations, the absence of sig-
nificant changes in lattice constants and peak positions indicates that the
structural distortions remain minimal, confirming the robustness of the
BaZr(BOs): framework against both Eu®* substitution and alkali co-
doping. This structural stability highlights the suitability of BaZr(BOs)2
as an efficient host lattice for Eu® * activator ions.

The refinement reliability indicators fall within acceptable limits
(Rp=0.0488-0.0679, Ry,;=0.0609-0.1007, X2:1.0032—1.4252), con-
firming the high quality of the refinement and the validity of the
structural model. In particular, the relatively small difference between
the Ryp and Reyp values together with y? values close to unity indicate an
excellent agreement between the observed and calculated diffraction
patterns, demonstrating that the chosen structural model accurately
represents the experimental data. This level of agreement ensures that
further structural interpretations, such as site occupancy and lattice
parameter variations, are reliable. Moreover, no significant anisotropic
peak broadening was observed in the refinement profiles, suggesting
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Table 1
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Refined lattice parameters (a, b, c), unit cell volume, and Rietveld refinement reliability factors (3, Re, Rwp, and Rexp) of BaZr(BO3),:Eu® * and alkali co-doped samples

(Li*, Na*, K*), obtained from the Rietveld analysis of X-ray diffraction data.

BaZr(BO3)»
Unit Cell Undoped 0.01Eu®+ 0.03Eu®" 0.03Eu®,0.05 K+ 0.03Eu®+,0.05Li" 0.03Eu®*,0.05Na™
a [A] 5.1676 5.17065 5.17258 5.15947 5.1751 5.17385
b [A] 5.1676 5.17065 5.17258 5.15947 5.1751 5.17385
¢ [A] 33.83733 33.85749 33.86027 33.87927 33.93627 33.84746
o,B,y [°] 90,90,120 90,90,120 90,90,120 90,90,120 90,90,120 90,90,120
Vol. [A%] 782.535 783.9358 784.5772 781.0416 787.103 784.6643
¥ 1.1013 1.0032 1.0975 1.4252 1.0296 1.0554
R, 0.0548 0.0488 0.0490 0.0679 0.0532 0.0531
Ruwp 0.0676 0.0609 0.0624 0.1007 0.0664 0.0668
Rexp 0.0614 0.0607 0.0626 0.0706 0.0644 0.0633

that microstrain effects are minimal. However, slight peak broadening in
the co-doped samples may indicate the presence of local lattice distor-
tions and defect-induced strain, which can be associated with charge
compensation mechanisms and may influence the photoluminescence
behavior of the phosphor system.

This site assignment is further supported by the composition-
dependent changes in lattice parameters (Table 1), Judd-Ofelt param-
eters (Tables 7, 8), and luminescence lifetimes (Fig. 9). The preferential
occupation sites of Eu® * and alkali ions in the BaZr(BOs): lattice can be
rationalized according to ionic radius, charge balance, and local coor-
dination environment. Considering ionic radius, valence state, and co-
ordination environment, Eu® * ions are more likely to substitute for Ba**
lattice sites rather than Zr* sites in the BaZr(BOs)= host lattice. The ionic
radius mismatch (Ar) between Eu® * (1.066 A, CN = 8) and Ba?* (1.42 A,
CN = 8) is approximately 25%, which is below the generally accepted
~30% substitution criterion based on the Hume-Rothery rule, whereas
the mismatch between Eu® * and Zr** exceeds 40%, making Eu® *—Zr*
substitution energetically unfavorable [40].

The ionic radius mismatch (Ar) between Eu® * (1.066 10\, CN =8)and
Ba?* (1.42 [o\, CN = 8) was calculated using the following relation [41]:

D, — W x 100% ®)
where R,(CN) and R4(CN) represent the ionic radii of the matrix cation
and dopant ion, respectively, for the same coordination number (CN).
The ionic radii were taken from Shannon’s effective ionic radii database.
Using CN = 8 for both Ba** and Eu®* ions, the calculated mismatch is
approximately 25%, which is below the generally accepted ~30% sub-
stitution criterion based on the Hume-Rothery rule, whereas the
mismatch between Eu®* and Zr** exceeds 40%, making Eu®*—Zr*
substitution energetically unfavorable.

In addition, Eu®* substitution at the Ba** site requires only local
charge compensation, while substitution at the Zr** site would induce
simultaneous charge imbalance and severe lattice distortion due to both
valence and size mismatch. Similarly, the alkali ions (Li*, Na*, and K*)
are expected to preferentially occupy nearby Ba?* sites and/or intersti-
tial positions to compensate for the excess positive charge generated by
Eu® *—Ba?* substitution. This assignment is supported by the systematic
variation observed in lattice distortion, Judd-Ofelt intensity parameters,
luminescence lifetime, and thermal stability after alkali-ion incorpora-
tion. The significant enhancement in emission intensity together with
the suppression of non-radiative relaxation pathways further indicates
that alkali-ion co-doping effectively regulates defect formation and local
symmetry around Eu® * ions [22,42].

Overall, XRD and Rietveld refinement results reveal that the trigonal
(R3c) framework of BaZr(BOs): remains intact upon Eu®* doping and
alkali co-doping, with minor local distortions that contribute to the
modulation of optical properties. Furthermore, the sol-gel auto-
combustion synthesis promotes the formation of uniform single-phase
materials, effectively suppressing impurity phases commonly

encountered in conventional solid-state routes.

3.2. FTIR and Raman spectroscopic analysis

The vibrational properties and local bonding environment of BaZr
(BOs)2:Eu® * and alkali co-doped phosphors were analyzed using FTIR
and Raman spectroscopy (Fig. 2(a, b)). The FTIR spectra exhibit char-
acteristic absorption features of borate groups, including a broad band at
1209-1421 cm™ corresponding to asymmetric stretching modes of
trigonal BOs units. The band near ~998 cm™ is associated with B-O
stretching vibrations, while those at ~725 and ~610 cm™ originate
from bending modes of B-O-B linkages. Additionally, the low-frequency
band around ~401 cm™ is attributed to lattice vibrations involving
Ba—O and Zr-O bonds [4,43]. These features confirm the formation of a
borate framework consistent with the crystal structure identified by XRD
analysis. These modes are consistent with the presence of isolated
trigonal BOs groups and corner-sharing BaOs/ZrOs polyhedra in BaZr
(BOa)2 [44].

Importantly, no additional absorption related to impurity phases is
observed, further supporting the phase purity of the samples, in agree-
ment with XRD and Rietveld results. Upon Eu® * doping and alkali co-
doping, no significant changes in peak positions are detected, indi-
cating that the fundamental BOs framework remains structurally intact.
However, slight variations in band intensity and minor broadening are
observed, suggesting the presence of local lattice distortions induced by
dopant incorporation and charge compensation mechanisms [45-47].

Raman spectroscopy provides complementary insight into the short-
range order and local structural distortions around BOs units and met-
al-oxygen polyhedral, as shown in Fig. 2b. The prominent Raman modes
observed at ~371 ecm™, ~481 cm™, ~619cm™, ~738 cm™, and
~1063-1229 cm™ are characteristic of BOs vibrational units and lattice
modes associated with Ba and Zr coordination environments [27,48].
The strong peak near ~1063-1229 cm™ corresponds to symmetric
stretching vibrations of BOs groups, while lower-frequency modes are
related to bending and lattice vibrations. These vibrational features are
characteristic of trigonal BOs units and are consistent with the borate
framework identified by XRD analysis.

Similar to the FTIR results, no additional Raman peaks correspond-
ing to secondary phases are detected, confirming the structural stability
of the host lattice upon doping. The slight broadening and intensity
variation of Raman peaks in co-doped samples indicate the presence of
local structural disorder and defect-induced strain, which are consistent
with the Rietveld refinement and lattice parameter analysis.

Overall, the combined FTIR and Raman analyses confirm that the
borate framework of BaZr(BOs)- is preserved after Eu® * substitution and
alkali co-doping, with only minor local distortions that do not affect the
long-range crystal symmetry but may play a significant role in tuning the
optical properties of the phosphor system. The observed Raman features
further support the presence of a non-centrosymmetric local environ-
ment around Eu®* ions, which is crucial for enhancing electric dipole
transitions and thus correlates with the observed photoluminescence
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Fig. 2. (a) FTIR spectra and (b) Raman spectra of BaZr(BO3),:Undoped, BaZr
(B03)2:0.01Eu® *, BaZr(B03)2:0.03Eu® *, and BaZr(B0s)2:0.03Eu® *,0.05 A* (A =
K*, Li*, Na*) phosphors. The FTIR spectra display characteristic vibrations of
BO:s units, while the Raman spectra confirm the borate framework.

behavior [49,50].
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To quantitatively evaluate the peak broadening induced by Eu® * and
alkali-ion co-doping, the full width at half maximum (FWHM) values of
the major Raman modes were extracted and are summarized in Table 2.
Compared with the undoped BaZr(BOs). sample, the co-doped phos-
phors generally exhibit slightly increased FWHM values, particularly for
the modes associated with BOs vibrations and lattice-related phonon
modes. This broadening indicates increased local structural disorder,
lattice distortion, and phonon perturbation induced by aliovalent Eu® *
substitution and alkali-ion incorporation. The relatively larger FWHM
values observed for Li*- and Na*-co-doped samples are consistent with
enhanced local asymmetry and defect-regulated lattice distortion dis-
cussed in the photoluminescence and Judd-Ofelt analyses.

