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ARTICLE INFO ABSTRACT

Ke}slwords: The coupled influence of thermal excitation and alkali co-doping on radiative branching, concentration
Tb>"-doped borate phosphors quenching, and emission redistribution in Th>*-activated borate phosphors remains insufficiently understood. In
KB40,

this work, K2B407:Tb>" phosphors were synthesized via solid-state reaction and systematically investigated to
establish a quantitative correlation between crystal structure, radiative branching behavior, and ratiometric
Radiative redistribution thermometric performance, with particular emphasis on Li*/Na' co-doping effects. X-ray diffraction and Riet-
Optical thermometry veld refinement confirm a single-phase tetraborate structure, while FTIR and Raman spectra verify preservation
Judd-Ofelt analysis of the mixed BO3-BO4 framework upon doping. Under 377 nm excitation, the phosphors show intense green
Temperature-dependent photoluminescence emission dominated by the Tb®" °D, — 7Fs transition, with an optimal activator concentration x = 0.03; con-
centration quenching analysis gives a critical transfer distance R. ~ 15.46 A, indicating multipolar inter-
action-driven non-radiative transfer at higher Tb®" contents. Judd-Ofelt analysis quantitatively links local site
asymmetry and covalency to radiative transition probabilities, providing a microscopic basis for both concen-
tration quenching and temperature-induced redistribution of branching ratios. Temperature-dependent photo-
luminescence reveals an unusual anti-correlated response: the dominant green emission undergoes conventional
thermal quenching, whereas a red band at ~670 nm increases by ~30-fold between 300 and 550 K, attributed to
thermally driven radiative branching redistribution within the D4 manifold assisted by phonon-mediated
symmetry relaxation. Arrhenius analysis yields an activation energy of ~0.28 eV for undoped K;B407:Tb%™,
which increases with Li* co-doping and decreases with Nat co-doping, reflecting opposite trends in lattice
stiffening and phonon coupling. Time-resolved spectroscopy and radiative rate analysis demonstrate that alkali
ions function as active crystal-field and phonon-coupling modulators rather than passive charge compensators,
simultaneously tuning defect-assisted non-radiative decay, multipolar interaction dynamics, and intra-manifold
branching behavior. Alkali co-doping markedly enhances emission intensity without significant chromaticity
drift. Collectively, the combined structural, spectroscopic, thermal, and radiative analyses converge to a unified
microscopic mechanism in which alkali-induced lattice perturbations simultaneously modulate multipolar
interaction dynamics, radiative branching probabilities, and thermal quenching barriers within the same excited
manifold. These findings provide a microscopic framework for alkali-controlled emission engineering and
demonstrate that controlled lattice perturbation enables simultaneous tuning of radiative efficiency and ther-
mally driven branching redistribution in a single-ion Tb®* system.
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1. Introduction

Inorganic borates have received considerable attention as promising
host lattices for luminescent materials owing to their excellent chemical
and thermal stability, high transparency in the UV-visible region, and
structural diversity that enables the incorporation of various rare-earth
(RE3+) ions [1-3]. Rare-earth (RE3+) ions are widely recognized for
their sharp 4f-4f transitions, long excited-state lifetimes, and emission
spanning the visible to near-infrared regions. These properties make
RE-doped materials highly attractive for solid-state lighting, display
technologies, optical thermometry, and laser applications. For instance,
Eu* and Sm®" are extensively employed in red-emitting phosphors and
display systems, while Er>* and Yb>" are widely used in infrared and
upconversion-based thermometric platforms. Dy3+ and Tb®* ions are
particularly valued for their temperature-sensitive green-yellow emis-
sions and high color purity. Recent studies have demonstrated the
multifunctional optical potential of RE-doped oxide and glass systems
for tunable emission and temperature sensing applications [4-8].
Among these borate hosts, KoB407 combines a wide band gap (~7 eV),
relatively low effective phonon energy, and a non-hygroscopic, struc-
turally stable tetraborate framework, making it an attractive host for
efficient rare-earth photoluminescence [9]. The flexible [B4O7] 2
framework, consisting of corner-shared BO3 and BO4 units, provides
multiple coordination sites capable of accommodating activator ions
with different ionic radii while preserving the structural integrity of the
crystal lattice [1]. However, despite these favorable structural and op-
tical characteristics, potassium tetraborate (K2B4O7) has so far been
investigated predominantly in the context of thermoluminescence ap-
plications, particularly when activated with ions such as Cu, Ag, Mn, and
Dy [10,11]. Consequently, its photoluminescence behavior—especially
under alkali-assisted rare-earth activation—has not yet been systemat-
ically explored, making a comprehensive investigation of
rare-earth-doped KyB407 highly warranted. Several other borate hosts
with the same [B407] structural motif, such as CaB407 [12-14], SrB40;
[15], and MgB4O; [16], have also been explored as luminescent
matrices. Despite their favorable properties, these alkaline-earth borates
often exhibit relatively limited flexibility for aliovalent substitution
without introducing compensating defects, owing to their comparatively
rigid lattice frameworks. In contrast, K;B40O; offers superior structural
adaptability and ion-exchange capability, allowing fine-tuning of the
local environment around RE>" activators. The presence of large K sites
facilitates the incorporation of smaller monovalent ions such as Li* or
Na', making it an ideal platform to study co-doping effects and
structural-luminescent correlations.

Rare-earth ion doping, particularly with trivalent terbium (Tb®"),
has been widely adopted as an efficient strategy for producing intense
green emission through the characteristic 5D4—>7F_J J=6,5,4,3)
transitions. Owing to its well-separated excited states and high color
purity, Tb3* serves as an efficient activator for solid-state lighting and
optical thermometry applications. However, the luminescence intensity
and thermal stability of Tb®-activated materials are highly sensitive to
the host structure and local crystal field environment. In borate
matrices, intrinsic lattice distortion and charge imbalance caused by
RE3* substitution can lead to the formation of non-radiative centers,
thereby quenching the emission efficiency—an issue that can be miti-
gated through appropriate charge-compensating co-dopants. Very
recently, Li*/Nat co-doped Dy®'-activated K,B40, phosphors have
been reported, demonstrating enhanced photoluminescence intensity
and improved thermal stability under near-UV excitation [17]. In this
context, alkali metal ions such as Li" and Na™ have been shown to play a
crucial role in modulating the local structure and optical behavior of
RE>"-doped systems. Furthermore, Li* and Na' co-doping can subtly
modify the crystal field around Tb*' ions, influencing the *D4—"Fs
transition intensity ratio and the overall colorimetric response. Such
synergistic effects are particularly advantageous for
temperature-sensing applications, where emission intensity ratios or
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chromaticity shifts are used to evaluate thermal sensitivity. In addition,
Li* and Na™ co-doping effectively compensates for charge imbalance
induced by Tb3* substitution, supress defect-related non-radiative cen-
ters, and improve crystallinity, thereby enhancing energy transfer effi-
ciency and emission stability. Optical thermometry based on
Tb3"-activated phosphors typically relies on either the fluorescence in-
tensity ratio (FIR) method or emission color tuning, both of which are
strongly dependent on the host's phonon energy and the activator's site
symmetry. Borate-based matrices possess moderate phonon energies,
which suppress multiphonon relaxation and enable stable luminescence
over a wide temperature range. To the best of our knowledge, a direct
correlation between alkali-ion-induced structural modification and
temperature-dependent photoluminescence behavior in KyB407:Tb>*
has not yet been reported.

Although K,B407:RE3" phosphors, with or without alkali co-doping,
have been mainly investigated in terms of emission enhancement and
color tuning, an integrated correlation linking structural characteristics,
radiative branching behavior, and ratiometric thermometric perfor-
mance remains largely unexplored. In particular, the combined struc-
ture-PL-FIR thermometry relationship for K;B40,:Tb>* under Lit/Na™
co-doping has not been explicitly established.

In this work, KoB407:Tb3* Li*/Na™ phosphors are synthesized via
solid-state reaction and systematically investigated to establish struc-
ture-property correlations. Structural, vibrational, morphological, and
photoluminescence analyses—including temperature-dependent PL and
Judd-Ofelt calculations—are employed to evaluate their suitability for
optical thermometry and green-emitting phosphor applications. Despite
numerous reports on Th3"-activated borate phosphors, a comprehensive
and quantitative structure-radiative-thermometric correlation that
directly links alkali-induced lattice perturbations to multipolar inter-
action dynamics, intra-manifold radiative redistribution, and thermal
quenching behavior remains largely unexplored. In particular, the
microscopic role of alkali ions in simultaneously regulating defect
density, crystal-field symmetry, electron—phonon coupling strength, and
radiative branching within a single excited manifold has not been sys-
tematically clarified.

In this work, we address this gap by establishing a unified micro-
scopic framework that integrates structural refinement, concentration-
dependent energy transfer analysis, Judd-Ofelt radiative parameters,
and temperature-driven emission redistribution in K9B4O7:Tb3" phos-
phors. The originality of this study lies in demonstrating thermally
driven intra->D, radiative branching redistribution in a single-ion, non-
thermally coupled Tb®" system and revealing how alkali co-doping en-
ables controlled modulation of radiative efficiency and thermal
quenching barriers through lattice perturbation engineering.

2. Experiments
2.1. Materials and synthesis

KB40 host and Tb3*-activated K,B407:xTb* (x = 0.01, 0.02, 0.03,
0.04, 0.05) phosphors were first synthesized to determine the optimal
activator concentration. Based on the concentration-dependent photo-
luminescence results, the optimal Tb3* concentration (x = 0.03) was
selected for subsequent alkali co-doping studies. To ensure a controlled
evaluation of alkali-induced effects, the Tb>* concentration was fixed at
its optimized value, avoiding simultaneous variation of multiple coupled
parameters that could complicate the interpretation of co-doping
mechanisms. Accordingly, K3B407:0.03 Tb®* phosphors co-doped with
Li" or Na™ at different concentrations (0, 0.5, 1, 2, 3, 5, and 7 wt%) were
synthesized via a conventional high-temperature solid-state reaction
method. Analytical-grade KyCOs (Sigma-Aldrich, >99.0%), HsBOs
(Sigma-Aldrich, >99.5%), TbsO; (Sigma-Aldrich, 99.9%), Li,COs
(Sigma-Aldrich, >99.0%), and NayCOs3 (Sigma-Aldrich, >99.0%) were
used as starting materials without further purification. These composi-
tions correspond to the samples presented in the XRD patterns (Fig. 1).
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The host composition was designed according to the stoichiometry of
KB40y, with appropriate amounts of KoCO3 and H3BOj3 serving as po-
tassium and boron sources, respectively. To compensate for boron
volatilization during high-temperature treatment, an additional 5 wt%
excess of H3BO3 was added to the batch. The Tb®" activator concen-
tration was fixed at 0.03 relative to the host composition, while LioCO3
or NayCO3 was incorporated as a co-dopant in weight percentages of
0-7 wt% with respect to the total precursor mass.

