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HIGHLIGHTS

e Dual-band anti-thermal quenching is
achieved in  KsSrGdz(BsO10)3:Tb>"
phosphors.

e Both green and red Tb®" emissions
intensify with increasing temperature
up to 550 K.

o Alkali co-doping enhances luminescence
while maintaining millisecond-scale
lifetimes.

o Anti-thermal behavior originates from
thermally activated energy feeding
mechanisms.

e The phosphors are promising for high-
temperature photonic applications.
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ABSTRACT

In this study, Th®"-activated K;SrGdy(BsO10)3 (KSGBO) phosphors, with and without alkali ion (Li*/Na™) co-
doping, were synthesized via a combustion method and systematically investigated for their structural and
photoluminescence properties. Rietveld-refined XRD analysis confirmed the formation of a trigonal pentaborate
phase (space group R32), with Tb®* ions substituting at Gd>* sites. Alkali co-doping induced a slight unit cell
contraction (~0.22%for Li* and ~ 0.26% for Na™), indicating lattice relaxation. Under 378 nm excitation, the
phosphors exhibited intense dual-band Tb%* emission—green (°Ds — ”Fs, 541 nm) and red (°D4 — "Fs, 672 nm)—
with maximum intensity at 3 wt% Tb%", beyond which concentration quenching occurs. Remarkably, both
emission bands showed anti-thermal quenching behavior, with the 541 nm emission intensity increasing by
nearly twofold between 300 and 550 K, demonstrating exceptional thermal stability. For Li" and Na* co-doped
samples, thermally activated enhancement followed by quenching was supported by activation energy values of
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0.349 eV (Li*) and 0.304 eV (Na™). Additionally, alkali co-doping significantly enhanced the emission intensity,
with ~4.5-fold (Li") and ~ 3-fold (Na") increases compared to the undoped sample. Time-resolved PL mea-
surements revealed millisecond-scale decay lifetimes, with the average lifetime slightly decreasing from 1.25 ms
(Tb3+ only) to 1.15 ms (Li") and 1.20 ms (Na™t), while maintaining efficient radiative recombination. Further-
more, CIE analysis demonstrated improved color purity, reaching up to 92% in Li* co-doped samples, along with
tunable chromaticity. These combined effects—dual-band emission, quantified anti-thermal enhancement, and
co-doping-induced intensity amplification—highlight KSGBO:Tb* phosphors as promising candidates for high-
temperature optoelectronic and solid-state lighting applications.

1. Introduction

Complex borate compounds containing alkali, alkaline-earth, and
rare-earth cations have attracted considerable attention due to their rich
crystal chemistry, high thermal stability, and favorable optical charac-
teristics [1-3]. The coexistence of trigonal (BOs) and tetrahedral (BOa)
units in borate systems enables the formation of structurally rigid and
thermally stable polyborate frameworks [4]. Among these systems, bo-
rates constructed from pentaborate [BsO1o] units are particularly inter-
esting, as the coexistence of BOs and BOs polyhedra enables the
formation of rigid and thermally stable networks. Such pentaborate-
based frameworks represent an important structural motif in rare-
earth borates, providing mechanically robust lattices suitable for both
structural and optical investigations [5].

In such structures, rare-earth ions commonly play a dual role by
acting as structural linkers through RE-O polyhedra and as optically
active centers, while alkali and alkaline-earth cations provide charge
compensation and stabilize the lattice. Similar structural features have
been reported in Gd-based pentaborate systems, where isolated [BsO1o]
clusters are interconnected via REOe octahedra and charge-balanced by
alkali or alkaline-earth cations [5,6].

Among them, K;SrGdy(Bs01¢0)3 (KSGBO) represents a promising
mixed-cation rare-earth borate host lattice in which Gd®' ions are an
integral part of the crystal framework rather than extrinsic dopants. The
coexistence of K, Sr?*, and Gd>* cations is expected to influence local
symmetry, coordination environments, and lattice distortion, which are
critical factors governing the optical behavior of rare-earth ions.

The presence of polyborate (BsO10)°~ clusters, combined with mixed
cation environments, makes this compound particularly attractive for
photoluminescent and high-temperature optical applications. In rigid
borate lattices, the local coordination symmetry and bonding environ-
ment of rare-earth ions are key factors governing radiative transition
probabilities and emission characteristics. Consequently, rare-earth
borates such as YAls(BOs)s, GdAls(BOs)s, and RECa4O(BOs)s (RE = Y,
Gd) have been extensively investigated as representative optical host
materials [7-10].

Rare-earth (RE3") ions have attracted considerable attention due to
their unique electronic configurations, which give rise to sharp emission
bands spanning the visible and near-infrared regions. These character-
istics make them highly suitable for a wide range of applications,
including solid-state lighting, display technologies, optical amplifiers,
lasers, and sensing devices. In particular, RE ions such as Eu®t, Sm®™,
Er®*, Dy®*, and Tb®* have been extensively studied for their tunable
luminescence properties and high color purity in photonic materials.

Among them, Sm>* ions are well known for their efficient orange-red
emission and applications in display and laser systems [11]. Tb3" ions
are particularly attractive among rare-earth activators due to their
intense green emission originating from the >Ds — ”Fs transition, making
them highly suitable for green-emitting phosphors in solid-state lighting
and display applications. In addition, Tb®* ions exhibit relatively high
quantum efficiency and thermal stability compared to other RE ions. In
particular, the choice of host lattice plays a crucial role in determining
the luminescence efficiency and thermal stability of rare-earth-doped
phosphors. Rare-earth ions embedded in rigid borate lattices are well
known to exhibit sharp f-f electronic transitions, low phonon-assisted

nonradiative losses, and good thermal stability of luminescence. In
particular, Tb®*-activated borate phosphors have been extensively
investigated due to their intense green emission originating from the
D4 — 7Fs transition and their high color purity [12-17]. Various Tb>*-
doped borate hosts have demonstrated that the rigid borate framework
effectively suppresses nonradiative relaxation processes, resulting in
enhanced emission intensity and thermal stability [18-20]. When
combined with CIE chromaticity analysis, photoluminescence studies
enable a comprehensive assessment of the emission characteristics and
color tunability of rare-earth-based phosphor materials.

In addition to these studies, several Tb>*-activated borate phosphors
such as YAls(BOs)a:Tb>" [8,21], YBag(BO3)3:Tb>" [18], GdAls(BOs)a:
Ln®t @n®:Eu®t, Tb3, Dy>1) [3,22], SrsGd(BOs)a:Tb>" [23], KaY(BO2)s:
Tb*" [24], and Na:GdzB.07:Tb>" [25], KsCaY2(BsO10)s:Tb>" [15] have
been extensively reported, exhibiting strong green emission arising from
the °Ds — 7Fs transition with high color purity and good thermal sta-
bility. Compared with these reported borate hosts, the present
K+SrGdz(BsO10)s:Tb>* system exhibits comparable or enhanced photo-
luminescence performance, particularly in terms of pronounced anti-
thermal quenching behavior and significant emission intensity
enhancement induced by alkali co-doping, highlighting its potential for
high-temperature photonic applications.