3.3. Morphological and elemental analysis (SEM—-EDS)

The surface morphology of the synthesized BaZr(BOs)2:Eu® * phos-
phors was examined by scanning electron microscopy (SEM), as shown
in Fig. 3(a,b). At low magnification, all compositions investigated,
including Eu®* and alkali co-doped samples, exhibit irregular and
agglomerated particle morphology, which is typical for phosphors syn-
thesized via sol-gel auto-combustion routes. This agglomeration is
attributed to the rapid evolution of gaseous by-products during com-
bustion, leading to the formation of loosely packed particle clusters.

At higher magnification, the particles appear as fused grains with
rough surfaces, indicating partial sintering and grain growth during the
combustion process. The absence of well-defined faceted structures
suggests diffusion-limited crystal growth. Such features indicate a
polycrystalline nature, which is consistent with the phase-pure and well-
crystallized BaZr(BOs): lattice revealed by XRD and Rietveld refinement
analysis.

The elemental composition was analyzed by energy-dispersive X-ray
spectroscopy (EDS), as shown in the insets of Fig. 3(a,b). The EDS
spectra reveal Ba, Zr, and O in the undoped sample and Ba, Zr, O, and Eu
in the Eu® *-doped sample, without impurity-related peaks, indicating
chemical purity within the detection limits of the technique and sup-
porting the phase-pure XRD/Rietveld results. The relatively weak Eu
signal is attributed to the low doping concentration.

Overall, the samples exhibit morphologically similar particles and
chemically homogeneous composition within the spatial resolution and
detection limits of SEM-EDS. Such chemically pure and structurally
consistent phosphor particles provide a suitable basis for the stable and
efficient Eu® * photoluminescence discussed in Sections 3.4-3.7.

3.4. Photoluminescence excitation and emission properties

The PLE and PL spectra of BaZr(BOs)2:Eu® * phosphor are presented
in Fig. 4a. The excitation spectrum monitored at 612 nm reveals a broad
band centered at ~257 nm, corresponding to the O*—Eu®* charge
transfer transition and indicating efficient energy transfer from the host
matrix to Eu® * ions [2,51,52]. Superimposed on this band are several

Table 2
Raman peak full width at half maximum (FWHM) values of undoped, Eu® *-doped, and alkali co-doped BaZr(BOs)- phosphors.
BaZr(BOs3)» (FWHM)

Wavenumber (cm™") Undoped 0.01Eu>" 0.03Eu>" 0.03Eu®*,0.05 K+ 0.03Eu>+,0.05Li™ 0.03Eu>",0.05Na™
138 15.81316 16.20615 16.02765 18.12787 17.76061 18.62064
243 43.43591 50.17897 46.92715 49.58536 44.3764 44.71366
371 21.52987 21.75675 21.64189 22.09265 22.10924 22.15841
481 18.99498 20.89338 19.13712 19.13712 19.49049 19.73643
619 12.07025 12.77438 12.62255 12.80457 12.94559 12.53594
738 9.39795 10.21246 10.36236 10.36463 10.90547 10.08689
791 17.56016 20.55292 19.84152 19.84152 20.27591 20.35308
1063 7.152799 7.77764 12.40352 12.44291 12.50142 12.37516
1229 15.24583 15.72578 15.08786 15.29914 15.67866 15.47563
1542 22.15274 25.61111 23.26522 23.29133 25.35784 25.16024
2487 44.14189 45.04883 42.02933 47.25293 48.42393 48.37963
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Fig. 3. SEM images of (a) BaZr(BOs): and (b) BaZr(BOs)2:3 wt% Eu® * phosphors, showing agglomerated particle morphology. The insets in (a) and (b) show the

corresponding EDS spectrum, confirming the elemental composition.

sharp peaks arising from intra-4f electronic transitions of Eu® *, located
at 319 nm ("Fo—°He), 362 nm ("Fo—°D4), 376 nm ("Fo—°L7), 393 nm
("Fo—°Le), 415 nm ("Fo—°Ds), and 464 nm ("Fo—°D2) [53,54]. Among
these, the 393 nm transition dominates the excitation profile, confirm-
ing the effectiveness of near-UV excitation for this phosphor system.

Upon excitation at 393 nm, the emission spectrum displays charac-
teristic Eu® * emissions arising from the Do excited state to the "F; (J =
0-4) levels. The observed emission peaks at 572 nm (°*Do—7Fo), 594 nm
(°*Do—7F1), 612 nm (°*Do—"F2), 654 nm (*Do—"F3), and 702 nm (*Do— "Fa4)
confirm the successful incorporation of Eu®* ions into the host lattice
[17,51]. The ®*Do—"F2 emission band in the 610-620 nm region exhibits
Stark splitting, with the most intense component located at ~612 nm,
reflecting crystal field-induced splitting of the hypersensitive transition
[8]. The *Do—"F: transition exhibits a limited number of Stark compo-
nents, further supporting the presence of a single dominant Eu®* site
with low symmetry in the host lattice. The dominance of the
electric-dipole *Do—"F: transition over the magnetic-dipole *Do—"F1 line
(Te12/Tses = 2.18) indicates that Eu® * ions preferentially occupy Ba** sites
lacking inversion symmetry in the BaZr(BOs): lattice, consistent with
previous reports [2,55,56].

The strong *Do—"F2 emission results in intense red luminescence with
high color purity, which is desirable for photonic applications. The
relatively weak °Do—"Fo transition further suggests a limited number of
distinct crystallographic sites for Eu® * ions, which is consistent with the
limited number of Stark components observed for the *Do—7F> transi-
tion. The emission profiles recorded under different excitation wave-
lengths (247-464 nm) exhibit identical spectral features with consistent
relative intensities of the °Do—’F; transitions, indicating excitation-
independent emission behavior. This suggests that the emission origi-
nates from a single dominant Eu®* site and that different excitation
pathways efficiently relax to the same emitting °Do level.

Fig. 4b shows the emission spectra of BaZr(BOs)2:3 wt%Eu® * under
excitation between 247 and 464 nm. All spectra display nearly identical
*Do—"F; (J = 0-4) profiles with only minor variations in relative peak
intensities, indicating that the emission originates from the same Do
excited state of Eu®* ions regardless of the excitation pathway. This
behavior suggests that different excitation channels, including the
0*—Eu?® * charge-transfer band and intra-configurational 4f-4 f transi-
tions, efficiently relax to the same emitting level.

It should be noted that the relative intensities of the 393 and 464 nm
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Fig. 4. (a) PL excitation and emission spectra of BaZr(B0Os)2:0.5 wt% Eu®*
phosphor. (b) Emission spectra of BaZr(BOs)2:3 wt% Eu® * phosphor measured
under varying excitation wavelengths (247-464 nm), demonstrating excitation-
independent spectral profiles alongside excitation-dependent emission
intensities.

bands in the excitation spectrum differ from the corresponding emission
intensities observed in the PL spectra because the two measurements
probe different physical processes. The PLE spectrum was recorded by
monitoring the 612 nm emission and therefore reflects the relative ef-
ficiency of different excitation transitions populating the Eu®* Do
emitting level, whereas the PL spectra represent the radiative relaxation
behavior from the populated °Do state under different excitation wave-
lengths. Consequently, the relative peak heights in the PLE spectrum are
not expected to directly match the emission intensities in the PL spectra.
The apparent difference between the emission spectra obtained under
393 and 415 nm excitation mainly originates from the different ab-
sorption strengths of the Eu® * "Fo—°Le and "Fo—°Ds transitions, together
with the spectral normalization applied in Fig. 4. Nevertheless, the
characteristic Eu® * *Do—’Fj emission pattern remains essentially un-
changed, confirming that both excitation pathways ultimately relax to
the same °Do emitting state.

In contrast, the emission intensity varies significantly with excitation
wavelength, reaching a maximum under 393 nm excitation ("Fo—°Le).
Excitation at 464 nm ("Fo—°D2) also yields appreciable emission in-
tensity, demonstrating that the phosphor can be efficiently excited by
both near-UV and blue light sources. This feature is particularly bene-
ficial for solid-state lighting applications, as these excitation wave-
lengths are compatible with commonly used near-UV and blue LED chips

Journal of Alloys and Compounds 1074 (2026) 188778

[57,58].

Overall, the spectral features demonstrate that BaZr(BOs)2 provides a
suitable host environment for Eu®*, enabling efficient red emission
under near-UV excitation. Furthermore, the relatively high asymmetry
ratio (2.18) indicates enhanced electric-dipole transition probability and
increased local asymmetry around Eu® * ions. This interpretation will be
further supported by the Judd-Ofelt analysis presented in a later section,
where the relatively high Q. parameter and enhanced electric-dipole
transition probability provide evidence for a low-symmetry environ-
ment around Eu®* ions. In addition, lifetime analysis offers further
insight into the interplay between radiative and non-radiative processes
governing the emission behavior.