All raw materials were accurately weighed, mixed according to the
desired composition, and thoroughly ground in an agate mortar for
several hours to achieve a homogeneous precursor mixture. The
resulting powders were then placed in alumina crucibles and calcined in
a muffle furnace at 750 °C for 5 h under ambient atmosphere using a
single-step heat treatment. After calcination, the furnace was allowed to
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cool naturally to room temperature. The obtained phosphor powders
were lightly reground to eliminate agglomeration and stored in a vac-
uum desiccator prior to structural and optical characterization. For
comparison purposes, undoped K;B407 samples were also synthesized
using the same procedure under identical experimental conditions.

2.2. Materials characterization

The phase purity and crystal structure of the synthesized phosphors
were analyzed by X-ray diffraction (XRD) using a Malvern PANalytical
Empyrean diffractometer operated at 45 kV and 40 mA with Cu Ka ra-
diation (1 = 1.5406 10\). Fourier transform infrared (FTIR) spectra were
collected in the 400-4000 cm ™! range using a Thermo Scientific Nicolet
iS50 spectrometer in attenuated total reflectance (ATR) mode.
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Fig. 1. (@) X-ray diffraction (XRD) patterns of undoped and doped K;B40, phosphors. (b) Rietveld refinement results of the XRD patterns showing the observed,
calculated, and difference profiles. (c) Schematic view of the K;B40; crystal structure illustrating possible Tb*" incorporation and Li*/Na™ co-doping sites.
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Fig. 1. (continued).

Raman measurements were performed with a Renishaw inVia
Raman microscope employing a 532 nm excitation laser to probe the
local vibrational modes and bonding characteristics of the host lattice.
The surface morphology and elemental composition of the samples were
examined using a Zeiss scanning electron microscope (SEM) equipped
with an energy-dispersive X-ray spectroscopy (EDS) detector.

Photoluminescence excitation and emission spectra were recorded at
room temperature on an Edinburgh Instruments FS5 spectrofluorometer
fitted with a xenon lamp and double monochromators. To ensure con-
sistency and reliable comparison, all photoluminescence measurements
were conducted under identical experimental conditions for all
compositions.

3. Results and discussions
3.1. Structural analysis by X-ray diffraction and rietveld refinement

The crystal structure and phase purity of undoped and doped K2B407
phosphors were examined by powder X-ray diffraction (XRD). Fig. la
shows the XRD patterns of undoped KB40, Tb>*-doped, and Li*/Na™
co-doped K3B407 samples. All diffraction peaks can be well indexed to
the standard tetraborate phase of KoB407 (PDF No. 98-000-2833), con-
firming the formation of a single-phase material. No additional re-
flections corresponding to impurity phases or secondary compounds are
observed, indicating that the incorporation of Tb>* and alkali ions does
not alter the fundamental crystal structure of the host lattice.

The diffraction profiles remain largely unchanged upon Tb>* doping
and subsequent Li*/Na™ co-doping, demonstrating the structural sta-
bility of the tetraborate framework. Nevertheless, slight variations in
diffraction peak intensities and noticeable peak broadening are
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observed. The relatively broad diffraction peaks can be attributed to the
combined effects of lattice microstrain, small coherent crystallite size,
and the intrinsically disordered nature of the borate network. Such peak
broadening is a well-known characteristic of borate-based materials and
does not indicate poor crystallinity or amorphization of the samples.

To further elucidate the structural evolution and quantify the lattice
parameter variations induced by doping, Rietveld refinement was per-
formed on all XRD patterns using the reference structure of K2B40; (PDF
No. 98-000-2833). The refinement results, illustrated in Fig. 1b, show
good agreement between the observed and calculated diffraction pro-
files, as evidenced by the low residual difference curves. The reliability
factors obtained from the refinements, with R, values in the range of
approximately 0.08-0.13, R, values of about 0.06-0.12, and ¥2 values
between ~2.1 and 4.5, fall within acceptable limits for borate-based
systems, confirming the reliability and consistency of the refinement
procedure (Table 1).

For the undoped KyB407 sample, the refined lattice parameters were
determined to be a ~ 6.4976 A, b ~ 9.6162 A, and ¢ ~ 10.4155 A,
corresponding to a unit cell volume of approximately 622.3 A3, Upon
Tb3* doping and alkali co-doping, only minor variations in lattice pa-
rameters and unit cell volume are observed, indicating that the dopant
ions induce local structural distortions rather than long-range lattice
rearrangements. These subtle changes reflect the influence of ionic size
and charge differences while preserving the overall tetraborate
framework.

To provide a clearer visualization of the crystallographic environ-
ment and possible substitution sites, the crystal structure of K3B4O7 is
illustrated in Fig. lc. The structure consists of a three-dimensional
[B40,1% tetraborate framework formed by corner-sharing BO3 and
BO, units, with K™ ions occupying large interstitial sites coordinated by
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Table 1
Rietveld refinement results and refined lattice parameters of undoped and doped
K,B40; phosphors.

K2B40;
Unit Undoped  0.01 0.03 0.03 0.03
Cell Tb3* Tb3* Tb3*,0.02Li" Tb**,0.02Na™
a [A] 6.497 6.492 6.496 6.492 6.492
b [A] 9.618 9.620 9.624 9.604 9.637
c[A] 10.415 10.419 10.423 10.418 10.42
B,y 89,77,78  89,77,78  89,77,78  89,77,78 89,77,78
[°]
Vol. 622.17 622229  622.965  621.151 623.309
[A%
¥ 4501 2.369 2.191 3.475 2.512
R, 0.121 0.070 0.063 0.096 0.068
Rup 0.165 0.090 0.084 0.125 0.089
Rexp 0.036 0.038 0.038 0.036 0.035

oxygen atoms. These spacious K sites offer sufficient structural flexi-
bility to accommodate aliovalent rare-earth ions and alkali co-dopants.
The visualization highlights the distinct coordination environments of
the cationic sites, supporting the feasibility of Tb>' incorporation
accompanied by Lit/Na™ co-doping to maintain local charge balance
and structural stability.

To rationalize the substitution behavior of Tb®*, Li*, and Na T ions in
the KB40 lattice, an ionic radius mismatch (Dr) analysis was carried
out based on Shannon ionic radii using the relation:

_ IRn(CN) — R4(CN)|

D, = 100%
Rn(CN) x 100%

@

where R, and Ry represent the ionic radii of the host cation and dopant
ion, respectively, at the same coordination number (CN). In general, a Dr
value below 30% is considered favorable for effective substitution in
solid-state lattices. The calculated Dr values summarized in Table 2
reveal that direct substitution of Tb%* at the K* site exhibits a relatively
large ionic radius mismatch, indicating size and charge incompatibility.
In contrast, Na™ ions show a significantly lower D, value with respect to
K" sites, suggesting more favorable ionic radius matching and efficient
lattice incorporation. Although Li* ions exhibit a larger mismatch with
K" sites, their small ionic radius and high mobility allow them to act as
effective charge compensators and lattice modifiers.

Furthermore, the low D values calculated between Tb3* and alkali
ions support the synergistic role of Li*/Na' co-doping in stabilizing the
local coordination environment around Tb* activators. This coopera-
tive substitution mechanism alleviates lattice strain, suppresses defect
formation, and is consistent with the refinement quality obtained from
Rietveld analysis. Overall, the combined XRD, Rietveld refinement, and
ionic radius mismatch analyses provide strong structural evidence for
the successful incorporation of Tb>* and alkali ions into the KyB40;
lattice, establishing a robust structural foundation for the enhanced
photoluminescence and optical thermometric performance discussed in
subsequent sections.

Although the variations in lattice parameters are small, even subtle
local distortions in borate lattices can significantly perturb the crystal-
field environment around rare-earth ions. In 4f-4f transitions, the
electric-dipole contribution is highly sensitive to local symmetry
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breaking and changes in ligand polarizability; therefore, minor struc-
tural adjustments may strongly influence transition intensities and
radiative branching ratios.

In the present K;B407:Tb%" system, Li*/Na*t co-doping modifies the
local coordination geometry and strain field surrounding Tb®* activa-
tors. Such alkali-induced lattice perturbations are expected to influence
the balance between radiative and non-radiative decay channels and
may also affect the efficiency of multipolar energy-transfer processes at
higher Tb%" concentrations. Consequently, alkali-assisted crystal-field
tuning establishes a microscopic structural framework that helps ratio-
nalize the observed concentration-dependent emission behavior, alkali-
enhanced photoluminescence intensity, and the thermally driven radi-
ative redistribution phenomena discussed in the following sections.

These structural findings indicate that alkali incorporation does not
alter the long-range tetraborate framework but introduces controlled
local perturbations that are expected to influence crystal-field symmetry
and excited-state dynamics of Tb>" jons.

3.2. Proposed substitution and charge compensation mechanism

Based on the combined ionic radius mismatch analysis (Table 2),
Rietveld refinement stability, and the absence of impurity phases in XRD
patterns, we propose that Tb" predominantly occupies K™ sites within
the KyB407 lattice. Although the ionic radius mismatch between b3+
and K™ is relatively large, the spacious coordination environment of K*
sites and the structural flexibility of the tetraborate framework allow
aliovalent substitution without structural collapse.

Because Tb®* (3+) substitutes for a monovalent K™ (1+) site, this
aliovalent incorporation introduces local charge imbalance. In the
absence of compensation, such an imbalance may promote the forma-
tion of intrinsic lattice defects, such as oxygen vacancies (V,), which can
act as non-radiative recombination centers.