Among various borate-based hosts, K;SrGd2(Bs01¢)3 offers a unique
structural platform in which Gd*" ions are intrinsic lattice constituents,
providing a chemically compatible and energetically favorable site for
Tb3" substitution. In addition, the rigid pentaborate framework and the
presence of alkali-rich cationic environments make this host particularly
suitable for achieving thermally robust luminescence and for systemat-
ically tuning optical properties via alkali co-doping.

Therefore, the present work aims to address the limited under-
standing of Tb®*-activated K-SrGdz(BsO10)s phosphors and to systemat-
ically investigate the role of alkali co-doping in tailoring their structural
and photoluminescence properties. The motivation of this study stems
from the unique structural characteristics of the KSGBO host lattice, in
which Gd3* acts as an intrinsic lattice constituent, providing a chemi-
cally compatible and energetically favorable substitution site for Th®*
ions within a rigid pentaborate framework. Moreover, the alkali-rich
environment of this host offers a versatile platform for tuning local
symmetry, defect states, and energy transfer processes through
controlled Li*/Na™ incorporation.

The originality of this work lies in the first comprehensive investi-
gation of Tb®'-activated KSGBO phosphors with alkali co-doping,
revealing several distinctive and previously unexplored features. In
particular, the system exhibits thermally robust dual-band emission with
anti-thermal quenching behavior, where both green and red emissions
are simultaneously enhanced with increasing temperature. Further-
more, alkali co-doping leads to significant photoluminescence
enhancement and improved color characteristics, while maintaining
favorable recombination dynamics. The enhanced thermal stability,
supported by activation energy analysis, further highlights the resis-
tance of these materials to thermally activated non-radiative processes.

These combined features underline the potential of KSGBO:Tb>*
phosphors as promising candidates for next-generation temperature-
stable green-emitting materials in solid-state lighting, display technol-
ogies, and optical thermometry.
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2. Experimental procedure
2.1. Materials and synthesis

High-purity K2COs, SrCOs, HsBOs, and Gd:0s (>99.9%, Sigma-
Aldrich) were selected as precursor materials for the preparation of
the K7SrGda(BsO19)3 host lattice. TbsO7 (>99.99%, Alfa Aesar) was
employed as the activator ion and incorporated into the lattice by
substituting Gd>" sites at concentrations ranging from 0.5 to 7 wt%. To
examine the influence of alkali co-doping on the material properties,
analytical-grade Li.COs and Na.COs were introduced in amounts be-
tween 0.5 and 7.0 wt%. All starting compounds were weighed according
to their stoichiometric ratios and thoroughly homogenized in an agate
mortar. A small amount of deionized water was added to assist mixing
and to obtain a uniform slurry. The resulting mixture was dried at 120 °C
to remove residual moisture and then subjected to a conventional solid-
state synthesis procedure. The dried powders were initially calcined at
600 °C for 4 h to eliminate volatile species and facilitate precursor
decomposition. After regrinding, the powders were annealed at 950 °C
for 6 h in ambient air to promote phase development and crystallization.
Following natural cooling to room temperature, the final products were
stored in airtight containers to prevent moisture absorption. This syn-
thesis approach enabled the successful incorporation of Tb®* ions into
the Gd>" sites of the pentaborate host structure, resulting in single-phase
K7SrGds(Bs01¢)3 phosphors with good crystallinity and compositional
uniformity, suitable for subsequent structural and spectroscopic in-
vestigations. Notation “x” used in sample compositions (e.g., KSGBO:
xTb3") corresponds to x wt% of Tb>'. This convention is adopted
consistently throughout the manuscript.

2.2. Structural characterization

The synthesized KSGBO phosphors were systematically investigated
to elucidate their structural, vibrational, morphological, and optical
characteristics using a combination of complementary experimental
techniques. Phase purity and crystallographic properties were analyzed
by powder X-ray diffraction (XRD) employing a Malvern Panalytical
Empyrean diffractometer with Cu Ka radiation (A = 1.5406 [D\).
Diffraction patterns were recorded in the 20 range of 10-80° with a step
size of 0.02°. Structural parameters, average crystallite size, and phase
composition were determined through Rietveld refinement using the
HighScore Plus software package. Fourier transform infrared (FTIR)
spectroscopy was performed using a Thermo Scientific Nicolet iS50
spectrometer over the wavenumber range of 400-4000 cm ™ to identify
characteristic vibrational modes and bonding environments within the
borate framework. Raman spectra were acquired with a Renishaw in Via
Raman microscope equipped with a 532 nm excitation laser and a 2400
lines mm™! grating. Measurements were carried out in the spectral re-
gion of 100-3200 cm ! to examine vibrational features associated with
BOs and BOs structural units, as well as possible dopant-induced lattice
distortions. The surface morphology and elemental composition of the
samples were examined by scanning electron microscopy (SEM) coupled
with energy-dispersive X-ray spectroscopy (EDS) using a ZEISS Gem-
iniSEM 500 operated at an accelerating voltage of 20 kV under high-
vacuum conditions. Prior to analysis, a thin gold coating was applied
to the sample surfaces to minimize charging effects. SEM micrographs
were utilized to assess particle morphology, grain connectivity, and
agglomeration behavior, while EDS analysis provided qualitative and
quantitative information on elemental distribution and dopant incor-
poration. Photoluminescence (PL) excitation and emission spectra were
recorded using an Edinburgh Instruments FS5 spectrofluorometer
equipped with a 150 W xenon lamp. The luminescence behavior of Tb>*
ions was evaluated based on characteristic excitation and emission
transitions. Time-resolved PL decay measurements were carried out
using the same system to determine luminescence lifetimes. Colori-
metric properties were assessed by calculating the Commission
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Internationale de l‘Eclairage (CIE) chromaticity coordinates from the
emission spectra.

3. Results and discussions

3.1. Crystal structure analysis, Rietveld refinement, and site occupancy
evaluation

The crystallographic characteristics, phase composition, and struc-
tural stability of both undoped and Tb3*-doped KSGBO phosphors,
including compositions co-doped with Li" and Na™ ions, were compre-
hensively examined by means of powder X-ray diffraction (XRD)
coupled with Rietveld refinement techniques. The diffraction profiles
illustrated in Fig. 1a demonstrate that all observed Bragg reflections
correspond well with those listed in the standard JCPDS database (Card
No. 04-024-1071), thereby verifying the successful formation of a pure
KSGBO phase. Further analysis of the diffraction data reveals that the
KSGBO host adopts a trigonal lattice belonging to the R32 space group.
Within the detection limits of the measurement system, no extraneous
diffraction peaks attributable to secondary phases or impurity-related
compounds are observed. These results clearly indicate that neither
rare-earth ion incorporation nor alkali metal co-doping induces any
detectable disruption to the fundamental crystal framework of the host
material.