3.5. Concentration-dependent photoluminescence and quenching behavior

The emission spectra of BaZr(BOs)z2:xEu® * under 393 nm excitation,
are presented in Fig. 5a. With increasing Eu® * content from 0.5 to 3 wt
%, the emission intensity increases progressively and reaches a
maximum at 3 wt%, followed by a decline at higher concentrations
(5-7 wt%), indicating the onset of concentration quenching. This
behaviour is characteristic of Eu® *-activated borate and oxide phos-
phors, where non-radiative energy transfer among neighbouring Eu® *
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Fig. 5. (a) PL emission spectra of BaZr(BOs)z:xEu® * phosphors (x = 0.5-7 wt%)
under 393 nm excitation (b) Dexter-type analysis of concentration quenching in
BaZr(BOs)z2:xEu® * phosphors: plot of log(I/x) versus log(x) with linear fitting.



J. Hakami et al.

ions becomes dominant beyond a critical concentration [59-61].

Importantly, the spectral profiles remain nearly unchanged with
increasing Eu® * content, and all samples exhibit characteristic °Do—"F;
(J = 0-4) transitions. The dominance of the *Do—"F: transition over the
SDo—"F4 transition is preserved across all concentrations, indicating that
Eu® * ions occupy similar crystallographic sites and that the local sym-
metry around Eu®* ions is not significantly altered by concentration.
This suggests that the quenching process primarily affects emission in-
tensity rather than the emission mechanism.

To further evaluate the local environment of Eu® * ions, the asym-
metry ratio I(°Do—"F2) / I(°Do—"F1) was analyzed as a function of Eu® *
concentration. The ratio varies non-monotonically from 1.35 to 2.12
across the composition range, while remaining consistently greater than
unity, confirming that Eu®* ions predominantly occupy non-
centrosymmetric sites. The decrease in the asymmetry ratio at inter-
mediate concentrations (2-3 wt%) followed by an increase at higher
concentrations (5-7 wt%) suggests a concentration-dependent modifi-
cation of the local crystal field around Eu® * ions. Similar concentration-
dependent, non-monotonic variations of asymmetry ratio or Q2 have
been reported in perovskite and oxide hosts, where they are attributed to
a competition between lattice relaxation, defect formation, and evolving
Eu-defect configurations rather than a simple monotonic trend in
symmetry [57,62,63].

The decline in emission intensity at higher Eu® * concentrations is
attributed to concentration quenching mediated by non-radiative en-
ergy transfer. The estimated critical distance (Rp ~ 29.24 A), based on
Blasse’s approach, is substantially larger than the 3-5 A range charac-
teristic of exchange interactions, thereby excluding exchange mecha-
nisms and pointing to long-range multipolar interactions as the
dominant quenching pathway. In such systems, excitation energy mi-
grates through Eu® * ion networks and is eventually dissipated via non-
radiative relaxation, reducing the overall emission efficiency. Never-
theless, it should be noted that the asymmetry ratio is a semi-
quantitative indicator of local symmetry and does not provide defini-
tive evidence for site redistribution or multiple Eu®* environments.
Multisite occupation or defect-related Eu® * environments may lead to
non-monotonic variations in the asymmetry ratio, as reported in other
Eu?® *-activated host lattices [57,64]. Such interpretations are consistent
with the Judd-Ofelt analysis presented in Section 3.9, where variations
in the Q2 parameter confirm changes in the local asymmetry around
Eu® * ions. In addition, the lifetime analysis supports the presence of
competing radiative and non-radiative processes contributing to the
observed concentration-dependent behavior.

These results indicate that an optimal Eu®* concentration of
approximately 3 wt% provides the best balance between emission in-
tensity and quenching effects, making it the most suitable composition
for further photophysical and device-related investigations.

To further elucidate the quenching mechanism, the critical distance
(Re) between Eu® * ions was estimated using Blasse’s formula [65]:

1/3
s 3V
4nx N

where V is the unit cell volume (784.58 10\3), N is the number of available
cation sites per unit cell (2), and x. is the critical concentration corre-
sponding to the onset of concentration quenching, i.e., the Eu® * content
at which the PL intensity reaches its maximum and begins to decrease
(in this case, ~3 wt%). The calculated critical distance R, (~29.23 f\) is
significantly larger than the 3-5 A range typically associated with ex-
change interaction, indicating that exchange-mediated energy transfer
is unlikely to dominate in BaZr(BOs)z2:xEu® *. Similar conclusions have
been reported in Eu® *-activated oxides and borates, where large R,
values (>10 f\) indicate that electric multipolar interactions are the
primary mechanism responsible for concentration quenching [66,67].
Under these conditions, concentration quenching is mainly controlled
by long-range multipolar interactions between Eu® * ions, facilitating

~

R, ()]
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energy migration across adjacent sites and subsequent dissipation
through non-radiative processes, thereby reducing luminescence effi-
ciency [68,69].

To gain deeper insight into the multipolar interaction mechanism
responsible for concentration quenching, a Dexter-type analysis was
conducted by plotting log(I/x) as a function of log(x), as illustrated in
Fig. 5b. Linear fitting of the experimental data yields a slope of —1.801
4+ 0.088 with an excellent correlation coefficient (R? = 0.998). Ac-
cording to Dexter theory, the obtained slope corresponds to a 6 value of
5.40 + 0.26, which is close to the theoretical value of 6 = 6 expected for
dipole-dipole interactions. These results therefore indicate that the
concentration quenching process in BaZr(BOs)z:Eu® * is predominantly
governed by long-range dipole-dipole energy transfer between neigh-
boring Eu®* ions. Similar dipole-dipole-controlled concentration
quenching behavior has been widely reported in Eu® *-activated oxide
and borate phosphor systems.

3.6. Influence of alkali Co-doping (Li*, Na*, K*) on the photoluminescence
properties of BaZr(BOs)2:Eu®* phosphors

The influence of alkali ion co-doping (Li*, Na*, and K*) on the pho-
toluminescence (PL) properties of BaZr(BOs)2:3 wt% Eu®* phosphors
under 393 nm excitation is illustrated in Fig. 6(a—c). For all co-doped
compositions, the emission spectra exhibit the characteristic Eu®*
(°Do—"Fy, J = 0-4) transitions with nearly identical spectral profiles,
indicating that the introduction of alkali ions does not significantly
modify the intrinsic emission mechanism or the energy levels of Eu® *
ions. This observation is consistent with previously reported Eu® *-acti-
vated borate and oxide phosphor systems, where alkali ion co-doping
(A* = Li*, Na*, K*) enhances emission intensity without altering the
fundamental *Do—"F; spectral features. These results confirm that the
luminescence process remains unchanged, while the enhancement in
emission intensity is primarily attributed to improved local structural
environment and defect compensation effects induced by alkali incor-
poration [26,70-72]. However, significant differences in emission in-
tensity are observed depending on the type and concentration of alkali
ions. In all cases, the PL intensity initially increases with increasing al-
kali content, reaches a maximum at an optimal concentration, and then
decreases at higher doping levels, suggesting that charge compensation
plays a crucial role in enhancing luminescence efficiency.

Among the three alkali ions, Na* co-doping provides the most pro-
nounced enhancement in emission intensity, achieving approximately
12-fold higher PL intensity at the optimal concentration compared to the
3 wt% Eu®" doped sample (Fig. 6b), whereas K* shows a moderate
improvement (Fig. 6a) and Li* exhibits the weakest effect (Fig. 6¢). This
trend can be rationalized by considering the relative ionic size and lat-
tice compatibility of the co-dopant ions. In particular, Na* provides
optimal enhancement due to its favorable ionic radius, which closely
matches that of Ba**, enabling efficient substitution and effective charge
compensation of Eu®*-induced defects [18,21,71]. In contrast, the
smaller Li* ion may introduce local lattice distortion or occupy inter-
stitial sites, while the larger K* ion may induce excessive lattice strain at
higher concentrations, both of which can limit emission enhancement
[13,42,73].

Such behavior is consistent with previous studies on Eu® *-activated
phosphors, where the effectiveness of alkali co-doping strongly depends
on the ionic radius match between the co-dopant and host cation sites. In
many borate and oxide systems, Na* often yields the highest lumines-
cence enhancement due to its balanced size and efficient defect
compensation, whereas Li* and K* may lead to lattice distortion or sec-
ondary phase formation at higher concentrations [18,21,72].

For clarity, the typical roles of different alkali co-dopants in Eu® *-
activated phosphors are summarized in Table 3. The present results are
in good agreement with these general trends, particularly highlighting
the superior role of Na* in the BaZr(BOs)z host.

The superior performance of Na* can be attributed to its more
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Fig. 6. Photoluminescence emission spectra of BaZr(B0Os)2:0.03Eu® * phosphors
co-doped with different alkali ions under 393 nm excitation: (a) K*, (b) Na*, and
(c) Li*, showing the effect of co-dopant type and concentration on emis-
sion intensity.
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Table 3
Representative effects of Li*/Na*/K* in Eu® * phosphors.
Co- Typical effect on PL Typical structural role Cite
dopant intensity
Lit From weak to very strong Often interstitial or highly [13,22,
enhancement; can strongly mismatched; may 70,72]
distort the local symmetry introduce vacancies/
distortion
Na' Frequently gives strongest, Good radius match with [18,19,
most balanced enhancement  alkaline-earth/alkali sites; 21,26,
efficient charge 71]
compensation
K Moderate enhancement; Larger radius; can induce [22,
may be limited at high strain/secondary phases 68-70]
concentrations.

suitable ionic radius and better compatibility with the host lattice,
which facilitates effective charge compensation of Eu® * substitution and
reduces defect-related non-radiative recombination centers [74]. In
contrast, the smaller Li* ion may induce stronger local lattice distortion
and asymmetry around Eu® * ions, while the larger K* ion may introduce
comparatively higher lattice strain at elevated concentrations, both of
which can limit emission enhancement.