Thus, Li*/Na' co-doping provides a more energetically favorable
and electrostatically efficient charge-compensation route than defect
formation, reducing the likelihood of V, generation and suppressing
defect-assisted non-radiative relaxation pathways. Given the lower ionic
radius mismatch of Na* relative to K*, Na' is expected to preferentially
substitute at K sites, whereas Li*, owing to its smaller size and higher
mobility, may also function as a local lattice modifier or interstitial
compensator. Although direct confirmation of site occupancy would
require advanced structural probes such as neutron diffraction or
EXAFS, the combined structural, compositional, and ionic radius con-
siderations strongly support K-site substitution as the dominant incor-
poration mechanism in the present system. This substitution model is
further supported by the absence of secondary phases and the systematic
evolution of radiative properties under alkali co-doping.

3.3. Morphological and compositional analysis

The surface morphology and elemental composition of the undoped
and Tb>*-doped K;B40; phosphors were investigated by scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spec-
troscopy (EDS). Fig. 2a—c shows the SEM micrographs of the undoped
and 0.03 Tb®-doped K4B40; samples, respectively. The undoped sam-
ple exhibits densely packed, irregularly shaped grains with relatively

Table 2
Ionic radius mismatch (Dr) values calculated using Shannon ionic radii for possible cation substitutions in the K;B40- lattice.
K Tb K Li K Na
D, - CN ;3 CN D, Rmn CN Rm CN D, Rmn CN Rin CN
31.12 1.51 8 1.04 8 39.07 1.51 8 0.92 8 21.85 1.51 8 1.18 8
Li Tb Na Tb
D, R CN R CN D, Rm CN Rm CN
11.53 0.92 8 1.04 8 13.46 1.18 8 1.04 8
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Fig. 2. (a) SEM micrograph of undoped K;B40; showing dense and irregular grain morphology. (b) EDS spectrum of undoped K;B40; phosphor confirming
elemental composition. (¢) SEM micrograph of K;B40,:0.03 Tb®* phosphor revealing morphology modification upon Tb** doping. (d) EDS spectrum of K;B407:0.03

Tb3* phosphor indicating successful Tb®* incorporation.

smooth surfaces, indicating effective grain growth during the solid-state
synthesis process.

Upon Tb®" doping, a noticeable change in surface morphology is
observed. The doped sample displays a more porous and interconnected
microstructure with elongated and irregular features. Such morpho-
logical evolution can be attributed to lattice distortion and modified
diffusion kinetics induced by the incorporation of Tb®" ions, which
affect grain growth behavior during high-temperature sintering. Similar
morphology changes upon rare-earth doping have been widely reported
in borate-based phosphors and are often associated with enhanced sur-
face area and defect redistribution.

The elemental compositions of the samples were analyzed by EDS, as
shown in Fig. 2(b-d). The EDS spectra confirm the presence of K, B, and
O elements in the undoped sample, while the appearance of Tb signals in
the doped sample verifies the successful incorporation of Tb>* ions into
the K3B407 host lattice. No extraneous impurity-related elements are
detected, indicating the high chemical purity of the synthesized phos-
phors. The corresponding elemental weight and atomic percentages are
summarized in the inset tables, which further support the compositional
consistency with the nominal stoichiometry. The uniform distribution of
constituent elements and the absence of secondary phases in the EDS
analysis are consistent with the XRD and Rietveld refinement results
discussed in Section 3.1. The combined SEM-EDS observations thus
confirm that Tb®* doping induces controlled morphological modifica-
tion without compromising phase purity, providing a suitable micro-
structural foundation for the enhanced photoluminescence and optical
thermometric performance of the phosphors.

3.4. FTIR and Raman spectroscopic analysis

The local structural units and vibrational characteristics of undoped
and doped K3B4O7 phosphors were investigated by Fourier-transform

infrared (FTIR) and Raman spectroscopy. These complementary tech-
niques provide detailed insight into the borate network configuration
and possible structural modifications induced by Tb®* doping and alkali
co-doping.

Fig. 3a presents the FTIR spectra of undoped, Tb*>*-doped, and Li*/
Na™ co-doped K3B407 samples recorded in the range of 400-4000 em L
All samples exhibit a weak and broad absorption band centered around
~3429 em™!, which is attributed to the stretching vibration of O-H
groups arising from adsorbed moisture on the surface of borate materials
(Singh& Singh, 2011). The presence of this band is common in borate-
based compounds and does not indicate structural hydroxyl
incorporation.

The prominent absorption bands observed between ~1400 and
1500 cm ! are assigned to the stretching vibrations of trigonal BO3 units
[18]. Specifically, bands appearing near ~1475 and 1428 cm™! corre-
spond to B-O stretching modes associated with BOg3 structural groups.
The bands located in the range of ~1360-1110 cm ™" are attributed to
asymmetric stretching vibrations of B-O bonds within the borate
network [19,20]. Additionally, the absorption features between ~1030
and 770 ecm™! are characteristic of B-O stretching vibrations of tetra-
hedral BO4 units, confirming the coexistence of BO3 and BO4 structural
motifs in the K;B407 lattice. The bands observed below ~750 cm™?,
particularly those near ~729, 615, and 569 cm ™}, are associated with
out-of-plane bending vibrations of B-O-B bridges, while the
low-frequency band around ~496 cm™! corresponds to in-plane bending
modes of BO3 units [21].

Importantly, no additional vibrational bands associated with sec-
ondary phases or impurity-related species are detected upon Tb*
doping and alkali co-doping. The overall band positions remain nearly
unchanged, indicating that the fundamental tetraborate framework is
preserved. Minor variations in band intensity and broadening can be
attributed to local structural distortion and bond-length redistribution
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Fig. 3. (a) FTIR spectra of undoped, Tb®"-doped, and Li*/Na* co-doped
K;B40; phosphors showing characteristic vibrational modes of BO3 and BO4
structural units. (b) Raman spectra of undoped and doped KB40, phosphors
illustrating the vibrational features of the tetraborate network and the effect of
Tb* doping and alkali co-doping.

induced by aliovalent substitution and charge compensation effects.

Raman spectroscopy was employed to further probe the short-range
structural order and symmetry of the borate network. Fig. 3b shows the
Raman spectra of undoped and doped KoB4O7 samples recorded in the
range of 200-3200 cm ™. The Raman spectra exhibit well-defined bands
characteristic of borate-based materials, consistent with the FTIR re-
sults. The intense Raman modes observed in the region of ~900-1100
em™! are primarily associated with symmetric stretching vibrations of
BO, units, while bands appearing between ~1200 and 1500 cm ™! are
attributed to stretching vibrations of BO3 units [19,20]. Low-frequency
Raman modes below ~700 cm™! are related to bending vibrations of
B-O-B linkages and lattice modes involving K* cations.
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Upon Tb** doping and Li*/Na™ co-doping, the Raman band posi-
tions remain largely unchanged, confirming the structural stability of
the tetraborate network. However, slight variations in peak intensity
and linewidth are observed, reflecting local symmetry perturbations and
lattice strain induced by dopant incorporation. The absence of new
Raman-active modes further supports the phase purity of the samples, in
agreement with the XRD and Rietveld refinement results discussed in
Section 3.1.

Overall, the combined FTIR and Raman analyses confirm that the
K2B407 host lattice retains its characteristic mixed BO3-BO4 tetraborate
framework upon rare-earth activation and alkali co-doping. The subtle
vibrational changes observed are indicative of local structural modifi-
cation rather than framework disruption, providing spectroscopic evi-
dence for the successful incorporation of Tb®>* and charge-compensating
alkali ions into the borate network. These results establish a strong
structural basis for the observed modifications in PL behavior discussed
in subsequent sections.

3.5. Excitation-emission behavior of Tb®>*-Doped K2B405

To examine the intrinsic photoluminescence response of the Tb*-
activated host lattice, a representative Tb3" concentration (3 wt%) was
selected. This concentration was not chosen based on optimization
considerations; rather, it serves as a practical reference point to capture
the general excitation and emission characteristics of Tb3" ions in the
host matrix and to establish baseline spectral features for subsequent
comparative analysis under different excitation schemes.

As shown in Fig. 4, the excitation spectrum monitored at the domi-
nant green emission (Aem ~ 541 nm) exhibits several characteristic
excitation bands of Tb®" ions in the ultraviolet region, with the most
intense band centered at ~377 nm, confirming the effectiveness of near-
UV excitation for populating the emitting Dy level. Additional excita-
tion features observed below 350 nm correspond to higher-lying 4f
excited states (°K, °L, and °H manifolds), confirming the well-preserved
intra-4f electronic structure of Tb®" in the host lattice and the weak
crystal-field perturbation typical of borate-based matrices [22,23].

Under 377 nm excitation, the emission spectrum is dominated by the
characteristic °D4 — “F; (J = 6-1) transitions of Tb>*, with the strongest
emission located at ~541 nm (°D4 — ’Fs), producing intense green
luminescence. The presence of well-resolved emission lines at 485, 585,
622, 652, and 671 nm further confirms the efficient population of the
D4 emitting level and negligible competitive emission from the °Ds
state, suggesting effective multiphonon relaxation from °Ds to °Dy at this
dopant concentration [24,25]. Overall, the excitation-emission
behavior demonstrates that the selected Th>* concentration is sufficient
to reveal the fundamental photophysical response of Tb®* in the host
lattice without invoking concentration-dependent effects, thereby
providing a reliable reference for comparison with spectra obtained
under different excitation wavelengths.

Although Tb3*-activated KB40, phosphors exhibit excitation-
wavelength-dependent emission intensities, presenting emission
spectra collected under all possible excitation wavelengths is neither
practical nor necessary for a clear physical interpretation. Therefore,
representative excitation wavelengths corresponding to the dominant
Tb3* 4f-4f absorption bands were selected to evaluate the excitation-
dependent emission behavior while maintaining clarity and
comparability.