The overall similarity in peak positions and relative intensities
among all compositions suggests that the long-range crystal symmetry
remains unchanged upon Tb®* incorporation and subsequent Li*/Na*
co-doping. Minor variations in peak intensity are attributed to subtle
differences in crystallinity and microstructural effects rather than phase
transformation. These results demonstrate that the KSGBO framework
exhibits sufficient structural tolerance to accommodate dopant and co-
dopant ions without inducing detectable lattice instability.

A schematic representation of the KSGBO crystal structure is illus-
trated in Fig. 1b, highlighting the three-dimensional borate network
constructed from interconnected boron-oxygen polyhedral units. The
Gd>* ions are octahedrally coordinated by oxygen atoms and serve as
structural linkers between isolated [BsOo] clusters. Within this rigid
framework, K*, Sr?*, and Gd>* ions occupy distinct crystallographic
sites coordinated by oxygen atoms. The Gd>" sites, in particular, provide
a chemically compatible environment for Tb*" substitution due to their
identical valence state and comparable coordination geometry, while
the overall framework maintains charge neutrality and structural
coherence. Since Tb3" and Gd®* possess the same trivalent oxidation
state, this substitution occurs without the need for additional charge
compensation mechanisms.

Rietveld refinement was carried out to quantitatively evaluate the
structural parameters of all samples. Representative refinement profiles
are shown in Fig. 1c, where a close correspondence between the
observed and calculated diffraction patterns is observed. The difference
curves remain nearly flat across the full 20 range, indicating the absence
of systematic misfits. The obtained reliability factors fall within
acceptable limits, with y? values ranging from 2.07 to 2.63, R, values
between 0.041 and 0.049, and Ry, values in the range of 0.057-0.068,
confirming the consistency of the applied structural model. Although
crystallite size and microstrain parameters are typically not the primary
focus of Rietveld refinement, preliminary estimates of crystallite
broadening can be obtained from profile fitting. These values, along
with more detailed microstructural analyses, are further evaluated in
Section 3.2 using multiple line broadening models for comparative ac-
curacy and robustness. The refined lattice parameters and agreement
indices are summarized in Table 1. Only marginal variations in lattice
constants and unit cell volume are observed upon Tb>" doping, while a
slight unit-cell contraction is observed for Li* and Nat co-doped sam-
ples, which can be attributed to lattice relaxation effects associated with
local charge compensation. The selection of Li* and Na™ as co-dopants is
driven by their relatively smaller ionic radii (0.76 A for Li* and 1.02 A
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Fig. 1. (a) X-ray diffraction patterns of undoped and Tb>*-doped KSGBO phosphors, including Li* and Na* co-doped compositions, indexed to the standard JCPDS
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profiles of KSGBO samples showing observed, calculated, and difference patterns.
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Table 1
Refined lattice parameters and Rietveld reliability factors of undoped and Tb**-doped KSGBO phosphors, including Li* and Na™ co-doped compositions.
KSGBO

Unit Cell Undoped 1wt%Tb3* 3wt%Tb>+ 3wt%Tb>*, 3wt%Lit 3wt%Tb>*, 3wt%Na ™
a [A] 13.21 13.19 13.20 13.19 13.20
b [A] 13.21 13.19 13.20 13.19 13.20
¢ [A] 15.41 15.41 15.38 15.41 15.39
a, B,y [°] 90,90,120 90,90,120 90,90,120 90,90,120 90,90,120
Vol. [A%] 2330.82 2324.37 2324.782 2325.663 2324.833
¥ 2.13 2.071 2.626 2.229 2.065
R, 0.04 0.041 0.049 0.044 0.044
Ryp 0.061 0.057 0.067 0.060 0.059
Rexp 0.028 0.027 0.025 0.027 0.028

for Na™) compared to K (1.38 A), enabling partial substitution or
interstitial incorporation within K'-rich sites of the KSGBO lattice. This
controlled size mismatch is expected to introduce localized lattice strain
and electrostatic potential fluctuations, which may modulate point
defect populations and suppress non-radiative recombination pathways.
Similar alkali co-doping strategies have been reported to improve
crystallinity, lattice stability, and photoluminescence efficiency in rare-
earth-doped borate systems [19]. Such contraction likely arises from the
incorporation of smaller monovalent ions (Li*/Na%) into the K*-rich
sites of the trigonal lattice, potentially inducing local strain and subtle
modifications in the polyhedral environment. These local distortions,
although not visible in long-range XRD patterns, may influence defect
states or site symmetry — factors which are further investigated in the
optical and microstructural analyses in subsequent sections. Based on
the refined unit-cell volumes, the contraction amounts to approximately
0.22% for the Lit-co-doped sample and 0.26% for the Na™-co-doped
sample relative to the undoped composition.

To further clarify the preferred substitution site of T ions, the
ionic radius mismatch (Dr) was evaluated using Shannon's effective ionic
radii for sixfold coordination. The calculated D values, summarized in
Table 2, indicate a minimal mismatch of 1.599% between Tb3* (0.923
A) and Gd®* (0.938 A), whereas larger mismatches are obtained for
potential substitution at Sr’* (6.135%) and K* (31.115%) sites.
Considering that a radius mismatch below 30% is generally required for
stable substitutional doping, these results indicate that Tb®" ions pref-
erentially occupy Gd>* lattice sites.

In the KSGBO host lattice, Tb®" substitution at Gd*" sites does not
require charge compensation due to identical trivalent oxidation states.
However, the subsequent introduction of Li* and Na™ ions represents an
additional modification to the alkali-rich framework rather than a
charge-balancing necessity. Given the presence of multiple crystallo-
graphically distinct K™ sites, alkali co-doping is expected to induce local
lattice relaxation and charge redistribution without disrupting the long-
range crystal symmetry, as confirmed by the absence of secondary
phases in Fig. la. The slight unit-cell contraction observed in Table 1
further supports the occurrence of localized structural adjustments,
which are commonly associated with alkali-assisted modulation of
defect environments and luminescence efficiency in complex borate
lattices.

Overall, the combined XRD, Rietveld refinement, and ionic radius
mismatch analyses consistently demonstrate that Tb>" incorporation
and alkali co-doping do not compromise the structural stability of the
KSGBO host lattice. This structurally coherent framework provides a
reliable basis for interpreting the photoluminescence behaviours

b3+

discussed in the following sections. These findings confirm that the
observed structural stability is intrinsic to the host lattice rather than
being influenced by secondary phase formation.