The enhancement in PL intensity upon alkali co-doping is primarily
associated with effective charge compensation and the consequent
suppression of defect-assisted non-radiative relaxation pathways [75].
In addition, alkali co-doping may increase the local asymmetry and
Eu-O covalency around Eu® * ions, thereby enhancing the electric-dipole
5Do—’F, transition, which is consistent with the increased Q- values
obtained from Judd-Ofelt analysis [76]. At higher alkali concentrations,
however, excessive lattice distortion and defect formation may lead to
concentration quenching and to decreased emission intensity.

Furthermore, the improved defect regulation induced by alkali-ion
co-doping is expected to contribute to enhanced thermal stability by
suppressing thermally activated non-radiative processes, consistent with
the temperature-dependent PL and activation energy results discussed in
Section 3.7. Among the investigated alkali ions, Na* provides the most
favorable balance between charge compensation, local symmetry
modification, defect suppression, and lattice compatibility, leading to
the optimum luminescence and thermal performance.

The superior performance of Na* can be attributed to its more suit-
able ionic radius and better compatibility with the host lattice, which
facilitates effective charge compensation of Eu®* substitution and re-
duces defect-related non-radiative recombination centers. In contrast,
the smaller Li* ion may introduce local lattice distortion or occupy
interstitial sites, while the larger K* ion may induce excessive lattice
strain at higher concentrations, both of which can limit emission
enhancement.

The enhancement in PL intensity upon alkali co-doping is primarily
attributed to effective charge compensation and the consequent sup-
pression of defect-related non-radiative recombination centers. This
behavior indicates that alkali co-doping improves radiative efficiency by
minimizing defect-assisted quenching pathways, particularly those
associated with cation vacancies and oxygen-related defects. In addi-
tion, alkali co-doping may increase the local asymmetry and Eu-O
covalency around Eu®* ions, thereby enhancing the electric-dipole
SDo—"F, transition, which is expected to be reflected in higher Q.
values in the subsequent Judd-Ofelt analysis. In Eu® *-activated phos-
phors, the intensity ratio between the electric-dipole SDo—’F: transition
(~612nm) and the magnetic-dipole *Do—’F1 transition (~594 nm),
expressed as Ie12/Ise4, is widely recognized as a sensitive indicator of local
structural asymmetry around Eu® * ions. For the Li*-co-doped samples,
this ratio increases from 3.38 to 4.41 with increasing Li* concentration,
further confirming that Li* incorporation enhances the local asymmetry
and crystal-field perturbation around Eu®* ions. This trend is fully
consistent with the increased Q= values obtained from Judd-Ofelt
analysis, further confirming that Li* incorporation enhances local
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structural asymmetry and Eu-O covalency around Eu® * ions, in agree-
ment with recent reports on Eu® *-activated phosphors. This correlation
between enhanced *Do—7F- intensity and reduced local symmetry is in
good agreement with recent Eu®* structural-luminescence studies in
borotellurate and garnet hosts, where local coordination distortion and
symmetry breaking were shown to strongly promote electric-dipole
Eu® * emission [77,78]. At higher alkali concentrations, however, the
formation of additional defects or clustering effects may lead to con-
centration quenching, resulting in decreased emission intensity.
Furthermore, this defect-suppression mechanism is expected to enhance
the thermal stability of the phosphor by reducing thermally activated
non-radiative  pathways, which will be verified by the
temperature-dependent photoluminescence and activation energy
analysis presented in Section 3.6.

These results demonstrate that alkali co-doping is an effective
strategy for tuning the luminescence performance of BaZr(BOs)zEu® *
phosphors, with Na* providing the most favorable balance between
charge compensation and lattice compatibility. The observed trends are
consistent with previous reports on alkali-assisted enhancement in rare-
earth-doped borate and oxide phosphors. These results are consistent
with the charge-compensation and defect-control strategy outlined in
the introduction, confirming that alkali co-doping effectively suppresses
non-radiative pathways and enhances radiative recombination effi-
ciency in Eu® *-activated phosphors.

3.7. Thermal stability, thermal quenching mechanism, and activation
energy

The temperature-dependent photoluminescence (PL) spectra of BaZr
(BO3)2:3 wt%Eu® * and alkali co-doped samples (K*, Li*, and Na*) were
systematically recorded over the temperature range of 300-550 K under
393 nm excitation, as depicted in Fig. 7(a—e). For the 3 wt% Eu® *-doped
sample (Fig. 7a), the corresponding normalized emission profiles
(Fig. 7e) reveal that the characteristic Eu®* transitions (°Do—7Fy, J =
0-4) are preserved over the entire temperature range, indicating that
heating does not modify the underlying emission mechanism but mainly
reduces the overall emission intensity.

With increasing temperature, a gradual decrease in PL intensity is
observed for all samples, which is attributed to thermally activated non-
radiative relaxation processes. In the undoped sample, a pronounced
thermal quenching behaviour is observed above ~390 K, as shown in
Fig. 7e. The effect of alkali co-doping on thermal stability can be directly
compared from the normalized PL intensity retention curves shown in
Fig. 7(e). For the K* co-doped sample (Fig. 7 b), the emission intensity
shows improved retention at elevated temperatures compared to the
undoped sample. A similar trend is observed for Li* co-doping (Fig. 7 (c),
although the improvement is relatively limited.

In contrast, the Na* co-doped sample (Fig. 7 (d) exhibits the highest
thermal-intensity retention among the investigated samples. These re-
sults indicate that Na* co-doping provides comparatively improved
thermal stability within the investigated alkali-ion series. In addition, a
noticeable sharpening of the emission lines is observed for Li* and
particularly Na* co-doped samples (Fig. 7(d—e)), which can be attributed
to a more uniform local environment around Eu®* ions and reduced
inhomogeneous broadening resulting from improved lattice ordering
and defect suppression.

The observed improvement in thermal stability upon alkali co-
doping is likely associated with charge compensation effects and
reduced defect-assisted non-radiative relaxation. The incorporation of
monovalent ions (Li*, Na*, K*) may reduce the concentration of cation
vacancies and oxygen-related defects that act as non-radiative recom-
bination centers. Consequently, thermally activated energy migration to
these quenching centers is suppressed, resulting in improved emission
stability. This suppression of energy migration to defect centers is known
to increase the activation energy for thermal quenching and leads to a
more gradual decrease in PL intensity with temperature, consistent with
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the flatter I(T) curves observed for alkali co-doped samples. It is also
noted that the relative intensity of the *Do—"Fa transition (~702 nm) is
more pronounced in the Eu® * doped and K* co-doped samples (Fig. 7 (a,
b)), whereas it decreases in Li* and Na* co-doped samples (Fig. 7 (c,d)).

This behavior suggests that alkali co-doping modifies not only the
crystal field around Eu® * ions but also their site distribution and local
coordination, leading to changes in the relative intensity of the *Do—"Fa
transition through combined effects of crystal field strength and Stark
splitting [25,57]. Furthermore, alkali co-doping increases local asym-
metry and Eu-O covalency, enhancing the electric-dipole *Do—7F2
transition and reducing thermal quenching, which is consistent with the
increased emission intensity and higher Judd-Ofelt Q- values [18,21].

In particular, the more clearly resolved Stark splitting of the SDo—"F>
transition in the Na* co-doped sample (Fig. 7e) indicates a stronger
crystal field interaction and lower site symmetry, which further supports
the presence of a more asymmetric and well-defined local environment
around Eu®* ions [55]. This sharpening and improved resolution of
Stark components is consistent with previous reports on Eu® *-activated
borates and perovskites, where enhanced local structural order and
more well-defined Eu®* site occupancy result in narrower °Do—7F2
emission lines and are typically correlated with higher Judd-Ofelt Q-
parameters [2,52].

To quantitatively compare the thermal stability of the investigated
phosphors, the normalized PL intensities at 450 K were evaluated. The
undoped BaZr(BOs)2:3 wt%Eu® * sample retains approximately 13% of
its initial room-temperature emission intensity at 450 K, whereas the K*-
, Li*-, and Na*-co-doped samples retain about 16%, 21%, and 36%,
respectively. These results indicate that alkali-ion co-doping improves
the thermal stability of the phosphor by suppressing thermally activated
non-radiative relaxation pathways. Among the investigated co-dopants,
Na* exhibits the highest thermal-intensity retention, which may be
associated with a more favorable balance between charge compensa-
tion, lattice compatibility, and reduced defect-assisted non-radiative
relaxation.

The distinct thermal quenching behavior observed for the Na*- and
K*-co-doped samples can be rationalized in terms of alkali-related defect
chemistry. Systematic studies on Eu® * phosphors show that alkali co-
doping modifies the defect landscape by reducing vacancy concentra-
tions and limiting energy migration toward quenching centers, thereby
suppressing defect-assisted non-radiative recombination [79]. In our
system, Na* provides a more favorable balance of charge compensation
and lattice compatibility, which enables more efficient defect suppres-
sion than K*, consistent with reports that Na* co-doping yields the most
balanced enhancement of luminescence and thermal performance
among Li*/Na*/K* series in Eu® *-activated borates and related hosts
[22]. Therefore, the improved thermal stability of the Na*-co-doped
composition is tentatively attributed to more effective suppression of
vacancy-type defects (e.g., oxygen or cation vacancies) and a reduced
probability of non-radiative relaxation at elevated temperatures.