It is noted that excitation at 235 nm produces the highest overall
emission intensity among the investigated wavelengths. However, this
deep-UV excitation corresponds to high-energy 4f-4f transitions ("Fg —
5K/°L manifolds), which involve excess excitation energy that is rapidly
relaxed through multiphonon relaxation before populating the emitting
5D, level. Similar excitation-relaxation behaviour has been reported for
Tb3*-activated borate phosphors under UV and VUV excitation, where
higher-lying excited states efficiently relax non-radiatively to the °Dg4
level without modifying the emission pathway [26]. As a result,

17254



A.S. Altowyan et al.

Ceramics International 52 (2026) 17248-17267

1E+07 4E+05
] K,B,0,:0.03Tb*
- Excitation
A= 541nm — Emission [
A,=37Tnm
235nm - 3E+05
S 1E+06 4 ' >
8 541nm S
c DR, c
.0 Ke]
® 585nm - 2E+05 "»
= D, -F, R
() c
0 |
i |
i 1E+05 5
4 488nm
ey - 1E+05
v
1E+04 . WJ A M N e
200 400 500 600 700 800

Wavelength (nm)

Fig. 4. Photoluminescence excitation spectrum of Tb3+-doped K2B4O; monitored at the green emission (Aem, = 541 nm), showing the characteristic 4/~4f transitions
of Tb®" ions in the ultraviolet region. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

although intense emission can be observed, deep-UV excitation is less
representative of practical excitation conditions and may overemphasize
non-radiative losses as well as host-related absorption contributions. For
this reason, excitation wavelengths in the near-UV and blue regions
were preferentially considered to probe the intrinsic emission response
of Tb®** jons under more physically relevant and application-oriented
conditions.

Importantly, regardless of the selected excitation wavelength, the
emission spectra consistently exhibit the characteristic Dy = "F;(J =
6-1) transitions of Tb3+, with the green emission (5D4 - 7F5) remaining
dominant in all cases. This observation is in good agreement with pre-
vious studies on Tb3*-doped borate hosts, where identical emission
profiles were observed under UV and even VUV excitation despite large
differences in excitation energy [26-28]. This confirms that the excita-
tion wavelength primarily modulates the emission intensity rather than
altering the fundamental radiative pathways. The persistence of iden-
tical spectral line positions and relative transition patterns indicates that
population of the °D4 emitting level proceeds through efficient
non-radiative relaxation channels, leading to an excitation-independent
emission profile in terms of spectral shape.

3.6. Emission characteristics, concentration quenching, and alkali Co-
doping effects in Th>*-Doped K2B40;

To systematically investigate the photoluminescence characteristics
of Tb®*-activated K,B407 and the effect of activator concentration on
emission efficiency, a series of samples with varying Tb®* contents were
examined as shown in Fig. 5a. A representative Tb%* concentration was
initially selected to establish the intrinsic emission response of the host
lattice without invoking concentration-dependent effects, thereby
providing a reliable reference for subsequent comparative analysis.

The excitation spectrum monitored at the dominant green emission
(Aem ~ 541 nm) exhibits a series of sharp bands in the ultraviolet region,
characteristic of parity-forbidden 4f-4f transitions of Tb>" ions origi-
nating from the “Fg ground state. The most intense excitation band
centered at ~377 nm is attributed to the "Fg — °Gg/°D3 transition,
indicating that near-UV excitation efficiently populates the emitting >Dy
level through non-radiative relaxation. Additional excitation features

observed below 350 nm arise from higher-lying 4f excited states (°K, °L,
and °H manifolds), confirming the well-preserved intra-4f electronic
structure of Th®" in the borate host lattice and the weak crystal-field
perturbation typical of borate-based matrices.

Although deep-UV excitation can yield higher emission intensity,
near-UV excitation at 377 nm was selected as a more practical excitation
condition, minimizing non-radiative losses and host-related absorption
effects. For this reason, near-UV excitation at 377 nm was preferentially
employed to probe the intrinsic emission behavior of Tb>" ions under
more physically relevant and application-oriented conditions.

Under 377 nm excitation, the emission spectra of KoB407:xTb>*
phosphors are dominated by the characteristic °D4 — “F; (J = 6-1)
transitions of Tb3+, with the green emission (5D4 - 7F5) remaining
predominant across all investigated concentrations. As the Tb®* con-
centration increases from x = 0.005 to 0.07, a systematic enhancement
in photoluminescence intensity is observed, which can be attributed to
the increasing number of optically active Tb>* centers incorporated into
the host lattice. The higher activator density enhances the probability of
radiative recombination following efficient excitation and energy
migration among neighboring Tb%* ions.

When the Tb" concentration exceeds the optimum value of x =
0.03, a pronounced decrease in emission intensity occurs, indicating the
onset of concentration quenching. At higher dopant levels, the reduced
average distance between Tb3" jons facilitates non-radiative energy
transfer processes that compete with radiative emission. To identify the
dominant mechanism responsible for concentration quenching, the
critical energy transfer distance (R.) was evaluated based on the
experimentally determined optimum concentration and structural pa-
rameters obtained from Rietveld refinement. The critical distance rep-
resents the average separation between neighboring Tb®* ions at the
critical concentration, where radiative and non-radiative energy transfer
processes become equally probable. According to Dexter's theory, ex-
change interactions dominate when R, < 5 [D\, whereas multipolar in-
teractions become significant at larger interionic distances. The critical
distance R, was estimated using the following relation:

1/3
Rcz2{ 3V }

4nx.N (12)
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where x, = 0.03 corresponds to the experimentally determined optimum
Tb®* concentration. The unit-cell volume V was obtained from Rietveld
refinement of the XRD data and is found to be 623 A%, Considering that
Tb3* jons preferentially substitute for K™ sites in the K,B40y lattice, the
number of available cation sites per unit cell was taken as N = 8, cor-
responding to the total number of K™ sites (joint available cation sites).
Substitution of these parameters into Eq. (1) yields a critical distance R,
of approximately 15.46 A, which is significantly larger than the critical
limit for exchange interactions. This clearly indicates that concentration
quenching in the KB40, Th3* phosphor is predominantly governed by
multipole-multipole interactions.

To identify the dominant concentration quenching mechanism, the
interaction type was analyzed using the Dexter model. Owing to the
close energy matching between the 5D3 — %Dy and "Fg — "F, transitions,
cross-relaxation interactions can occur between neighboring Tb** ions.
However, considering the absence of pronounced °D5 emission and the

K,B,0,:xTh*" |

| Aey=377nm |
2E+05 ] x=0.005
=001 |
] x=0.02 ||
~ x=0.03 |
3 1 B <=0.05 |
O 45 | B <=0.07 ‘
6
0 ‘ |
2 ‘
et L 4l
o : § ‘g"' :
) “ i .
|
WaVeIength (nm) 800
(@)
7
% Data point
Linear Fit
0 -
X
=
S
Slope:-2.721£0.022
29 R?:0.999
4 L) L] L]
16 1.4 1.2
Log (x)
(b)

Ceramics International 52 (2026) 17248-17267

relatively large critical transfer distance, exchange and cross-relaxation
processes are expected to play only a secondary role in the concentration
quenching behavior. Overall, the concentration-dependent photo-
luminescence results clearly indicate that x = 0.03 is the optimal Tb>*
concentration for achieving maximum emission efficiency in the KB40
host lattice.

To further identify the specific type of multipole-multipole interac-
tion responsible for concentration quenching in the K3B407:Tb>* phos-
phor, the relationship between photoluminescence intensity and
activator concentration was analyzed using a simplified form of Dexter's
theory. Multipolar interactions can generally be classified as dipo-
le-dipole (d-d), dipole-quadrupole (d-q), or quadrupole-quadrupole
(g—q), which can be distinguished by evaluating the concentration
dependence of the emission intensity.

According to Dexter's model, the interaction mechanism can be
determined using the following relation:
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Fig. 5. (a) Concentration-dependent emission intensity of K,B,407:xTb>* phosphors under 377 nm excitation. (b) log(I /x) versus log x plot with linear fit, indicating

dipole—quadrupole interaction (Q ~ 8) as the dominant concentration quenching mechanism. Emission spectra of K;B407:0.03 T

b3 phosphors co-doped with

varying (¢) Na* and (d) Li* concentrations under 377 nm excitation, illustrating the evolution of Tb>* emission intensity with alkali content.
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log(I/x)=A - (Q/ 3)logx, 2

where I is the emission intensity, x is the Tb3" concentration, A is a
constant, and Q is a characteristic log(I /x) parameter that defines the
nature of the multipolar interaction. The values of Q = 6, 8, and 10

correspond to dipole-dipole, dipole-quadrupole, and quad-
rupole—quadrupole interactions, respectively.
Fig. 5b shows the plot of log(I /x) as a function of logx for Tb*"

concentrations beyond the optimum value, along with a linear fit. The
obtained slope of approximately —2.72 yields a Q value close to 8,
indicating that dipole-quadrupole interactions dominate the non-
radiative energy transfer process responsible for concentration
quenching in the KyB407:Tb>* system. This result is fully consistent with
the large critical distance (R, ~ 15.46 10\) obtained from the structural
analysis, which excludes exchange interactions and confirms the
multipolar nature of the quenching mechanism.

Fig. 5c and d illustrates the effect of alkali co-doping (Li" and Na™)
on the photoluminescence behavior of KyB407:0.03 Tb>" phosphors
under 377 nm excitation. In both cases, the characteristic Tb3* emission
lines originating from the D4—’F; transitions remain unchanged in
position, indicating that alkali incorporation does not alter the emitting
center but primarily influences the local environment and radiative ef-
ficiency. As the Li* or Na* concentration increases, the emission in-
tensity initially rises and reaches a maximum at y = 0.02, followed by a
gradual decrease at higher alkali contents.