3.2. Crystallite size and microstrain evaluation via line broadening
methods

To further understand the microstructural features of KSGBO phos-
phors beyond the average structural analysis provided by Rietveld
refinement, several line broadening approaches were employed to esti-
mate crystallite size and microstrain. To obtain more accurate estimates
of crystallite size and microstrain beyond the Rietveld-derived average
structure, several line broadening models were employed, including the
Debye-Scherrer, Monshi-Scherrer[26], Williamson-Hall [27], Hal-
der-Wagner [28], and Size-Strain Plot methods [29]. These comple-
mentary approaches enable the distinction between size-induced and
strain-induced broadening effects and reveal the influence of rare-
earth and alkali co-doping on the nanocrystalline structure of the
phosphors.

All applied methods consistently show that T doping leads to a
marked increase in average crystallite size, regardless of the model used.
This growth in crystallite size is associated with enhanced crystallinity
and reduced structural imperfections, due to the substitution of Tb®* at
Gd>* sites with minimal ionic mismatch. As observed in the Mon-
shi-Scherrer and Williamson-Hall plots (Fig. 2a and b), the slopes of the
linear fits decrease progressively with increasing Tb>* content, reflect-
ing narrower diffraction peaks and reduced internal strain.

The H—W model (Fig. 2c), known for its sensitivity to well-
crystallized systems, provides additional confirmation of this trend by
showing steeper slopes in the undoped sample, indicating higher strain.
The SSP method (Fig. 2d), which accounts for both crystallite size and
strain in a unified plot, supports these findings and provides the most
balanced estimation of microstructural parameters.

Alkali ion co-doping with Li* and Na™ results in a minor reduction in
crystallite size and a minor increase in microstrain compared to the
Tb3*-only doped samples. This effect is attributed to local lattice dis-
tortions caused by the incorporation of smaller monovalent ions, which
create localized stress fields but do not significantly compromise the
long-range structural order. Still, the co-doped compositions maintain
superior microstructural properties compared to the undoped sample.

Overall, the combined line broadening analyses (Figs. 2a—2d) indi-
cate that Tb>" doping improves crystallite coherence and minimizes
microstrain, while alkali co-doping introduces manageable local dis-
tortions. These microstructural refinements are expected to reduce non-

b3+

Table 2
Calculated ionic radius mismatch (Dr) values for possible substitution sites of Tb3* ions in the KSGBO lattice based on Shannon's effective ionic radii.
K Tb Sr Tb Gd Tb
? Rm CN Ry CN ; Rm Ry CN ; Rm CN Rq CN
31.11 1.38 6 0.92 6 6.13 1.1 0.92 6 1.59 0.93 6 0.92 6
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Fig. 2. (a) Monshi-Scherrer plot (Inf vs In(1/cos6)) for undoped and doped KSGBO samples, showing reduced slopes with increasing dopant concentration, indi-
cating higher crystallinity. (b). Williamson—Hall plot (Bcos® vs 4sin) illustrating strain reduction trends in Tb®>*-doped and co-doped samples. (c) Halder-Wagner

plot, emphasizing the contrast in slope steepness between undoped and doped KSGBO, confirming reduced lattice strain. (d) Size-Strain Plot (SSP) analysis
combining both size and strain effects for comprehensive evaluation of microstructural changes.

radiative centers and positively influence the photoluminescence
behavior of the phosphor system.

The numerical values of crystallite size and microstrain obtained
from the above-mentioned models are summarized in Table 3.

3.3. Vibrational analysis via FTIR and Raman spectroscopy

To explore the short-range ordering and local bonding environment
within KSGBO phosphors, Fourier-transform infrared (FTIR) and Raman
spectroscopic techniques were utilized. These methods are effective for

probing the vibrational characteristics of borate groups and identifying
structural modifications resulting from Tb®* doping and alkali metal co-
doping.

The FTIR spectra for both undoped and Tb3+—d0ped KSGBO samples
are depicted in Fig. 3a. A broad absorption peak located at approxi-
mately 3429 cm ™ is attributed to the O—H stretching vibrations, which
likely originate from surface-bound water molecules or hydroxyl groups.
Additional absorption bands observed in the 1600-400 cm™! range

correspond to intrinsic vibrational modes associated with the borate
framework.
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Table 3
Crystallite size (D) and microstrain (¢ or §) values for undoped and Tb3*/Lit/
Na™ doped KSGBO phosphors calculated using different line broadening models.
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Specifically, the bands at 1475 and 1428 cm ™! are attributed to the
stretching vibrations of B—O bonds in trigonal [BOs]®~ units. The
1360-1110 cm ! region reflects asymmetric B—O stretching, indicating
the degree of cross-linking between borate polyhedra. The redshift
observed in the B—O asymmetric stretching region with Tb>*/Na* co-
doping suggests a rearrangement in borate coordination, in agreement
with similar modifications reported in ytterbium-doped borate systems
[30]. Additionally, the peaks at 729, 615, and 569 cm ™! are due to out-
of-plane bending vibrations of B-O-B linkages, which are often sensitive
to distortions in the glass network. The low-frequency band at 496 cm ™!
is ascribed to the in-plane bending of [BOs] units [31].

Tb3* doping and subsequent Li*/Na™ co-doping induce modest band
shifts and broadening, especially between 1000 and 600 cm™'. These
variations likely stem from local lattice stress and minor distortions
caused by ionic substitution or interstitial incorporation. The presence of
alkali ions, which possess different ionic radii compared to K*, can
induce non-uniform lattice deformation, resulting in asymmetrical
vibrational behavior.

Fig. 3b displays the Raman spectra of all samples in the 100-3000
em ™! range. The undoped KSGBO shows a well-defined set of Raman-
active modes, consistent with the trigonal crystal structure and the
presence of both [BOs] and [BO.] structural units. The peaks in the
500-1000 cm ™! region are primarily assigned to symmetric and asym-
metric B—O stretching vibrations of [BOs] and [BOs]®~ units. For
instance, bands near 626 and 735 cm™! correspond to symmetric
stretching of [BO4], while those at 982 and 935 cm! are attributed to
vibrations involving bridging oxygen atoms in mixed coordination en-
vironments [32].

At lower frequencies (<500 em 1), bands such as 161, 239, 290, and
394 cm™! are associated with lattice phonons and metal-oxygen
(Gd—O, Tb—O) interactions. These modes are sensitive to crystal field
changes and can reflect cation substitution or local disorder. Notably,
co-doped samples exhibit enhanced vibrational mode dispersion and
reduced intensity, particularly in the 544-735 cm™! range, suggesting
increased phonon scattering and reduced long-range order. These
spectral modifications support the idea of internal structural stress and
distortion arising from ionic substitution and charge compensation
mechanisms, consistent with previous studies on alkali-doped borates
[19,32].