The improved thermal stability plays a critical role in enabling
practical solid-state lighting applications. A detailed investigation of the
thermal quenching mechanism and activation energy is discussed in the
subsequent section.

To quantitatively evaluate the thermal quenching behavior, the
activation energy (Ea) was estimated using the Arrhenius equation:

In[(Io/I) —1] = InA —E,/(kT) 5)
where Io and I are the emission intensities at room temperature and at
temperature T, respectively, k is the Boltzmann constant, and A is a
constant. The plots of In[(Io/I) — 1] versus 1/kT for BaZr(BOs)2:3 wt%
Eu® * and alkali co-doped samples are shown in Fig. 8(a—d). The acti-
vation energy was determined from the slope of the linear fitting. The
obtained slopes are —0.523, —0.398, —0.258, and —0.264 for the Eu® *-
only, K*, Li*, and Na* co-doped samples, respectively, corresponding to
activation energies of approximately 0.52, 0.40, 0.26, and 0.26 eV.
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Fig. 8. Temperature dependent Arrhenius plots of In[(Io/I) — 1] as a function of 1/KT for (a) BaZr(BOs)2:3 wt%Eu® *, (b) 5 wt% K* co-doped, (c) 5 wt% Li* co-doped,

and (d) 5 wt% Na* co-doped samples.

The Eu® *-only sample exhibits the highest activation energy; how-
ever, it shows the most pronounced thermal quenching behavior. In
contrast, alkali co-doped samples display lower activation energies but
significantly improved thermal stability, indicating that activation en-
ergy alone does not fully govern thermal quenching behavior.

This apparent discrepancy can be explained by considering defect-
assisted non-radiative relaxation pathways. Alkali co-doping modifies
the defect landscape by reducing vacancy concentrations and limiting
energy migration toward quenching centers. As a result, even with
slightly lower activation energies, the co-doped samples exhibit
improved thermal stability due to reduced non-radiative recombination
probability.

Among the co-doped samples, Na* and Li* exhibit similar activation
energies (~0.26 eV), while K* shows a moderately higher value
(~0.40 eV). Despite this, Na* co-doping demonstrates the best thermal
stability, suggesting that efficient defect suppression and improved local
structural ordering play a more dominant role than activation energy
alone. The superior performance of Na* co-doping can be attributed to
its favorable ionic radius and better lattice compatibility, which enables
more efficient defect compensation compared to Li* and K*. Similar
behavior has been reported in Eu® *-activated borate and perovskite
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systems, where Na* co-doping leads to enhanced thermal stability due to
improved local structural ordering and more effective suppression of
non-radiative centers [20,72].

These results confirm that alkali co-doping enhances thermal sta-
bility primarily through defect control and suppression of non-radiative
pathways, rather than solely increasing the activation energy barrier.
This behavior is consistent with previous studies on Eu® *-activated
phosphors, where activation energy is not always the sole factor gov-
erning thermal stability. In many oxide and borate hosts, thermal
quenching has been shown to strongly depend on non-radiative path-
ways associated with defects and energy migration processes [56,70,
72]. In particular, Eu® * substitution into divalent cation sites often in-
troduces charge imbalance and cation vacancies, which act as
non-radiative recombination centers [72].

Alkali co-doping (Li*, Na*, K*) has been widely reported to effectively
compensate this charge imbalance, suppress defect-related quenching
centers, and consequently improve both luminescence intensity and
thermal stability [80,81]. In such systems, the improvement in thermal
performance is primarily attributed to defect control and reduced energy
migration to quenching centers, rather than solely to an increase in
activation energy [82].
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More specifically, similar behavior has been reported in Eu® *-acti-
vated phosphors with alkali co-doping. In SrLaNaTeOe:Eu® *,M* systems,
Li*/Na*/K* co-doping effectively compensates the charge imbalance
arising from Eu® *—Sr?* substitution, thereby suppressing defect-related
quenching, with Na* providing the best performance due to its optimal
ionic radius matching with Sr?* [72]. A similar “self-compatible Na*”
effect has also been reported in Na1sSr2Ta2(POa)e:Eu® *,A* phosphors,
where Na* co-doping leads to superior luminescence performance [20].

In addition, studies on GAPO4+:Eu?® *,A* systems have shown that the
choice of alkali ion significantly influences both emission intensity and
thermal stability through its impact on local structure and defect
chemistry [73]. Likewise, in KsY(BO2)e:Eu® *,Li*/Na* phosphors, alkali
co-doping has been reported to enhance both activation energy and
thermal stability, further confirming the crucial role of defect compen-
sation and local structural modification in controlling thermal quench-
ing behaviour [70].

3.8. Comparative performance analysis with previously reported Eu3 + -
activated red phosphors

To further evaluate the luminescence performance and application
potential of the present BaZr(BO3),:Eu",A* (A = Li*, Na*, K*) phos-
phors, a comparative analysis with representative Eu*-activated red
phosphors previously reported for near-UV excited WLED/pc-WLED
applications was carried out, as summarized in Table 4. Recent studies
have demonstrated that Eu®'-activated borate- and oxide-based phos-
phors can exhibit excellent color purity, high quantum efficiency, and
remarkable thermal stability through various structural engineering
approaches, including alkali-ion co-doping, energy-transfer regulation,
concentration-quenching suppression, and local symmetry distortion.
For example, LaScs(BOs)s:Eu®" phosphors exhibited zero-thermal-
quenching behavior with a high quantum efficiency of 88.3%, while

Table 4
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Gd(BO2)3-Y3BOe-GdBOs:Eu®t phosphors achieved an exceptionally
high color purity of 99.5%. Similarly, Ba3LU2B6015:Eu3+ phosphors
retained nearly 98% of their room-temperature emission intensity at
450 K due to one-dimensional structural confinement.

Compared with these studies, the present BaZr(BOs)y:Eu®" A™
phosphors provide a distinct advantage in terms of systematic alkali-
assisted luminescence engineering and comprehensive structur-
e-property correlation analysis. In particular, the simultaneous com-
parison of Li*, Na*, and K' co-doping effects within the same host
lattice reveals the critical role of alkali-ion radius and charge compen-
sation in regulating local symmetry, Eu-O covalency, defect formation,
and non-radiative relaxation pathways. Among the investigated sam-
ples, Na+ co-doping resulted in the most balanced luminescence per-
formance, yielding approximately 12-fold emission enhancement
together with improved thermal stability and favorable chromaticity
characteristics. Furthermore, the combined use of Judd-Ofelt analysis,
TRPL measurements, and thermal quenching analysis provides deeper
insight into the relationship between defect suppression and radiative
efficiency, demonstrating that thermal stability is governed not only by
activation energy but also by the reduction of defect-assisted non-radi-
ative recombination pathways.

Although several previously reported Eu®"-activated red phosphors
exhibit higher color purity or quantum efficiency values, the present
BaZr(BOs),:Eu®",A+ phosphors provide a more comprehensive mech-
anistic understanding of alkali-assisted luminescence enhancement in
borate hosts. In particular, this work presents a systematically bench-
marked alkali-series study within a single host lattice combined with
Judd-Ofelt analysis, TRPL characterization, and thermal quenching
analysis. This comprehensive approach enables direct correlation be-
tween alkali-ion radius, Eu-O covalency, defect chemistry, and
radiative/non-radiative relaxation dynamics, demonstrating that alkali-
ion charge compensation is an effective strategy for simultaneously

Comparison of photoluminescence performance, quantum efficiency, and thermal stability parameters of representative Eu3 + -activated red phosphors reported for

near-UV excited WLED applications.

No.  Phosphor Excitation Main Color IQE/QE Thermal Stability Special Feature / Mechanism Ref.
Composition (nm) Emission Purity (%)
(nm) (%)
1 K7SrY2(BsOno)a:Eu® *Li* 394 612 97.7 — Ea =0.190 eV Li*-induced local symmetry distortion [25]
and enhanced Q2
2 LiCaYs(BOs)e:Eu® *, 231 / UV-NUV Red & Green — — Good thermal behavior Tb?® *-Eu® * energy transfer and [83]
Tb®* tunable emission
3 CasY(AlO3)(BOs)a:Eu® * 397 621 90 88 76.3% at 150 °C High-efficiency thermally stable red [84]
phosphor
4 BasPeO20:Eu’® *,A* (Li*/ 393 612 — 37.5 93.5% at 423 K Alkali charge compensation improves [18]
Na*/K*) PL and thermostability
5 KsY(BO2)s:Eu® *,Li*/Na* 612 excitation 612 — — Ea = 0.1389-0.2536 eV Alkali-enhanced PL and abnormal [70]
emission thermal stability
system
6 GdAls(BOs)a:Dy® “Eu** UV Visible — ET — Dy® *—Eu® * energy transfer [85]
region efficiency
84%
7 LaMgBsO1o:Eu® *,A* — Far-red — — Anti-thermal quenching Alkali-induced redistribution of [56]
enhanced oscillator strength
8 BasLuzBsO1s:Eu® * 398 593 97.5 ~53 ~98% intensity retained at ~ One-dimensional structural [86]
450 K confinement suppresses concentration
quenching
9 LisYsBaSr(MoOa)s: NUV / Blue Deep red 88.5 — 87% retained at 400 K Narrow-band deep-red emission for [87]
Sm® *Eu®* (645) plant growth LEDs
10 Gd 394 612 99.5 58.4 Ea =0.319eV Heavy Eu® * doping with excellent [88]
(BO2)5-Y3BOe-GdBOs: color purity
Eu3 +
11 NasY(BOs)2:Tb® *,Eu * 395 Red 84.7 83.5 95% retained at 450 K Efficient Tb® *—Eu® * ET and narrow- [89]
emission band red emission
12 BasLusOo:Eu® * 396 614 98 82 64% retained at 423 K High color purity and high QE warm- [90]
WLED phosphor
13 BaZr(BOs)z:Eu® *,Li*/ 393 612 Up to 86 — Improved thermal stability ~ Systematic alkali-dependent charge This
Na*/K* via defect suppression compensation, JO analysis, TRPL, and  work
defect-assisted thermal quenching
mechanism
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tuning emission intensity, local asymmetry, radiative dynamics, and
thermal robustness in near-UV-excited red phosphors.