At the optimal composition (0.02Li* or 0.02Na™), the emission in-
tensity is enhanced by approximately 3.7 times compared to the refer-
ence KB407:0.03 Tb3 sample without alkali co-doping. This
pronounced enhancement is attributed to effective charge compensation
and defect suppression induced by alkali ions, which reduce non-
radiative recombination pathways and improve energy transfer effi-
ciency to the Tb®" emitting centers. Similar alkali-assisted luminescence
enhancement has been widely reported in rare-earth-doped oxide and
borate phosphors, where monovalent ions such as Li* and Na™ act as
efficient charge compensators and lattice modifiers, leading to improved
emission efficiency through defect engineering and local structural
optimization [29,30]. In addition, the incorporation of small alkali ions
locally modifies the crystal field symmetry around Tb%* and reduces
high-energy phonon coupling, thereby favoring radiative transitions
over multiphonon relaxation. Comparable enhancement mechanisms
have also been observed in Dy>*-activated phosphor systems upon
Lit/Nat/K* co-doping, further supporting the generality of
alkali-assisted defect suppression and crystal-field modulation effects
[31]. The subsequent intensity decrease at higher alkali concentrations
suggests that excessive co-doping introduces additional lattice distortion
and defect states, leading to renewed non-radiative losses.

When compared with the Tb®* concentration-dependent emission
behavior shown in Fig. 5a, it is evident that alkali co-doping acts as a
secondary optimization parameter. While x = 0.03 represents the
optimal Tb®* concentration, the introduction of an appropriate amount
of Li* or Na' (y = 0.02) further amplifies the emission efficiency
without modifying the intrinsic Tb®" emission mechanism. This syner-
gistic effect highlights the crucial role of alkali-assisted defect engi-
neering in maximizing the photoluminescence performance of KoB40O7:
Tb%* phosphors.

These trends demonstrate a clear correlation between alkali-induced
structural perturbations and optical response. Li*/Na" co-doping miti-
gates the lattice strain associated with Tb®" substitution and partially
compensates local charge imbalance, thereby reducing the probability
of defect-assisted non-radiative recombination.

Although the dominant concentration quenching mechanism re-
mains governed by dipole-quadrupole interactions, the operation of this
multipolar energy-transfer pathway occurs within a locally optimized
lattice environment at the optimal alkali content. The reduced defect
density and improved local symmetry favor radiative recombination
from the D4 level, resulting in the observed 3.7-fold emission

Ceramics International 52 (2026) 17248-17267

enhancement.

This microscopic interpretation links alkali-modified local structure
to the evolution of concentration quenching behavior and the alkali-
optimized luminescence efficiency in KyB40:Tb%" phosphors.

3.7. Temperature-dependent photoluminescence and thermal quenching
behavior of K2B407:Th>*

The temperature-dependent photoluminescence behavior of
K2B407:0.03 Tb®* phosphors was investigated to elucidate the thermal
stability of the emitting states and to establish a reference framework for
subsequent compositional optimization. Fig. 6a presents the three-
dimensional emission intensity map as a function of wavelength and
temperature under 377 nm excitation. Throughout the investigated
temperature range (300-550 K), the spectral positions of the charac-
teristic Tb" °D4—"F; transitions remain unchanged, indicating that
thermal excitation does not induce structural degradation or phase
instability of the host lattice. Instead, temperature predominantly affects
the emission intensity, reflecting thermally activated excited-state
dynamics.

The normalized emission intensity of the dominant green transition
(°D4—7Fs, 541 nm) as a function of temperature is shown in Fig. 6b.
With increasing temperature, the emission intensity decreases markedly
up to approximately 430-450 K, which can be attributed to enhanced
multiphonon-assisted non-radiative depopulation of the °D4 excited
state. At higher temperatures, a partial recovery of emission intensity is
observed, suggesting a dynamic competition between thermally acti-
vated non-radiative relaxation channels and residual radiative recom-
bination. This behavior indicates that thermal quenching in KyB407:
Tb®* is governed by intrinsic excited-state relaxation processes rather
than irreversible thermal degradation.

To quantitatively analyze the thermal quenching mechanism, the
temperature dependence of the emission intensity was fitted using an
Arrhenius-type model. Fig. 6¢ displays the linear relationship between In
[(Io/I) — 1] and 1/KT, where Ij and I represent the emission intensities at
room temperature and elevated temperatures, respectively. The excel-
lent linearity (R? ~ 0.997) confirms that the quenching process is
thermally activated. From the slope of the fitted line, the activation
energy for thermal quenching was determined to be AE ~ 0.28 + 0.01
eV, indicating a relatively high energy barrier separating the radiative
5D, level from non-radiative relaxation pathways.

The obtained activation energy reflects the favorable phonon envi-
ronment of the tetraborate framework, which suppresses excessive
multiphonon coupling even at elevated temperatures. The persistence of
well-defined Tb®* emission features over a broad temperature window
highlights the intrinsic thermal robustness of the K3B407 host lattice.
This thermally stable luminescent behavior establishes K2B407:Tb3+ asa
reliable platform for high-temperature optical applications and provides
a solid baseline for evaluating the influence of compositional mod-
ifications—such as alkali co-doping—on thermal quenching dynamics
and optical thermometric performance.

The temperature-dependent photoluminescence behavior of the Li*
co-doped K4B407:0.03 Tb3*,0.02Li* phosphor is illustrated in Fig. 7. As
shown in Fig. 7a, the spectral positions of the characteristic Th®*
5D4—’F; transitions remain unchanged over the entire temperature
range, confirming that Li* incorporation does not modify the emitting
center or induce thermally driven structural instability. Instead, tem-
perature primarily affects the emission intensity, reflecting intrinsic
excited-state relaxation dynamics similar to those observed in the singly
doped system.

The corresponding variation of the normalized emission intensity of
the dominant green transition (5D4—>7F5, 541 nm) with temperature is
presented in Fig. 7b. With increasing temperature, the emission intensity
decreases markedly up to approximately 430-450 K, followed by partial
recovery at higher temperatures. This behavior indicates that thermal
quenching in the Li" co-doped sample remains governed by
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Fig. 6. Temperature-dependent photoluminescence behavior of K3B407:0.03 Tb®>* under 377 nm excitation: (a) three-dimensional emission intensity map as a
function of wavelength and temperature, (b) normalized emission intensity of the dominant green band (541 nm) versus temperature, and (c) Arrhenius plot of In
[(Io/D — 1] as a function of 1/kT used to extract the activation energy for thermal quenching. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

multiphonon-assisted non-radiative depopulation of the °D4 excited
state, while Li* incorporation improves the resistance of the emitting
states against thermal deactivation.

Using the same Arrhenius formalism described above, the thermal
quenching behavior was further analyzed, as shown in Fig. 7c. An
activation energy of AE ~ 0.34 + 0.03 eV is obtained for the Li T co-
doped phosphor, which is slightly higher than that of the singly doped
K2B407:0.03 Tb>" sample. The increased activation energy reflects
enhanced thermal robustness arising from effective charge compensa-
tion and suppression of defect-assisted non-radiative pathways induced
by Li" co-doping. These results demonstrate that Li © incorporation
strengthens the thermal stability of Tb®" emission without altering the
fundamental quenching mechanism, providing a favorable strategy for
improving high-temperature luminescence performance and thermo-
metric reliability.

Fig. 8a presents the three-dimensional temperature-dependent
emission map of K;B407:0.03 Tb3+,0.02Na+ under 377 nm excitation.
Similar to the undoped reference, the spectral positions of the Tb>* 5D,
— 7F; transitions remain invariant over the investigated temperature
range (300-550 K), confirming that Na* co-doping does not induce
phase instability or alter the intrinsic electronic structure of the Tb>*
emitting centers. Temperature therefore primarily modulates the emis-
sion intensity through thermally activated relaxation processes.

The normalized intensity evolution of the dominant green emission

(°D4 > 7Fs, 541 nm), shown in Fig. 8b, exhibits a thermal quenching
trend qualitatively similar to that of the Nat-free K3B407:0.03 Tb>*
phosphor. However, the onset of quenching occurs at slightly lower
temperatures, indicating a modified balance between radiative and non-
radiative decay channels upon Na™ incorporation.

Quantitative analysis using the Arrhenius representation in Fig. 8c
reveals a reduced activation energy for thermal quenching compared to
the undoped counterpart. From the slope of the linear fit, the activation
energy is determined to be AE ~ 0.17 + 0.02 eV, which is significantly
lower than that of K3B407:0.03 Tb3* without alkali co-doping. This
reduction suggests that Na ' incorporation slightly lowers the energetic
barrier separating the radiative >Dy4 level from thermally accessible non-
radiative relaxation pathways.

Physically, this behavior can be attributed to local lattice softening
and modified phonon coupling induced by Na® ions. Although Na®*
effectively compensates charge imbalance and suppresses deep non-
radiative defects—thereby enhancing room-temperature emission
intensity—it also introduces subtle lattice distortions and increases low-
energy phonon density around the Tb®" sites. These effects facilitate
thermally assisted multiphonon relaxation at elevated temperatures,
resulting in a lower apparent activation energy for quenching. Impor-
tantly, this reduction does not compromise the overall thermal robust-
ness of the emission but instead reflects a trade-off between enhanced
radiative efficiency and slightly increased thermal accessibility of non-
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radiative channels.

Overall, the Na'-co-doped system preserves the favorable
temperature-dependent emission characteristics of K3B407:Tb®" while
exhibiting a reduced quenching barrier, an effect that becomes partic-
ularly relevant when optimizing the material for temperature-sensitive
luminescence and ratiometric optical thermometry.

3.8. Thermally activated red emission and underlying physical
mechanism

In addition to the overall thermal quenching of the dominant green
emission, a distinctly different temperature response is observed for the
emission band centered at ~670 nm, corresponding to the Tb>* °D, —
7F, transition. As the temperature increases from 300 to 550 K, this red
emission band exhibits a pronounced thermally activated enhancement,
with its intensity increasing by approximately 25-30 fold. This behavior
stands in sharp contrast to the monotonic quenching of the °Dy — 7Fs
green emission and reveals fundamentally different population dy-
namics governing the two radiative channels.