The combined FTIR and Raman analyses confirm the coexistence of
trigonal [BOs] and tetrahedral [BO4] units in the KSGBO lattice. While
the overall vibrational framework is preserved upon doping, subtle
frequency shifts, mode expansion, and intensity changes reveal localized
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Fig. 3. (a) FTIR spectra of undoped and Tb**/alkali-doped KSGBO samples
showing characteristic vibrations of BOs and BO4 units. (b) Raman spectra of
KSGBO phosphors with varying dopant content, highlighting structural changes
in borate units and lattice vibrations.

structural distortions. These effects become more prominent with alkali
co-doping, suggesting that the incorporation of Li* and Na™ induces
mild symmetry breaking and localized lattice deformation in the borate
network. Such distortions may influence phonon-exciton interactions
and contribute to the optical behaviours discussed in subsequent
sections.

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

The microstructural characteristics and elemental composition of the
synthesized KSGBO phosphors were examined by scanning electron
microscopy (SEM) combined with energy-dispersive X-ray spectroscopy
(EDS). Fig. 4a and Fig. 4b display the representative SEM images and
corresponding EDS spectra of the undoped KSGBO and KSGBO:3wt%
Tb3* samples, respectively.

As observed in Fig. 4a, the undoped KSGBO sample consists of
densely packed grains with irregular morphology and relatively smooth
surfaces. The particles exhibit moderate agglomeration with well-
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Fig. 4. SEM images and EDS spectra of (a) undoped KSGBO and (b) KSGBO: 3wt%Tb>* phosphors, showing microstructural morphology and elemental composition.
The presence of Tb signals in the doped sample confirms successful activator incorporation.

defined grain boundaries, which is typical for borate-based phosphors
synthesized via high-temperature solid-state routes. The absence of
abnormal grain growth or secondary morphologies suggests a uniform
crystallization process and is consistent with the single-phase nature
confirmed by XRD and Rietveld refinement. Such compact grain packing
indicates good structural integrity of the KSGBO host lattice.

Upon Tb®! incorporation, noticeable microstructural changes are
observed, as shown in Fig. 4b. The KSGBO:3wt%Tb%" phosphor exhibits
a more porous and interconnected morphology, characterized by elon-
gated grains and increased surface roughness. This morphological evo-
lution can be attributed to dopant-induced modifications in lattice
diffusion and grain growth kinetics during synthesis. The substitution of
Tb3" for Gd>*—despite their similar ionic radii—can locally perturb the
crystal lattice, promoting the formation of interconnected microstruc-
tures. Such porous morphologies are favorable for photoluminescent
performance due to enhanced light scattering and extraction.

The chemical composition of both samples was further analyzed by
EDS, and the corresponding spectra are included in Fig. 4a and b. For the
undoped KSGBO sample, the EDS results confirm the presence of K, Sr,
Gd, B, and O elements, in good agreement with the nominal stoichi-
ometry of the host lattice. No impurity-related peaks are detected,
indicating high phase purity.

For the Tb%'-doped sample, additional Tb-related signals are
observed in the EDS spectrum, confirming the successful incorporation
of Tb®* ions into the KSGBO lattice. It should be noted that the char-
acteristic L-line X-ray emissions of Gd and Tb appear in closely spaced

energy regions due to their adjacent atomic numbers. As a result, partial
overlap of Gd and Tb peaks is observed in conventional SEM-EDS
spectra, which is a well-known limitation of the technique when
analyzing neighbouring lanthanide elements. Nevertheless, the sys-
tematic appearance of Tb signals in the doped sample, together with the
compositional differences relative to the undoped KSGBO and the
absence of any secondary phases, clearly verifies the presence of Th>*
ions within the host matrix.

Importantly, no evidence of elemental segregation or Tb-rich sec-
ondary phases is detected, indicating a homogeneous distribution of the
activator ions. When considered alongside the structural results ob-
tained from XRD, ionic radius mismatch analysis, and the characteristic
Tb3" photoluminescence emissions, the SEM-EDS findings provide
complementary confirmation that Tb®" ions are successfully incorpo-
rated into Gd>* lattice sites without disrupting the structural integrity of
the KSGBO framework.

Overall, the combined SEM and EDS analyses demonstrate that Tb>*
doping induces controlled microstructural modifications while preser-
ving chemical homogeneity and phase purity. These features are ex-
pected to play a beneficial role in the enhanced photoluminescence
efficiency and thermal stability discussed in the subsequent sections.

3.5. Photoluminescence properties of Th>*-activated KSGBO phosphors

The photoluminescence (PL) properties of KSGBO phosphors acti-
vated with Tb%" ions were systematically examined through excitation
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and emission spectroscopy to elucidate their optical behavior. The
excitation spectrum of the sample with 0.5 wt% Tb3* concentration
(Fig. 5a), monitored at the green emission wavelength of 541 nm, re-
veals several sharp bands in the UV region. These bands correspond to
the intra-4f® electronic transitions of Tb3* jons from the ground state
(’Fe) to higher energy states such as 5K+ (238 nm), 5Ks (268 nm), SHa
(306 nm), °H7 (312 nm), *Le (352 nm), °D2 (359 nm), °Ge/°Ds (377 nm),
and °Ds (484 nm). Although these f-f transitions are formally parity-
forbidden, they gain intensity through 4f-5d configuration mixing and
vibronic coupling mechanisms in a low-symmetry crystal field envi-
ronment [16,33,34].

The corresponding emission spectrum under 377 nm excitation
(Fig. 5a, green curve) exhibits intense green luminescence, character-
istic of Tb3+, with the dominant °Ds — ”Fs transition centered at 541 nm.
Additional emission peaks are also observed at 488 nm (°Ds — 7Fs), 583
nm (°Ds — “Fa), 622 nm (°Ds — Fs), and 672 nm (°Ds — "Fy), reflecting
the multiplet nature of the 4f electronic manifold. The energy level di-
agram in Fig. 5b schematically illustrates the sequential excitation, non-
radiative relaxation, and radiative decay pathways responsible for these
emissions.