3.9. Photoluminescence decay and lifetime analysis

Time-resolved photoluminescence decay curves of BaZr(BOs)2:Eu® *
and alkali co-doped samples were obtained under 393 nm excitation
(Fig. 9), revealing non-single-exponential behavior that was well
described by a bi-exponential fitting function:

t t
I(t) :Alexp( 72) +Azexp(—g)

where t; and Tty correspond to the fast and slow decay components,
respectively, and A; and A, represent their relative contributions. The
average lifetime (tayg) was calculated using:

(6)

A]T% + Az‘[%

= 7
A1T1 +A2T2 ( )

Tavg

The fitted parameters and calculated average lifetimes are summa-
rized in Table 5. The obtained y? values (~1.13-1.22) indicate excellent
agreement between the experimental decay profiles and the bi-
exponential fitting model, confirming the reliability of the lifetime
analysis.

The obtained lifetimes are 1.714 ms for BaZr(BOs)2:0.01Eu®*,
1.785 ms for 0.03Eu® *, 2.263 ms for K* co-doped, 1.637 ms for Li* co-
doped, and 1.927 ms for Na* co-doped samples. These values fall
within the typical range reported for Eu® *-activated borate phosphors
and are in good agreement with previously reported lifetimes
(1.35-1.82 ms) for BaZr(BOs)2:Eu® * systems [12].

The presence of bi-exponential decay behavior suggests that Eu®*
ions occupy slightly different local environments or are influenced by
defect-related energy transfer processes. The fast decay component ()
is generally attributed to defect-assisted non-radiative relaxation pro-
cesses, whereas the slow component (t3) corresponds to intrinsic radi-
ative recombination of Eu® * ions.

A clear dependence of lifetime on alkali co-doping is observed. The
K*-co-doped sample exhibits the longest lifetime (2.263 ms), indicating
a suppression of non-radiative decay pathways and improved radiative
efficiency. In contrast, the Li*-co-doped sample shows a shorter lifetime
(1.637 ms) despite exhibiting a high asymmetry ratio and enhanced
electric-dipole transition probability. This behavior suggests that while
Li* incorporation strongly distorts the local environment and enhances
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radiative transitions, it may simultaneously introduce lattice defects or
energy transfer channels that increase non-radiative relaxation.

The Na*-co-doped sample exhibits intermediate behavior, indicating
a balance between structural distortion and defect formation. The
relatively small variation in lifetimes among the samples confirms that
the primary emission mechanism remains unchanged, while the effi-
ciency is governed by the competition between radiative and non-
radiative processes.

These results are fully consistent with the Judd-Ofelt analysis pre-
sented in Section 3.11. In particular, the K*-co-doped sample, which
shows moderate Q- values, exhibits the longest lifetime, indicating
reduced non-radiative losses. Conversely, the Li*-co-doped sample,
characterized by a significantly enhanced Q- parameter, shows a shorter
lifetime, highlighting that increased local asymmetry does not neces-
sarily lead to improved luminescence efficiency. This demonstrates that
an optimal balance between symmetry breaking and defect suppression
is essential for achieving high-performance Eu® *-activated phosphors.
These findings further confirm that the luminescence performance is
governed by the competition between radiative and non-radiative pro-
cesses, where defect suppression plays a more critical role than local
symmetry enhancement alone.

3.10. Chromaticity coordinates and color purity evaluation

The emission-derived chromaticity coordinates of BaZr(BOs)2:Eu®*
phosphors with different Eu®* concentrations and alkali co-doping
levels were projected onto the CIE 1931 color space (Fig. 10 (a-d)).
The calculated x-y coordinates, correlated color temperature (CCT), and
color purity (CP) values are presented in Table 6.

As listed in Table 6, all samples exhibit chromaticity coordinates
located in the red region (x ~ 0.53-0.63, y =~ 0.28-0.35), confirming
that the emission is dominated by the hypersensitive >Do—’Fatransition
of Eu®* ions. The Eu®* concentration series shows a slight shift in
chromaticity coordinates with increasing dopant content, while the
color purity varies from 60% to 81%, reaching a maximum at higher
Eu®* concentrations. This indicates that concentration tuning can
enhance emission purity without significantly altering the emission
color.

For the K* co-doped compositions, the CIE chromaticity coordinates
exhibit a broader dispersion (x ~ 0.47-0.62, y ~ 0.28-0.34), together
with a marked enhancement in color purity from 41% to 85% as the K*
content increases. This systematic evolution evidences that K*

1x10° -
O Experimental

1= Bi-exponential fit

1x10*

Counts

1x10° 4

[

BaZr(BO,),:0.01Eu’
BaZr(BO,),:0.03Eu™
BaZr(BO,),:0.03Eu™,0.05K'
BaZr(BO,),:0.03Eu ,0.05Li
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(2

(3

BaZr(BO,),:0.03Eu™,0.01Na"

4 5 6 7
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Fig. 9. Photoluminescence decay curves of BaZr(BOs)z:Eu® * and alkali co-doped samples monitored at 612 nm under 393 nm excitation. Open circles represent the
experimental decay data, while the solid lines correspond to the bi-exponential fitting curves.
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Table 5
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Decay parameters of BaZr(BOs)z:Eu® * and alkali co-doped samples obtained from bi-exponential fitting of photoluminescence decay curves. The fast (1) and slow (1)
components, their relative contributions (Rel.%), average lifetime (tayg), and fitting quality (Xz) are listed.

Time(ps) Rel.% Tavg(ms) xz

]3€:er(303)2:0.01Eu34r T 33.588 + 0.034 19.49 £+ 0.02 1.714 £+ 0.002 1.1597 + 0.003
Ty 1754.862 + 1.755 80.51 + 0.08

BaZr(BO3),:0.03Eu>" T 451.412 + 0.451 33.58 +0.03 1.785 + 0.007 1.1664 + 0.004
Ty 2459.940 + 2.460 66.42 + 0.07

BaZr(BOs)2:0.03Eu*,0.05 K* T 449.212 + 0.449 27.65 + 0.03 2.263 + 0.009 1.1309 + 0.002
Ty 2403.156 + 2.403 72.35 + 0.07

BaZr(BO5)2:0.03Eu’",0.05Li" T 32.873 + 0.033 34.56 + 0.03 1.637 + 0.002 1.1377 + 0.002
Ty 1722.868 + 1.723 65.44 + 0.07

BaZr(BO3),:0.03Eu>",0.05Na" (31 29.984 + 0.030 58.84 + 0.06 1.927 + 0.004 1.2186 + 0.005
T2 2033.622 + 2.034 41.16 + 0.04

incorporation is highly effective in optimizing the red-emission char-
acteristics, primarily through the suppression of non-radiative recom-
bination channels and the concomitant promotion of radiative transition
probability. The proposed mechanism is corroborated by photo-
luminescence decay analyses, which reveal noticeably prolonged
excited-state lifetimes in the K* co-doped samples, thereby confirming
that K* co-doping not only boosts the emission intensity but also im-
proves the overall optical robustness of the phosphor.

In contrast, the Li*-co-doped samples show moderate fluctuations in
chromaticity coordinates (x ~ 0.43-0.61, y =~ 0.29-0.35) and color pu-
rity values ranging from 31% to 81%. The relatively lower color purity
at low Li* concentrations may be attributed to increased structural
distortion and defect formation, which can affect emission uniformity.
However, at higher Li* concentrations, the color purity improves, indi-
cating a partial stabilization of the emission process.

The Na*-co-doped samples exhibit relatively stable chromaticity co-
ordinates (x ~ 0.51-0.63, y ~ 0.28-0.35) with consistently high color
purity values (55%-86%). Notably, the highest color purity (~86%) is
achieved at intermediate Na*' concentrations, suggesting an optimal
balance between local symmetry modification and defect suppression.

The correlated color temperature (CCT) values listed in Table 6 fall
within the range of ~1600-2200 K, indicating warm red emission
suitable for solid-state lighting and display applications. The observed
variations in chromaticity coordinates and color purity are consistent
with the Judd-Ofelt analysis, where changes in the Q. parameter reflect
modifications in local asymmetry and electric-dipole transition
probability.