The observed enhancement of the ~670 nm emission cannot be

(©)

Fig. 7. Temperature-dependent photoluminescence behavior of K;B407:0.03 Tb>*,0.02Li* under 377 nm excitation: (a) three-dimensional emission intensity map as
a function of wavelength and temperature, (b) normalized emission intensity of the dominant green band (541 nm) versus temperature, and (c) Arrhenius plot of In
[(Io/D) — 1] as a function of 1/KkT used to extract the activation energy for thermal quenching. (For interpretation of the references to color in this figure legend, the

attributed to a simple increase in the overall excited-state population, as
the total photoluminescence intensity decreases with temperature due
to thermally activated non-radiative relaxation. Instead, this anomalous
behavior indicates a temperature-induced redistribution of radiative
branching probabilities within the 5D, manifold. The °D4 — ’F; transi-
tion is known to be weak and partially hypersensitive to local symmetry
and crystal-field perturbations. At elevated temperatures, enhanced
lattice vibrations and phonon-assisted distortions locally relax the site
symmetry around Tb3' ions, thereby increasing the electric-dipole
contribution to this otherwise weak transition and significantly ampli-
fying its radiative probability.

In parallel, thermally activated release of carriers or excitation en-
ergy from defect- or trap-related states inherent to the borate host lattice
may contribute to preferential feeding of the lower-energy red-emitting
channel. Such trap-assisted energy transfer processes become increas-
ingly efficient at elevated temperatures, selectively populating specific
5D, sublevels that favor red emission. The persistence of narrow line
widths and invariant peak positions with increasing temperature con-
firms that the ~670 nm band originates from intrinsic Tb®* 4f—4f
transitions rather than from broad defect-related emission, reinforcing
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Fig. 8. Temperature-dependent photoluminescence behavior of K3B407:0.03 Tb®*,0.02Na* under 377 nm excitation: (a) three-dimensional emission intensity map
as a function of wavelength and temperature, (b) normalized emission intensity of the dominant green band (541 nm) versus temperature, and (c) Arrhenius plot of
In[(Io/D — 1] as a function of 1/kT used to extract the activation energy for thermal quenching. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

the interpretation of a genuine thermally assisted radiative redistribu-
tion mechanism.

To quantitatively capture this anti-correlated thermal behavior, the
fluorescence intensity ratio (FIR), defined as Ig71/I541, was evaluated as
a function of temperature (Fig. 9). As shown, the FIR increases mono-
tonically from ~5.6 at 300 K to ~10.3 at 550 K, reflecting the simul-
taneous thermal activation of the red-emitting channel and quenching of
the green emission. This strong and continuous increase demonstrates
that temperature induces a progressive redistribution of radiative decay
pathways within the same °D, excited state, rather than activating an
independent emission center.

The smooth, non-saturating FIR-temperature dependence further
indicates that the underlying mechanism is governed by phonon-assisted
symmetry relaxation and thermally enabled energy redistribution,
rather than abrupt defect ionization or phase-related effects. Such a
monotonic FIR response over a broad temperature window is highly
desirable for ratiometric optical thermometry, as it provides enhanced
sensitivity and intrinsic self-referencing capability based on emissions
from a single activator ion.

While the absolute intensity of the ~671 nm red emission increases
by approximately 25-30 fold over the investigated temperature range,
the corresponding fluorescence intensity ratio (FIR = Ig71/1541) increases

by about 85%, reflecting the combined effect of thermally activated red
emission and concurrent quenching of the green emission. Such a wide
dynamic range further confirms the robustness of the thermally acti-

vated red-emission channel relative to the quenched green emission. The
1 d(FIR)

FIR —dT >
value of approximately 4.2 x 10~ K1 in the intermediate temperature

region (~450-470 K), where the competition between radiative
branching redistribution and multiphonon-assisted non-radiative decay
is most pronounced.

This sensitivity is comparable to or higher than many reported T
based single-ion ratiometric thermometers, highlighting the intrinsic
advantage of exploiting thermally activated intra->D, radiative
branching rather than thermally coupled excited states. According to
recent reviews on FIR-based optical thermometry, most reported sys-
tems rely on thermally coupled excited states, whereas non-thermally
coupled strategies have been identified as an effective alternative for
extending the operating temperature range and improving signal dis-
criminability [32]. In this context, the present K2B407:Tb3Jr system
represents a non-thermally coupled single-ion FIR thermometer with a
broad monotonic response and without saturation. For comparison,
Tb3*/Eu®" co-doped phosphors employing energy-transfer-assisted FIR
mechanisms typically exhibit relative sensitivities in the 107>-1072 K’!

relative sensitivity (Sr), defined as S, = reaches a maximum

b3+_
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Fig. 9. Temperature dependence of the fluorescence intensity ratio (FIR = Ig71/
Is41) for K»B407:0.03 T3+ phosphors under 377 nm excitation, showing a
monotonic increase from 300 to 550 K due to thermally activated red emission
and simultaneous quenching of the green emission. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

range. For instance, Lig et al. reported a maximum Sr of 0.76 % K™! for
Sr3TaGasSiz014:Tb3*,Eu* based on the FIR of Tb®* and Eu®* emissions
[33]. In contrast, the present K2B407:Tb3+ phosphor achieves a com-
parable sensitivity level using a single-ion, non-thermally coupled FIR
strategy based on intra->Dy radiative branching, offering a simpler and
intrinsically self-referenced temperature-sensing platform.

Importantly, because both emission bands originate from the same
Tb®* activator, the FIR-based temperature sensing is inherently self-
referenced, minimizing uncertainties arising from excitation power
fluctuations, concentration inhomogeneity, or optical alignment. These
features establish KyB407:Tb>! as a highly reliable platform for high-
temperature ratiometric optical thermometry.

Notably, a similar thermally activated red-emission behavior is also
observed in Li"- and Na*-co-doped K;B407:0.03 Tb>* phosphors. While
alkali co-doping substantially enhances the overall emission intensity,
the temperature dependence and relative enhancement pattern of the
~670 nm emission closely follow that of the singly doped K2B407:0.03
Tb3" sample. This indicates that alkali incorporation does not introduce
a new thermal activation pathway but rather amplifies the existing
radiative redistribution mechanism by improving charge compensation
and suppressing non-radiative defect centers.

The simultaneous quenching of the green emission and enhancement
of the red emission results in a strongly temperature-dependent intensity
ratio between the two bands. This anti-correlated thermal response re-
flects a competition between multiphonon-assisted non-radiative
depopulation of the °Dy4 level and temperature-driven modification of
radiative branching pathways. Such behavior is particularly advanta-
geous for optical thermometry, as it enables ratiometric temperature
sensing based on emissions originating from the same activator ion,
thereby minimizing errors associated with excitation fluctuations or
concentration inhomogeneities.

Overall, the pronounced thermally activated enhancement of the
~670 nm emission, together with the strongly temperature-dependent
FIR, highlights the complex interplay between lattice dynamics, local
crystal-field symmetry, and excited-state relaxation pathways in
KoB407:Tb>". These results establish a solid physical basis for exploiting
the FIR (Is71/1541) as a robust thermometric parameter, positioning this
system as a promising candidate for high-sensitivity ratiometric optical

Ceramics International 52 (2026) 17248-17267

thermometry and high-temperature luminescent sensing applications.

From a microscopic standpoint, alkali incorporation modulates both
the local symmetry and the electron—phonon coupling strength around
Tb3" activators. Such modifications directly influence the activation
energy for thermal quenching as well as the relative radiative branching
probabilities within the °D,4 manifold.

Li*, owing to its smaller ionic radius and stronger local field effect,
tends to stiffen the local lattice environment and increase the energetic
barrier for multiphonon relaxation, resulting in a higher quenching
activation energy. In contrast, Na™ induces slight lattice softening,
which lowers AE and enhances thermal accessibility of non-radiative
channels.

Consequently, alkali co-doping tunes the dynamic competition be-
tween multiphonon-assisted depopulation of the Dy level and thermally
driven radiative redistribution among its sublevels. This unified micro-
scopic picture consistently links alkali-induced structural perturbations
to modified phonon coupling strength and to the experimentally
observed anti-correlated green-red thermal response.

3.9. Radiative lifetime dynamics and quantum efficiency analysis

To further understand the impact of alkali co-doping on the energy
relaxation pathways of Tb®* ions in the K;B40; host, time-resolved
photoluminescence decay measurements were conducted for the °Dg4
— 7Fs transition. The luminescence decay curves (Fig. 10) exhibited a
biexponential character for all compositions, consistent with multiple
radiative environments or donor—acceptor interactions typical of RE>*-
doped inorganic matrices.

The decay curves were modelled using a double-exponential fitting
function:

I(t)=A; exp <7T£> + A, exp <71£) 3)

1 2

where 71 and 73 denote the fast and slow decay components, respec-
tively, and A;, A; represent their relative amplitudes. The average life-
time (tavg) was determined via:

AlT% + AQT%

= 4
A]Tl +A21’2 ( )

Tavg

As summarized in Table 3, increasing the Tb®" concentration from
0.01 to 0.05 led to a notable rise in Tayg.

Remarkably, co-doping with alkali ions significantly altered the
decay kinetics. The addition of 0.02 Li™ resulted in an average lifetime of
1361.61ps, which is comparable to the calculated radiative lifetime
(1364.4 ps) and indicates strong suppression of nonradiative decay
channels. These enhancements can be interpreted in terms of local field
modification and energy level stabilization introduced by monovalent
cationic perturbation, which can suppress nonradiative multiphonon
processes.

To quantify the radiative efficiency of the phosphors, experimental
lifetimes (tavg) were compared with theoretical radiative lifetimes (traq)
estimated from Judd-Ofelt parameters (see Section 3.9). The internal

radiative efficiency (1.a4) Was calculated using:

Tavg
= 5
Mrad Trad ( )

Accordingly, the internal radiative efficiencies were determined to be
63.8% for the pristine sample, 99.8% for the Li*-co-doped sample, and
93.8% for the Na™-co-doped sample. These values satisfy the physically
required condition Tayg < Traq and confirm that alkali co-doping effec-
tively modulates the balance between radiative and nonradiative
processes.

These findings establish alkali ion co-doping as an effective route to
optimize lifetime characteristics and improve energy conversion effi-
ciency in borate-based Tb®" phosphors, making them suitable
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Fig. 10. Time-resolved photoluminescence decay curves of the °D4 — ’Fs transition in KyB40,:Tb>" phosphors with and without alkali ion co-doping under 376

nm excitation.