1E+07 — — - 1E+05
= 541nm KSG Wt‘%Tbh
236nm, Excitation
Emission
%, =378nm | 8E+04
S 1E+06 5
e L 6E+04 &
= c
kel Xe]
s 3
2 L 4E+04 &
W 1E+05 o i
=
o o
- 2E+04
672nm
1E+04 o Pe-hy
T T 1§ T T
300 400 500 600 700 800

Wavelength (nm)

(a)
% VWS VWS A
. ® Non-radiative Relaxation
. VS
" 5
W T
= ;E: POM—
A | 1, <
s Jen
:-)f{ %
§zo .
2
w E|E|E[E EEEEl E EEE EE
c|cclcclcele € ggs e
S|@ONNONT N[ D= NN
®0 o= wDN® O NN
o NEEPonsd < <o oo
F,
i
¥, 1
Excitation ~Emission
(b)

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 358 (2026) 127898

To further understand the excitation-dependent emission behavior,
PL spectra were recorded at various excitation wavelengths ranging
from 239 to 484 nm for the optimal composition of x = 3 wt% Tb>*
(Fig. 5c). While the spectral shapes remain consistent, reflecting the
stability of the Tb3" coordination environment within the KSGBO host,
notable variations in emission intensity were observed. The excitation at
378 nm yielded the strongest emission intensity, indicating that the “Fs
—5Ls transition is particularly efficient in populating the emissive >Da
state. Similar wavelength-dependent PL efficiency has been reported in
other host systems such as CasLas(BO3)s5 [17] and NaGdsB20O7 [20]. The
strong excitation-wavelength dependence highlights the importance of
matching excitation energy with optimal electronic transitions to
maximize luminescence output in real-world optoelectronic applica-
tions. The absence of spectral shifts under different excitations further
confirms the robustness of the local environment around Tb*" ions in
the KSGBO lattice.

To further evaluate the optimal activator concentration, PL emission
intensities were measured for KSGBO:xTb3" phosphors (x = 0.5-7 wt%)
under 378 nm excitation (Fig. 5d). The emission spectra consistently
exhibit characteristic Tb>" transitions, dominated by the green °Ds — "Fs
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Fig. 5. (a) Excitation and emission spectra of KSGBO:0.5wt%Tb>* phosphor (Aemy = 541 nm, Aey = 378 nm). (b) Energy level diagram of Tb3+ showing excitation,
non-radiative relaxation, and emission transitions. (c) Emission spectra of KSGBO:3wt%Tb>" under various excitation wavelengths (239-484 nm). (d) Emission
spectra of KSGBO:xTb>" (x = 0.5-7 wt%) under 378 nm excitation, showing concentration-dependent PL intensity. (e)Linear fit of log (I/x) versus log(x) for KSGBO:

xTb®" phosphors in the concentration range x = 3-7 wt%.
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Fig. 5. (continued).

line at 541 nm. As the Tb®" content increases, the emission intensity
initially enhances, reaching a maximum at x = 3 wt%, and then grad-
ually declines with further doping.

The reduction in luminescence observed beyond the optimal Tb>*
concentration is due to concentration quenching, a well-known behavior
particularly evident in phosphors containing rare-earth activators.
Comparable quenching effects have been attributed to intensified cross-
relaxation, while thermally assisted energy migration among neigh-
bouring Tb3* ions has been reported in Tb3+—d0ped tungstate phosphors
[35]. Additionally, at elevated doping levels, energy migration between
adjacent Tb®" ions becomes more probable, whereby the excitated-state
energy of a Tb>" ion (°Ds level) can be non-radiatively passed to a
nearby ion in its ground state. Such energy migration may proceed
through mechanisms like exchange coupling or multipolar interactions,
which are well-documented in rare-earth systems [36,37]. As the Tb3*
concentration increases, the spatial separation between activator ions
becomes smaller, enhancing the probability of non-radiative energy
transfer through cross-relaxation or multi-phonon processes. Such in-
teractions can facilitate energy migration to quenching centers or defect
sites, resulting in a decrease in radiative emission efficiency [35].
Similar luminescence modulation behavior has also been reported in
coordination polymer systems, where energy transfer processes and
interaction-induced quenching mechanisms significantly influence the
emission characteristics [38-41].

The quenching behavior observed here is in agreement with previous
studies on borate- and fluoride-based Tb®* phosphors, where the
quenching concentration typically falls within the 2-5 mol% range,
depending on the host lattice and its energy transfer dynamics [42].
These results confirm that x = 3 wt% represents the optimal doping level
for maximizing green emission efficiency in the KSGBO host. This
optimal doping behavior can be further understood by analyzing the
energy migration dynamics illustrated in Fig. 5b. At low Tb>" concen-
trations, the probability of radiative recombination is high due to well-
separated activator ions. However, as the concentration increases
beyond the critical level (x > 3 wt%), non-radiative processes such as
cross-relaxation (CR) become dominant. In particular, the energy level
proximity between the °Ds — D (~5900 cm™) and "Fs — "Fo (~6000
em™Y) transitions facilitates a CR process between neighbouring Tb*
ions. In this mechanism, the non-radiative relaxation of an excited
electron from the °Ds level in one Tb%" ion is coupled with the simul-
taneous excitation of another ion from the “Fs to "Fo level, followed by

10

eventual decay via multiphonon or defect-mediated pathways. This
energy migration and CR lead to depopulation of the emissive °Ds state,
resulting in concentration quenching and reduced PL efficiency at
higher doping levels.

To determine the dominant mechanism responsible for concentra-
tion quenching in KSGBO:xTb®" phosphors, the critical distance (Rc) for
energy transfer between Tb>" ions was estimated. According to Blasse's
theory, when R, exceeds 5 A, non-radiative energy transfer is most likely
governed by multipolar interactions rather than exchange interactions,
which dominate at shorter distances [36]. In the present study, the unit
cell volume (V) for the sample with the optimal Tb3* concentration (x =
3 wt%) was determined as 2324.782 A3 from Rietveld refinement. Using
the eq. [43]:

1/3
R.~2 3V
4nx.N

where x, = 3 wt% is the critical Tb®" concentration, and N = 24 is the
number of available cation sites per unit cell, corresponding to the total
number of Gd>" sites in the K7SrGda(BsOno)s structure (2 Gd>* per for-
mula unit with Z = 12 for the trigonal R32 unit cell), since Tb3* ions
substitute for Gd®* sites in the host lattice, R, was calculated to be
approximately 14.8 A. This value significantly exceeds the 5 A threshold
[44], strongly suggesting that the energy transfer responsible for lumi-
nescence quenching occurs predominantly via multipole-multipole in-
teractions (MMI) rather than short-range exchange interactions.
Although multipolar interaction is identified as the dominant quenching
mechanism, contributions from lattice defects, site-to-site disorder, or
energy migration via defect-assisted pathways cannot be entirely
excluded.

To gain further insight into the concentration quenching mechanism
in KSGBO:xTb>* phosphors, the type of multipolar interaction respon-
sible for non-radiative energy transfer was analyzed using Dexter's
theoretical framework. According to the model, the nature of multi-
pole-multipole interactions—whether dipole-dipole (d-d), dipo-
le-quadrupole (d-q), or quadrupole-quadrupole (g-q)—can be
identified by evaluating the slope of a linear fit to a plot of log(I/x)
versus log(x), where I is the PL intensity and x is the Tb3* concentration.