The variations observed in the chromaticity coordinates among
different samples are mainly associated with changes in the local crystal-
field environment and symmetry around Eu® * ions induced by alkali co-
doping and concentration-dependent structural distortion. Different al-
kali ions (Li*, Na*, and K*) produce different degrees of charge
compensation, local asymmetry, and defect regulation, thereby modi-
fying the relative intensities of the Eu® * magnetic-dipole (5D0—>7F1) and
electric-dipole (5D0—>7F2) transitions [91]. Since the hypersensitive
5Dy—"F: transition strongly depends on the local symmetry and Eu-O
covalency around Eu® * ions, even moderate changes in lattice distortion
and crystal-field strength can result in noticeable shifts in the calculated
CIE chromaticity coordinates [91,92].

In addition, variations in Eu® * concentration and alkali-ion content
may alter the balance between radiative and non-radiative relaxation
pathways, leading to changes in the relative emission-band intensities
rather than fundamentally different emission colors [93]. Therefore, the
observed chromaticity-coordinate shifts are attributed to systematic
modifications of local symmetry, crystal-field strength, and defect pop-
ulations around Eu® * ions caused by alkali-ion incorporation [91,92].

Overall, the results demonstrate that both Eu®* concentration and
alkali co-doping enable fine tuning of emission color, color purity, and
thermal characteristics without significantly altering the dominant red
emission, highlighting the potential of BaZr(BOs)2:Eu® * phosphors for
optoelectronic applications.
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3.11. Judd-Ofelt analysis and radiative properties of Eu®* emission

To quantitatively evaluate the radiative properties and local coor-
dination environment of Eu®* ions in BaZr(BOs)- and alkali co-doped
samples, a modified Judd-Ofelt (J-O) analysis was performed based
on the emission spectra [94,95]. In Eu® *-activated systems, the 5Do—"F4
transition is predominantly of magnetic-dipole (MD) character and is
largely insensitive to the local crystal field, whereas the *Do—’F2 and
SDo—Fa transitions are electric-dipole (ED) allowed and strongly
dependent on-site symmetry and covalency. Therefore, the *Do—’Fj
transition was used as an internal reference for the determination of
radiative parameters.

The spontaneous emission probability of the magnetic-dipole tran-
sition is expressed as:
Aup (*Do—"Fy) = AV n? (8)
where A;V,Ol)) = 14.65s71is the spontaneous emission probability in vac-
uum and n is the refractive index of the host matrix. For the present
borate system, n = 1.75 was adopted as a reasonable approximation.

The radiative transition probabilities for other transitions were
determined relative to the magnetic-dipole transition using the experi-
mentally integrated emission intensities:

I 17
Aoy = Ay (%) <ﬂ>
01 Yoy

where I y and Ip; are the integrated emission intensities of the SDo—"F;
and °Do—’F1 transitions, respectively, and v is the corresponding
transition energy (cm™). The experimental transition oscillator
strengths were determined from the integrated emission intensities of
the Eu® * emission bands relative to the magnetic-dipole *Do—F+ tran-
sition. The experimentally obtained transition probabilities were sub-
sequently analyzed within the framework of Judd-Ofelt theory to
determine the Q. and Q. intensity parameters. According to the
Judd-Ofelt theory, the radiative transition probability for electric-dipole
transitions can be expressed as [94,96,97]:

©)

64 45,2,3
e’y ){edQA|<7F1||[N) ||5D0> |2

Ao =7+ 1)

(10

where e is the electron charge, h is Planck’s constant, and Q) (1=2,4) are
the Judd-Ofelt intensity parameters. The local field correction factor yeq
is given by [98,99]:

1D

The squared reduced matrix elements |("F||{U% ||°Do) |2are host-
independent constants taken from the literature. In the present
emission-based analysis, Q2 and Q. parameters were reliably determined
from the ®Do—’F2 and °Do—"Fa transitions, respectively, while Qs was
not evaluated due to the absence of a measurable *Do—Fe transition.
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O'n
BaZr(BO3)::xEu®" X y
A 0.005 0.5776 0.3430
B 0.01 0.5388 0.3424
C 0.02 0.5673 0.3381
D 0.03 0.6033 0.3313
E 0.05 0.5919 0.3329
F 0.07 0.6082 0.3513
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Fig. 10. CIE 1931 chromaticity diagrams of BaZr(BOs)z:Eu® * phosphors showing the effect of (a) Eu® * concentration, (b) K* co-doping, (¢) Li* co-doping, and (d) Na*

co-doping on emission color coordinates.
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Table 6

CIE 1931 chromaticity coordinates (x, y), correlated color temperature (CCT),
and color purity (CP%) of BaZr(BOs)z:Eu® * phosphors as a function of Eu®*
concentration and alkali co-doping (K*, Li*, Na*).

Eu®* content (wt%) x y CCT Color Purity (CP)%
x = 0.05 0.5776 0.3430 1754 72
x=1 0.5388 0.3424 1623 60
x=2 0.5673 0.3381 1738 69
x=3 0.6033 0.3313 2147 79
x=5 0.5919 0.3329 1996 76
x=7 0.6082 0.3513 1866 81
K" content (wt%) x y CCT Color Purity (CP)%
y=0.05 0.4670 0.2890 1622 41
y=1 0.5129 0.3033 1734 53
y=2 0.5861 0.3284 2018 74
y=3 0.5998 0.3343 2050 78
y=5 0.6222 0.3416 2143 85
y=7 0.5845 0.3279 2010 74
Li* content (wt%) x y CCT Color Purity (CP)%
y=0.5 0.4298 0.2930 1886 31
y=1 0.5338 0.3206 1701 59
y=2 0.5265 0.3369 1620 57
y=3 0.5133 0.3436 1652 53
y=5 0.6106 0.3547 1843 81
y=7 0.5231 0.3422 1626 56
Na™ content (Wt%) x y CCT Color Purity (CP)%
y=0.05 0.5149 0.2815 2228 55
y=1 0.5970 0.3530 1775 77
y=2 0.5522 0.3268 1753 64
y=3 0.6110 0.3317 2227 81
y=5 0.6277 0.3497 2050 86
y=7 0.6098 0.3432 1993 81

The total radiative transition probability is obtained by summing
over all transitions:

Ard =Y Ao (12)
J
The branching ratio for each transition is defined as:
AOJ

B, = 13)
/J ZJAOJ

The radiative lifetime of the Do level is given by:

a4

Trad = 35—
Amd

By comparing the experimental lifetime (tey,) obtained from decay
measurements with the calculated radiative lifetime, the internal
quantum efficiency can be estimated as:

_ Texp

= (15)
Trad
and the non-radiative decay rate is expressed as:
1 1
Ap = -—— 16)
Texp Trad

In addition, the asymmetry ratio, which provides a direct measure of
the local site symmetry around Eu®*, is defined as:

I(°Dy—"Fs)
R=— -+ a7
Dy—"F;

Table 7

Asymmetry ratios of Eu® * emission transitions.
Sample 1(°Dg—"F;) 1(°Dg—"F5) R
BaZr(BOs)z:Eu® * 27.805 16.008 0.576
+K* 32.025 23.830 0.744
+Li* 22.597 154.779 6.849
+Na* 27.653 28.381 1.026
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Table 8
Radiative transition probabilities and Judd-Ofelt parameters.
Sample  A(°Dy—"F,) A(CDo—"F4) Q2 (x10°2° Qa4 (x1072°
s (s cm?) cm?)
Eu®* ~45 ~60 ~2.1 ~3.5
+K* ~58 ~62 ~2.6 ~3.6
+Li* ~540 ~85 ~22.5 ~4.8
+Na* ~80 ~68 ~3.8 ~3.9

A higher value of R indicates a lower symmetry and stronger covalent
environment around Eu® * ions.

The asymmetry ratio R=I (5D0—>7F2) / I(5D0—>7F1), derived from the
integrated emission intensities, provides a direct indication of the local
site symmetry around Eu® * ions. The calculated values are summarized
in Table 7.

As shown in Table 7, the asymmetry ratio increases significantly
upon alkali co-doping, reaching a maximum value in the Li*-co-doped
sample. This indicates a pronounced reduction in local symmetry and a
strong enhancement of electric-dipole transitions. In contrast, Na* and
K* co-doping result in moderate and relatively weak symmetry distor-
tion, respectively. The observed variation in Q- values among the alkali
co-doped samples can be attributed to differences in ionic radius, local
lattice distortion, and charge-compensation behavior induced by the
alkali ions. Since Q- is highly sensitive to the local asymmetry and
covalency around Eu® * ions, larger Q- values indicate stronger crystal-
field perturbation and lower local symmetry. In particular, Li* co-
doping produces the highest Q. value because the small ionic radius of
Li* induces stronger local lattice distortion and modifies the Eu-O co-
ordination environment more effectively than Na* and K* ions. This
enhanced local asymmetry increases the electric-dipole character of the
*Do—"F> transition and strengthens Eu-O covalency. In contrast, K* ions,
owing to their larger ionic radius, introduce comparatively weaker local
crystal-field perturbation, resulting in relatively lower Q- values. The
intermediate Q. behavior observed for Na* co-doping suggests a
balanced interplay between local symmetry breaking, lattice compati-
bility, and defect suppression.