Table 3

Biexponential decay fitting parameters and average lifetimes (tayg) for the 5Dy -
7Fs transition in KyB40,:Tb®" phosphors with varying Tb®>" concentrations and
alkali ion co-doping under 376 nm excitation.

Time(ps) Rel.% Tavg(}1s) b4

K2B407:0.01 Tb3* Ty 14.22 10.15 1031.56 1.0258
T 2360.88 89.85

K2B407:0.03 Th3* T 14.18 4152 233466  0.9137
Ty 1103.78 58.48

K5B407:0.05 Tb>* Ty 14.02 33.41 2598.96 1.2801
T, 261222 66.59

K32B407:0.03 Tb:‘)J’,O.OZLiJr T 14.78 22.88 1361.61 0.9933
Ty 3460.89 77.17

K2B407:0.03 Tb3*,0.02Na™ Ty 15.96 37.44 1764.27 1.0656

T 1574.40 62.56

candidates for long-persistence lighting and afterglow applications.

3.10. Judd-Ofelt analysis and radiative properties of Th>" transitions

The preceding structural, steady-state, and time-resolved photo-
luminescence analyses collectively suggest that alkali incorporation
modifies both the local symmetry and relaxation dynamics of Tb3* ions.
To quantitatively evaluate how these structural perturbations affect
radiative transition probabilities, Judd-Ofelt analysis was performed.
To gain deeper insight into the radiative behavior and local crystal field
environment surrounding Tb%* ions in the KyB40; host, Judd-Ofelt
(J-0O) theory was applied to the measured emission spectra. The inte-
grated peak areas corresponding to the °D4 — “F; (J = 6-1) transitions
were extracted and used to calculate oscillator strengths, radiative
transition probabilities (A;), and branching ratios (f;), enabling quan-
tification of electric dipole transition probabilities under varying alkali
co-doping conditions.

3.11. Theoretical framework

Although the Judd-Ofelt (J-O) theory was originally developed
based on absorption spectra [34,35], emission-based approaches have
been widely adopted for rare-earth-doped phosphors when absorption
bands are weak, overlapping, or insufficient for reliable fitting. In such

cases, the radiative parameters can be extracted using fluorescence in-
tensity analysis, as demonstrated in previous studies [7,36].

In the present work, the absorption spectrum of Tb>*-doped K2B40;
exhibited limited and low-intensity f-f transitions, rendering conven-
tional absorption-based fitting unreliable. Therefore, the Judd-Ofelt
parameters were determined using the emission-based formalism.

The spontaneous electric-dipole transition probability for the 5Dy >
7F; transition is expressed as:

64re?  n(n? +2)° 2
= QU 6
P 1) 9 1;4,6 (U (6)

AED (J)
where Q) (A = 2, 4, 6) are the Judd-Ofelt intensity parameters, (UM? are
the squared reduced matrix elements, n is the refractive index of the
host, and 4 represents the transition wavelength.

The magnetic-dipole transition probability is given by:

6443

_ 3
“ SR 1) o @

Aup(J)

where v is the transition frequency and Sypp is the magnetic-dipole line
strength.
The total radiative transition probability is obtained as:

Ar(J) =As(J) + Awp(J) )

The radiative lifetime of the emitting level (5D4) is then calculated
from the sum of all transition probabilities:

1
Trad =<, v (9)
2Ar(J)
The branching ratio for a given transition is defined as:
Ar(J)
= (10)
T
The internal radiative efficiency was evaluated using:
Te:
Nraa = b (1 1)

Trad

Using the integrated emission intensities of the °D4 — “F_J transi-
tions, the Judd-Ofelt intensity parameters (Q and Q4) were extracted
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through intensity ratio analysis following the fluorescence-based
formalism.

The J-O formalism models the electric dipole intensity of 4f-4f
transitions using three phenomenological parameters Q) (1 = 2, 4, 6),
which reflect the host symmetry, ligand polarizability, and crystal field
perturbation. The spontaneous emission probability for an electric
dipole transition is given by:

64re?

—__OTC hm2+2)%s, 12
3hC/13(2J’+1)n(n +2) S a2

J

where 1 is the emission wavelength (in cm), n is the refractive index of
the host medium (assumed as 1.55), and S,q is the electric dipole line
strength. For each 5D4 - 7F j transition, Sgq is computed from:

Su= Y Q|CDa|[UV|[Ep)|* as

1=2,4,6
The branching ratio and radiative lifetime are expressed as:

P Ay 1
e T = —
! ZJAJ rad ZJAJ

The oscillator strength f.; for each transition is calculated using:

(14

m

c 2
fcal :m'l Ay (15)

3.11.1. Radiative transition parameters

The radiative properties of the 5D4 ->7F j transitions in K3B407:0.03
Tb3* phosphors, including pristine and alkali co-doped variants (Li* and
Na™), were quantitatively analyzed using Judd—Ofelt formalism. The
spontaneous emission probabilities (A;), branching ratios (f;), and
calculated oscillator strengths (f.q;) were derived from the experimental
emission spectra and the known reduced matrix elements for Tb®*
transitions [37]. The calculated radiative parameters are summarized in
Table 3. Across all compositions, the 5D, — 7Fs transition at 541 nm
exhibited the highest A; and f; values, indicating its dominant contri-
bution to the total radiative decay rate. The intensity of other transi-
tions, particularly D, — "F4 and °D; — ’Fg, also showed notable
sensitivity to alkali co-doping, reflecting modifications in the local
symmetry and crystal field strength around the Tb>" ions. The increase
in Aj values observed in Lit and Na™ co-doped samples compared to the
pristine sample suggests that alkali ions can effectively enhance electric
dipole transition probabilities by breaking inversion symmetry.

Table 4 provides a summary of the total radiative rates (£A;), cor-
responding radiative lifetimes (z,44), experimentally measured lifetimes
(Texp), and estimated internal quantum efficiencies (7:aq). The highest
Nrad (~99.8%) was achieved in the Li*-co-doped sample, followed by the
Na*-co-doped (~93.8%) and pristine (=63.8%) counterparts. The in-
ternal radiative efficiency was evaluated according to Nrad = Texp/Trad-
This trend indicates that alkali co-doping enhances radiative transition
probabilities and suppresses nonradiative losses, with Li* exhibiting the
highest internal radiative efficiency. In the Judd-Ofelt analysis, the

Table 4
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refractive index (n) plays a critical role in calculating the spontaneous
emission probabilities (Aj). For all radiative transition parameter esti-
mations, a refractive index of n = 1.55 was adopted. This value is
consistent with typical refractive indices reported for borate-based glass
systems, including lithium borate glasses, which commonly exhibit
values ranging between 1.50 and 1.56 depending on composition and
preparation method [38].

3.11.2. Judd-Ofelt intensity parameters

Based on the theoretical framework outlined in Section 3.9.1, the
Judd-Ofelt intensity parameters Qp and Q4 were determined by non-
linear least squares fitting of the experimental radiative transition
probabilities (Aj) associated with the electric dipole-allowed 5D, > "Fy
transitions of Tb®". In this analysis, the magnetic dipole transition °D,4 —
7Fs was employed as a reference to scale the experimental oscillator
strengths. The reduced matrix elements (°D4||[U™||”Fy) used in the cal-
culations were taken from Carnall et al. [37].

The fitted Qy and Q4 parameters are summarized in Table 5 for the
pristine KyB407:Tb>* sample and for the Li * - and Na*t-co-doped vari-
ants. A clear enhancement in the Qy parameter was observed with alkali
co-doping, indicating increased asymmetry and covalency in the local
environment of the Tb>* ions. This effect was most pronounced for the
Na T -co-doped sample, consistent with the stronger electric dipole
transition intensities. These findings align with previous reports that
alkali co-dopants—especially smaller cations—can induce local lattice
distortions and break inversion symmetry, thereby increasing electric
dipole transition probabilities and overall emission efficiency.

The Judd-Ofelt intensity parameters (Q, Q4) were extracted by
fitting the experimentally derived spontaneous emission probabilities
(A;) to the theoretical Judd-Ofelt model using non-linear least squares
optimization. The fitted values for pristine and alkali-co-doped K2B407:
Tb3* phosphors are presented in Table 6. The Qg parameter was
neglected in the present analysis due to its minimal contribution to the
D, — 7F; transitions of Tb®" and the limited sensitivity of the experi-
mental dataset to higher-rank tensor components, as commonly re-
ported for Tb3*-activated the other hosts [39].

The gradual enhancement of the Q, parameter with increasing alkali
content reflects an increase in the asymmetry and covalency of the local
environment around the Tb>" ions. This effect is most pronounced for
the Na T -co-doped sample, consistent with the observed intensification

Table 5

Summary of the total spontaneous emission probabilities (2A;), radiative life-
times (Taq), experimentally measured decay times (Texp), and calculated internal
quantum efficiencies (1yaq) for K3B407:0.03 b3+ phosphors, including pristine
and alkali (Li*, Na™) co-doped compositions.

Sample SA;sH Trad (}1S) Texp (1S) Nrad

K5B407:0.03 Tb3* 272.5 3670.8 2334.66 0.638
KoB40,:0.03 Th3*, 0.02Li* 732.8 1364.4 1361.61 0.998
K3B407:0.03 TbsA, 0.02Na™ 533.7 1873.1 1764.27 0.938

Radiative parameters including spontaneous emission probabilities (A;), branching ratios (f;), and calculated oscillator strengths (f4) for the 5D, — ’F; transitions of
Tb3* in K,B40; host matrices: pristine and co-doped with Li* and Na* ions. Calculations are based on experimental peak areas and standard reduced matrix elements

for Tb®* transitions.