As illustrated in Fig. Se, the linear fitting of experimental data in the
high concentration range (x = 3 wt%-7 wt%) produced a slope of
approximately —2.36. Applying Dexter's simplified expression:
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log(1/x) = — Q/3log(x) + K

This yields a calculated Q value of ~7.08. Although Q = 7.08 is not
an exact match to any ideal multipolar interaction value, it is signifi-
cantly closer to Q = 6, which corresponds to dipole-dipole (d-d)
interaction, than to Q = 8 or 10 (representing d—q or q—q, respectively).
Therefore, the dominant energy transfer process leading to concentra-
tion quenching in the KSGBO host is most reasonably attributed to
dipole-dipole interactions.

This finding aligns with previous reports on similar borate-based
hosts doped with Tb*!, where d-d interactions were also found to
govern multipolar quenching mechanisms. Such deviation from the
theoretical Q value may result from local structural heterogeneities,
where non-uniform environments around Tb3" ions affect the dipo-
le-dipole interaction strength or enable competing quenching routes. To
further enhance the luminescence performance, alkali ion co-doping
strategies were explored and are discussed in the following section.

3.6. Effect of alkali ion co-doping on PL intensity

Beyond varying the concentration of the activator ion, another
effective strategy for tuning luminescent properties involves co-doping
with alkali metal ions. To investigate the effect of alkali ion co-doping
on the luminescence properties of KSGBO:3wt%Tb>" phosphors, Li*
and Na't ions were introduced into the host lattice in varying concen-
trations (y = 0-7 wt%), and the resulting emission spectra were recor-
ded under 378 nm excitation (Fig. 6.a-b). A significant enhancement in
PL intensity was observed for both co-dopants. Specifically, Li" co-
doping resulted in an approximately 4.5-fold increase in the green
emission intensity centered at 541 nm, while Na™ co-doping yielded an
approximately 3-fold enhancement compared to the undoped
counterpart.

Similar trends in luminescence enhancement upon alkali ion incor-
poration have been reported in other rare-earth-activated systems. For
instance, Altowyan et al. [19] showed that co-doping Li*, Na*, and K" in
Tb3*-activated YBas(BOs)s phosphors improved crystallinity and
modulated local field symmetry, ultimately enhancing radiative transi-
tion probabilities and suppressing non-radiative losses. Among them,
Li* exhibited the highest enhancement, attributed to its smaller ionic
size and more effective lattice distortion. These observations align with
previous reports on alkali co-doping in Tb®'-activated hosts. For
instance, in (Y, Gd)BO=:Tb>* phosphors, Li* co-doping significantly
enhanced the green emission due to improved energy transfer and
crystallinity, as well as induced lattice expansion and morphology
refinement, which are attributed to the smaller ionic radius and efficient
incorporation of Li" into the host matrix [45].

The luminescence enhancements observed in co-doped KSGBO:Tb*
phosphors can be attributed to several synergistic mechanisms. First,
substitution of larger K* ions (1.38 A) by smaller Li* (0.76 A) and Na™
(1.02 [D\) introduces local lattice distortions near Tb®™ sites. This local
asymmetry perturbs the crystal field and promotes 4f-5d configuration
mixing, relaxing parity selection rules and increasing radiative transi-
tion rates. Second, alkali ions may passivate residual defect states—such
as oxygen vacancies or surface traps—which are known to facilitate non-
radiative relaxation. Although direct charge compensation is not
required in this system due to the isovalent Tb®* « Gd®* substitution,
alkali ions may still influence defect formation energetics and site
symmetry. Third, modified interionic distances and local field fluctua-
tions may optimize energy migration pathways among Tb%" ions,
enhancing multipolar interactions while minimizing energy loss through
quenching centers.

Between the two alkali co-dopants, Li™ induces a more pronounced
enhancement than Na™, likely due to its smaller radius and greater
polarizing power, resulting in stronger perturbation of the local crystal
environment. This observation aligns with previous studies where Li™
was found to more effectively improve PL performance in various hosts
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Tb3*, yNa* phosphors under 378 nm excitation as a function of Li* co-doping
concentration (y = 0-0.07).

due to its ability to promote local field asymmetry and crystal refine-
ment. Similar luminescence enhancement mechanisms were also re-
ported in Eu®*-doped Gd»0s phosphors, where co-doping with Li*, Na™,
and K' ions improved emission intensity through crystallinity
enhancement and local field symmetry modulation, supporting the
generality of such effects across lanthanide-activated systems [46].

In summary, alkali ion co-doping serves as an effective strategy to
enhance the photoluminescence efficiency of Tb®'-activated KSGBO
phosphors by concurrently influencing structural, electronic, and
vibrational factors that govern radiative recombination.

3.7. Temperature-dependent PL behavior of KSGBO:3 wt%Th>+ phosphor

To evaluate the thermal stability and emission behavior of the
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KSGBO:3wt%Tb>" phosphor, temperature-dependent PL spectra were
recorded in the range of 300-550 K under 378 nm excitation. As shown
in the 3D emission map and the corresponding normalized intensity plot
(Figs. 7a-b), the green emission band centered at 541 nm exhibits a
gradual increase in intensity with temperature. Notably, the PL intensity
at 541 nm increases by nearly a factor of two upon heating from 300 K to
550 K, indicating an anomalous temperature-activated luminescence
enhancement rather than conventional thermal quenching. Although
the temperature-induced enhancement deviates from conventional
quenching, an activation energy value could not be extracted due to the
non-monotonic nature of the PL response.

Such thermally induced enhancement of Tb>" emission has also been
reported in other borate- and tungstate-based hosts. For instance, Kiran
etal. [35] observed a similar trend in Ca:2MgWOe:Tb>" phosphors, where
heating enhanced green emission by releasing trapped carriers that
subsequently fed the °Da excited state of Tb®" ions. This behavior,
known as anti-thermal quenching, contrasts the typical decline of PL
intensity at elevated temperatures. Similarly, Wang et al. [47] reported
an anti-thermal burst behavior in Tb®'-activated Mgs.sCao.sALsSisO1s
phosphors, where the PL intensity at 544 nm increased significantly up
to ~453 K. The authors attributed this anomaly to a combination of
negative thermal expansion effects and enhanced internal lattice
ordering at elevated temperatures. These observations collectively
suggest that thermally driven lattice or symmetry changes may alter the
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quenching behavior.
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local crystal field around Tb®* ions in a manner that favors radiative
over non-radiative decay channels, as previously observed in anti-
thermal quenching phosphor systems. A comparable mechanism based
on temperature-induced lattice contraction and distortion was demon-
strated by Zou et al., where negative thermal expansion strengthened
sensitizer-to-activator energy collection at elevated temperatures [48].