Using a refractive index of n=1.75, the spontaneous emission
probability of the magnetic-dipole transition was calculated as
Amp= 78.5 s~!. The radiative transition probabilities for the electric-
dipole transitions were obtained from the integrated emission in-
tensities and are summarized in Table 8. The Qs parameter was not
evaluated in the present work due to the absence of a measurable
Do—"Fe transition in the emission spectra. Although this transition is
energetically allowed for Eu® * ions, it is typically very weak and located
in the near-infrared region (=750-830 nm), often outside the detection
range or below the sensitivity limit of conventional spectroscopic mea-
surements. As a result, emission-based Judd-Ofelt analyses of Eu®*
systems commonly rely only on the *Do—’Fz and ®Do—F4 transitions to
determine Q- and Q4 parameters, while Qs is generally not reported or is
treated as negligible [100,101].

The Q- parameter exhibits a pronounced increase in the Li*-co-doped
sample, confirming a strong enhancement of local asymmetry and Eu-O

Table 9

Radiative (Araq) and non-radiative (A,,) decay rates, radiative and experimental
lifetimes, internal quantum efficiency (1), and branching ratios (f;) of BaZr
(BOs)2:Eu® * and alkali co-doped samples.

Sample (Arad) (Any) (Trad) (Texp) m B B
™ ™ (ms) (ms)
BaZr 180 378.4 5.50 1.785 0.32 0.50 0.06
(BOs)2:
EuS +
+K* 200 241.9 5.00 2.263 0.45 0.55 0.06
+Li* 700 —88.4* 1.43 1.637 1.14 0.71 0.07
+Na* 230 286.4 4.30 1.927 0.45 0.52 0.07
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covalency. In contrast, the Qs parameter shows only minor variation
across all samples, indicating that the long-range structural framework
remains largely unchanged. This distinction clearly demonstrates that
alkali co-doping primarily modifies the short-range coordination envi-
ronment around Eu® * ions rather than altering the global crystal struc-
ture. These findings are in good agreement with the Rietveld refinement
results, which confirm phase purity and structural stability. The total
radiative transition rates and lifetimes are presented in Table 9. The
branching ratios further support the Judd-Ofelt analysis, with the
highest B2 value observed for the Li*-co-doped sample, indicating
enhanced electric-dipole transition probability and increased local
asymmetry around Eu® * ions. In contrast, the K*-co-doped sample ex-
hibits a comparatively lower f. value, consistent with reduced non-
radiative losses rather than increased asymmetry being the dominant
factor governing its luminescence behavior.

The Li*-co-doped sample exhibits a significantly higher radiative
transition rate, leading to a shorter calculated radiative lifetime. How-
ever, this enhancement does not directly translate into the longest
experimental lifetime. Instead, the K*-co-doped sample shows the
longest decay time, suggesting that reduced non-radiative losses play a
important role in this case. This interpretation is further supported by
the calculated non-radiative decay rates. The K*-co-doped sample ex-
hibits the lowest A, value (241.9s™1), which explains its longest
experimental lifetime. In comparison, the Na*-co-doped sample shows a
moderately higher Ay, but still lower than that of the Eu® *-only sample,
confirming that defect suppression plays a key role in improving lumi-
nescence efficiency. It should be noted that the negative A, value ob-
tained for the Li*-co-doped sample is not physically meaningful and
arises from an overestimation of the radiative transition probability in
the emission-based Judd-Ofelt analysis. Consequently, the derived
radiative parameters and internal quantum efficiency for this sample
should be interpreted qualitatively rather than as absolute values.

The internal quantum efficiency values further support this inter-
pretation. While most samples exhibit physically reasonable values
below unity, the Li*-co-doped sample yields an apparent > 1. This
unphysical result indicates an overestimation of radiative transition
probabilities arising from emission intensity normalization and the
inherent limitations of emission-based Judd-Ofelt analysis. In Eu®*
systems, emission-derived J-O parameters are known to be sensitive to
experimental conditions, limited transition sets, and uncertainties in
absolute intensity calibration, which may lead to systematic over-
estimation of radiative rates [102-104]. Therefore, the calculated n
values should be interpreted only in a comparative and qualitative
manner rather than as absolute efficiencies. Importantly, the key
outcome is the strong enhancement of local asymmetry (high Q) in the
Li*-co-doped sample, while lifetime and thermal analyses reveal the
presence of additional non-radiative relaxation pathways that limit the
overall luminescence efficiency.

The combined analysis reveals that alkali co-doping plays a dual role
in tailoring the photoluminescence properties of BaZr(BOs)z:Eu®*
phosphors. On one hand, Li* co-doping induces a strong distortion of the
local coordination environment, significantly enhancing the electric-
dipole transition probability and resulting in a substantial increase in
the Q- parameter. On the other hand, this strong distortion may simul-
taneously introduce defect states or local lattice strain that facilitate
non-radiative relaxation, thereby limiting the overall luminescence
efficiency.

In contrast, K* co-doping leads to a more moderate modification of
the local symmetry while effectively suppressing non-radiative decay
channels, as evidenced by the longer experimental lifetime. This sug-
gests that an optimal balance between symmetry breaking and defect
control is required to achieve high luminescence efficiency. The Na*-co-
doped sample exhibits intermediate behavior, indicating a trade-off
between these two competing effects.

Therefore, the results demonstrate that maximizing local asymmetry
alone is not sufficient for improving luminescence performance. Instead,
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the interplay between local structural distortion, covalency, and defect
chemistry must be carefully controlled. This insight provides a clear
strategy for designing high-performance Eu® *-activated borate phos-
phors through targeted co-doping approaches. The obtained Judd-Ofelt
parameters were further compared with previously reported values for
BaZr(BOs)2:Eu® * phosphors [12]. The Q2 and Q. values of the Eu-only,
K*- and Na*-co-doped samples are in good agreement with literature,
confirming the validity of the present emission-based analysis. In
particular, the Q4 values fall within the typical range reported for borate
hosts, indicating that the long-range structural framework remains
largely unaffected.

In contrast, the Li*-co-doped sample exhibits the highest apparent Q.
and asymmetry ratio, indicating a strongly distorted and covalent Eu-O
environment; however, as discussed above, this value should be inter-
preted qualitatively. Despite this strong local asymmetry, it is accom-
panied by a shorter lifetime and moderate thermal stability, suggesting
the presence of additional non-radiative channels. In contrast, K* co-
doping, with moderate Q- and R values, yields the longest lifetime and
improved thermal stability, consistent with effective suppression of non-
radiative decay pathways. Na* co-doping exhibits intermediate Q:
values but provides strong emission intensity and the best thermal sta-
bility, indicating an optimal balance between symmetry distortion,
radiative enhancement, and defect suppression.

These results demonstrate that Q- serves as a useful qualitative in-
dicator of local asymmetry, a higher Q. value does not necessarily
correspond to higher luminescence efficiency. Instead, optimal lumi-
nescence performance is achieved through a balance between local
structural distortion and defect control.

To place the present borate host in context, it is useful to compare its
performance with other Eu® *-activated borate matrices. For example,
Sr2LiScB4O1o:Eu® * exhibits intense red emission under 395 nm excitation
with suitable CIE coordinates and color purity for WLEDs [52].
LiBaBsO1s:Eu® * shows chromaticity coordinates close to standard red
and emission intensities comparable to commercial Y20s:Eu®*,
depending on the excitation wavelength [105]. Narrow-band NasY
(BO3)2:Tb® *,Eu® * red borates can reach quantum yields up to 83.5%
with excellent thermal stability and high color rendering in pc-WLEDs
[89]. Compared with these systems, the present Na*/K*-compensated
borate offers competitive red emission and thermal robustness, while
additionally providing a systematic view of alkali-assisted defect control
within a single host lattice.

4. Conclusions

This study demonstrates that the BaZr(BOs) host retains its trigonal
R3c structure upon Eu® * substitution and alkali co-doping, with only
minor local distortions that critically influence the Eu®* emission
environment. Concentration-dependent photoluminescence confirms
that an optimal Eu® * content of ~3 wt% provides the best balance be-
tween emission intensity and concentration quenching, which is gov-
erned by long-range dipole-dipole interactions between Eu' ions.
Alkali co-doping effectively compensates the charge imbalance associ-
ated with Eu®*—Ba*" substitution, suppressing cation vacancies and
oxygen-related defects that act as non-radiative recombination centers
and thereby enhancing both room-temperature efficiency and thermal
robustness. Among the investigated ions, Na* delivers the most signifi-
cant enhancement, yielding approximately twelve-fold higher emission
intensity and the strongest retention of luminescence at elevated tem-
peratures, while K* provides moderate improvement and Li* the weakest
effect. Judd-Ofelt analysis and lifetime measurements reveal that
optimal luminescence performance is achieved not by maximizing local
asymmetry alone, but by establishing an optimal balance between
symmetry breaking around Eu®* ions and the suppression of defect-
assisted non-radiative processes. Overall, Na* and K* compensated
BaZr(BOs)2:Eu® * phosphors are promising red-emitting materials for
near-UV/blue-pumped white LEDs. Their luminescence is governed by
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the interplay of local structural distortion, charge-compensated defect
chemistry, and radiative-nonradiative competition, rather than Q-
enhancement alone.
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