Transition  A(nm)  Ay(s7) As(s7h) +LIT Ay(sTh) 4Nat Ay By By fa (x107%  faa(x107%  faa(x 1079
Tb%* doped Tb3* doped +LiT +Na* Tb%* doped +Lit +Na*

5D,y — "Fg 487 21.6 85.2 99.2 0.079 0.116 0.185 1.71 2.52 4.31

5Dy - 7Fs 541 64.2 218.6 262.7 0.236 0.298 0.490 5.11 6.45 10.6

5Dy — "Fy4 585 29.3 91.8 124.1 0.108 0.125 0.232 2.34 2.71 5.74

5Dy — 7Fs 622 29.3 92.7 27.9 0.108 0.127 0.052 2.34 2.75 1.31

5Dy — 7F, 652 5.9 20.1 12.6 0.022 0.027 0.023 0.48 0.58 0.49

5Dy - ’Fy 671 23.2 28.6 7.2 0.085 0.039 0.014 1.84 0.85 0.29

Total — 272.5 732.8 533.7 — —
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Table 6
Judd-Ofelt intensity parameters (Q;, 1 = 2, 4) for K;B40,:0.03 Tb** with and
without alkali ion co-doping.
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Table 8
Electric dipole (Agp), magnetic dipole (Ayp), and total radiative transition
probabilities (Ar).

Sample Qs (% 10720 cmz) Q4 (x 1020 sz) Transition Sample Agp (s’l) Anp (s’l) Ar (s’l)
K5B407:0.03 Tb%* 2.41 1.73 5D, — Fe 0.03 Tb3* 21.6 0 21.6
+0.02Li+ 3.87 2.04 +Li* 85.2 0 85.2
+0.02Na+ 4.52 2.27 +Na' 99.2 0 99.2
5D, - "Fs 0.03 Th*+ 0 64.2 64.2
+Li* 0 218.6 218.6
of electric dipole transitions. These results support prior findings that . ) +Na' . 0 262.7 262.7
alkali ions—particularly those with smaller ionic radii—can induce local Dy = "F4 Ofin 2(13'2 g 5?'2

. . . . . +Li . .

struct}lral. dlStOI‘thIl.S énd break inversion symmetry, thereby enhancing +Na* 1241 0 1241
electric dipole transition probabilities [31]. 5Dy — 7Fs 0.03 Th3+ 20.3 0 29.3
Following the extraction of the Judd-Ofelt intensity parameters (Qa +Li* 92.7 0 92.7
and Q4), a more detailed transition-level analysis was carried out to +Na* 27.9 0 27.9
.. - e . 5D, - 7F, 0.03 Tb3* 5.9 0 5.9
explicitly present the input and output quantities involved in the e 201 o 201
emission-based radiative calculations. To improve clarity and ensure full ANat 12.6 0 12.6
transparency of the methodology, the squared reduced matrix elements 5Dy > 7Fy 0.03 Tb*" 23.2 0 23.2
together with the integrated emission band areas are summarized in +Li* 28.6 0 28.6
+Na* 7.2 0 7.2

Table 7. The corresponding electric-dipole (Agp), magnetic-dipole
(Amp), and total radiative transition probabilities (At) for each 5Dy -
7Fy transition are presented separately in Table 8.

The transition-resolved radiative analysis (Tables 7 and 8) confirms
that alkali co-doping systematically modifies both electric- and
magnetic-dipole transition probabilities within the °D, manifold. In
particular, the enhancement of selected radiative channels, together
with the suppression of non-radiative decay pathways observed in the
lifetime measurements, clearly indicates cooperative modulation of the
local crystal-field environment and phonon-assisted relaxation
processes.

When these radiative findings are considered alongside the structural
refinement results, concentration-dependent emission behavior, and
thermal quenching analysis, a coherent and internally consistent struc-
ture—property correlation emerges. The combined structural perturba-
tion induced by Tb3* substitution and alkali co-doping leads to crystal-
field modulation and phonon coupling regulation, which collectively
govern radiative branching probabilities, non-radiative relaxation, and
thermometric response behavior. Based on these collective findings, a
unified microscopic mechanism describing the role of alkali co-doping in
K2B407:Tb3" phosphors is proposed (Fig. 11).

This schematic illustrates how Tb>* substitution and alkali co-doping
cooperatively induce local crystal-field modulation and phonon
coupling regulation. These structural perturbations suppress defect-
assisted non-radiative pathways, modify radiative branching probabili-
ties within the °D4 manifold, and tune the thermal quenching activation
energy. The interplay of these effects explains both the concentration-
dependent emission evolution and the anti-correlated green-red ther-
mal response observed experimentally.

3.11.3. Radiative efficiency and spectroscopic implications

Combining Tryq from Judd-Ofelt theory with 7,y obtained from
decay measurements (Section 3.XI), internal radiative efficiency (naq)
values were determined using Nraq = Tavg/Trad- The Li * .co-doped sample
exhibited were determined using Nraq = Tavg/Trad- The Li * -co-doped
sample exhibited the highest efficiency (n;aq =~ 99.8%), followed by the
Na™-co-doped (~93.8%) and pristine (~63.8%) compositions.

The substantial enhancement in 1,q upon alkali incorporation in-
dicates effective suppression of non-radiative relaxation pathways and
improved radiative branching within the >D4 manifold, particularly for
the dominant 5D4 - 7F5 transition. This improvement in radiative effi-
ciency is consistent with the observed increase in green emission in-
tensity and the modified thermal quenching behavior. These results
confirm that alkali-induced lattice perturbation not only tunes crystal-
field symmetry but also optimizes spectroscopic performance,
providing a viable route for enhancing emission efficiency in borate-
based Tb>* phosphors.

3.12. Colorimetric properties and CIE chromaticity analysis

The chromaticity coordinates of K2B4O7:Tb3+ phosphors were eval-
uated using the CIE 1931 color space to assess the color stability and
tunability as a function of Tb3* concentration and alkali co-doping.
Fig. 12a shows the CIE coordinates of KZB407:be3+ samples, where all
compositions are located in the green region, consistent with the
dominance of the Tb3* D4 — 7Fs transition. A slight shift of the chro-
maticity points with increasing Tb®* content is observed, reflecting
minor variations in the relative contribution of secondary Tb** emission
lines, while preserving the overall green emission character.

Fig. 12b and c presents the CIE chromaticity diagrams of
K2B407:0.03 Tb3" phosphors co-doped with Li* and Na*, respectively.
In both cases, the chromaticity coordinates remain clustered within a
narrow region of the green domain. This confirms that alkali co-doping
maintains the dominant °D4 — ”Fs transition while causing only subtle
chromaticity shifts. The correlated color temperature (CCT), estimated
using McCamy's empirical method [40], increases from approximately
5380 K for the undoped sample to 5557 K and 5749 K for Li*- and
Na'-co-doped samples, respectively, indicating a slight blue shift
consistent with the displacement of the chromaticity coordinates toward
lower x values. The absence of noticeable color drift confirms that Li™
and Na " incorporation preserves excellent chromatic stability while
improving luminescence performance.

Table 7
Squared reduced matrix elements and normalized integrated emission areas ( x 109).
Transition 2 (nm) (U(2))? (U(4))? (U(6))? Peak Area (Pristine) Peak Area (Li*) Peak Area (Na*t)
5Dy — "Fg 487 0.0021 0.0008 0.0013 2.93 11.64 13.19
5Dy - "Fs 541 0.0153 0.0014 0.0022 8.70 29.86 33.64
5D4 — 7F4 585 0.0003 0.0022 0.0013 3.98 12.53 13.46
5Dy — 7Fs 622 0.0023 0.0005 0.0006 3.99 12.66 14.54
5Dy - 7F, 652 0.0011 0.0004 0.0001 0.80 2.75 4.17
5Dy > "Fy 671 0.0000 0.0025 0.0000 3.53 6.73 8.56
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Fig. 11. Schematic illustration of the alkali-modulated structure-property correlation in K;B40,:Tb*>" phosphors. Th®* substitution induces lattice strain and defect
formation, while Li*/Na* co-doping regulates local symmetry and phonon coupling.
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Fig. 12. CIE 1931 chromaticity coordinates of (a) KyB407:xTb>*, (b) K5B40,:0.03 Tb%*, yLi*, and (c) K3B407:0.03 Tb**, yNa* phosphors under 377 nm excitation.
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Notably, the optimal co-doping concentration (y = 0.02 for both Li*
and Na') yields the highest emission intensity without inducing
perceptible changes in color coordinates. This combination of intensity
enhancement and chromatic stability is particularly advantageous for
solid-state lighting applications, where both brightness and color con-
sistency are critical. Overall, the CIE analysis demonstrates that KoB4O07:
Tb3" phosphors exhibit robust green emission with minimal color
variation across different activator and co-dopant concentrations,
underscoring their suitability for high-performance green-emitting
phosphors in solid-state lighting and LED-based applications.

4. Conclusions

This study demonstrates that alkali co-doping in K2B4O7:Tb3+ en-
ables controlled modulation of radiative and non-radiative relaxation
dynamics through subtle lattice perturbations rather than structural
phase alteration. Concentration quenching is governed by dipo-
le-quadrupole multipolar interactions, while Judd-Ofelt analysis con-
firms that alkali incorporation enhances electric-dipole transition
probabilities via local crystal-field symmetry modification. The system
exhibits a critical transfer distance of ~15.46 A and a thermally acti-
vated red emission enhancement of approximately 30-fold between 300
and 550 K.

Time-resolved photoluminescence and radiative rate analysis further
demonstrated that alkali ions actively modulate radiative and non-
radiative relaxation, allowing controlled tuning of Dy lifetime and in-
ternal quantum efficiency. Notably, Lit and Na™ co-doping exert distinct
influences on the thermal quenching behavior, reflecting their different
impacts on lattice rigidity and phonon coupling. Temperature-
dependent photoluminescence measurements uncovered an unusual
anti-correlated thermal response, wherein the dominant green emission
undergoes conventional thermal quenching while a red emission band
centered at ~670 nm exhibits a pronounced thermally activated
enhancement. This behavior originates from temperature-induced
radiative branching redistribution within the 5D4 manifold, facilitated
by phonon-assisted symmetry relaxation and defect-mediated energy
feeding. Collectively, the combined structural, steady-state, time-
resolved, and Judd-Ofelt analyses establish a unified microscopic
mechanism in which alkali incorporation simultaneously modulates
defect density, electron-phonon coupling strength, multipolar interac-
tion efficiency, and intra-manifold radiative branching probabilities.

This mechanistic insight provides a rational framework for lattice-
perturbation-driven emission engineering in borate phosphors and
demonstrates the feasibility of single-ion, non-thermally coupled Tb®*
systems as intrinsically stable platforms for ratiometric optical
thermometry.
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