In the present KSGBO:Tb" system, this enhancement likely arises
from multiple temperature-driven processes. First, thermal release of
carriers from intrinsic defect-related shallow traps—formed during
high-temperature solid-state synthesis—can provide additional excita-
tion pathways for Tb®* ions, effectively compensating for non-radiative
losses. Second, moderate lattice expansion at elevated temperatures may
slightly reduce multi-phonon relaxation probabilities, thereby favoring
radiative recombination from the °Da level.

Interestingly, alongside the enhancement of the dominant >Ds — Fs
green emission at 541 nm, the red emission band at 672 nm (°Da = "Fa)
also shows a pronounced temperature-induced increase (Fig. 7b). While
the 541 nm transition is typically dominant in Tb®*-activated phos-
phors, the concurrent enhancement of the red emission suggests that
emission intensity redistributes among the’F; sublevels as temperature
rises. This may result from thermal population shifts within the Stark-
split’F; manifold or enhanced phonon-assisted relaxation pathways that
increase the probability of lower-energy transitions.

Reports of simultaneous thermal enhancement in both green and red
Tb3* emission bands are scarce, making this observation particularly
noteworthy. The temperature sensitivity of the 672 nm band also points
to enhanced influence of crystal field variations or electron—phonon
interactions at higher temperatures, subtly modifying the relative
transition probabilities. Notably, while such thermally enhanced green
emission is frequently reported in Tb>*-activated hosts, the simulta-
neous and progressive increase in red emission at 672 nm remains a
relatively uncommon observation. This dual-band response underscores
the presence of complex thermal population dynamics and enhances the
multifunctionality of KSGBO:Tb>" for applications requiring multicolor
temperature sensitivity. Similar anti-thermal quenching behavior
involving thermally assisted enhancement of Tb®" emission has also
been observed in Ce>"-sensitized systems, where Ce>* acts as a sensitizer
transferring energy to activator ions like Th®* at elevated temperatures,
thereby enhancing PL intensity [49]. In addition, a comparable anti-
thermal quenching effect was reported in borate-based hosts such as
NazY2TeB2010:Th3* [20,50], attributed to thermally assisted release of
carriers from shallow traps, further supporting the role of defect-
mediated energy feeding in sustaining emission under heat stress.

Overall, the dual-band anti-thermal quenching behavior observed in
KSGBO:3wt%Tb%"—manifested by the simultaneous enhancement of
both 541 nm and 672 nm emissions—highlights the presence of ther-
mally activated energy feeding mechanisms and exceptional thermal
robustness. This unique temperature response positions the KSGBO:Tb>*
phosphor as a promising candidate for high-temperature solid-state
lighting and optical thermometry applications, where temperature-
induced signal strengthening is advantageous over conventional
degradation. The observed anti-thermal quenching behavior cannot be
attributed to lifetime extension alone, but rather to thermally assisted
carrier release and energy redistribution processes, as further supported
by the lifetime analysis discussed later. Notably, this behavior deviates
from conventional thermal quenching models such as thermal ionization
and crossing relaxation, which typically lead to emission suppression at
elevated temperatures [51,52]. Instead, the enhancement observed in
KSGBO:Tb>* suggests that thermally driven carrier release and crystal
field stabilization play a dominant role in sustaining radiative
transitions.

3.8. Temperature-dependent PL behavior of alkali-co-doped KSGBO: Tb>*
phosphors

To evaluate how alkali ion co-doping influences the thermal
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luminescence behavior of KSGBO:Tb>" phosphors, temperature-
dependent photoluminescence (PL) measurements were conducted on
Li*- and Na"-modified samples across a temperature range of 300 to
550 K under 378 nm excitation. As illustrated in Figs. 8a-b, both co-
doped compositions initially demonstrate an increase in green emis-
sion intensity, particularly at 541 nm, indicating a suppression of ther-
mal quenching effects up to around 390 K. This improvement is likely
due to thermal activation of trapped carriers or defect-related states,
which subsequently facilitate energy transfer to the °Da level of Tb>*
ions, thereby enhancing the efficiency of radiative recombination.

Interestingly, a similar trend is observed for the red emission band at
672 nm (°Ds — "Fa transition), which also shows a thermally induced
increase up to ~390 K in both samples. This suggests that thermal
redistribution of populations among the’F; sublevels, combined with
phonon-assisted relaxation, contributes to the enhancement of this
typically weak transition. The concurrent rise of both green and red
emissions highlights the multilevel nature of the thermal activation
processes in these co-doped systems.

However, beyond 390 K, a decline in PL intensity is observed for both
Li* and Na® co-doped samples, signalling the onset of conventional
thermal quenching. This drop is likely due to the activation of non-
radiative processes such as multi-phonon relaxation or thermal ioniza-
tion that become dominant at elevated temperatures. Importantly, the
thermal quenching onset occurs at nearly the same temperature in both
samples, suggesting that while alkali co-doping promotes anti-thermal
behavior at moderate temperatures, it does not significantly delay the
eventual thermal degradation of PL intensity.

The comparative behavior is further illustrated in Figs. 8c-d, where
normalized PL intensities at 541 nm and 672 nm are plotted against
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temperature. These plots clearly show the initial enhancement followed
by quenching, supporting the interpretation that alkali co-doping
modifies the trap landscape and energy transfer dynamics, but cannot
indefinitely suppress non-radiative losses.

In summary, Li* and Na™ co-doping introduce a beneficial anti-
thermal quenching effect in KSGBO:Tb%" phosphors, enhancing both
green and red emissions up to ~390 K. This dual-band response re-
inforces the potential of these materials for temperature-sensitive pho-
tonic applications, while also enabling activation energy analysis in the
post-quenching regime to gain further insight into thermal deactivation
processes.

To gain quantitative insight into the thermal quenching resistance of
the alkali co-doped phosphors, the activation energy (E,) was calculated
using the Arrhenius-type eq. [53,54]:

Io _E.
ln[<T71>] —kT+C

where Iy and I denote the initial (at 300 K) and temperature-
dependent PL intensities, k is the Boltzmann constant, and T is the ab-
solute temperature. The linear fits of In[(lo/I) — 1] versus 1/kT plots for
KSGBO: 3wt%Tb>", 3wt%Li" and KSGBO:3 wt% Tb>",3wt%Na™ sam-
ples are presented in Fig. 9a and b, respectively.

From the slope values (—0.34958 for LiT and — 0.30408 for Na™), the
corresponding E, values were calculated to be approximately 0.349 eV
for the Li™ co-doped sample and 0.304 eV for the Na™ co-doped sample.
These relatively high activation energies indicate robust resistance to
thermally induced non-radiative processes. Notably, the slightly higher
E, for the Li™-containing sample suggests a marginally enhanced ther-
mal stability, aligning with the comparatively delayed onset of PL
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Fig. 8. Temperature-dependent PL behavior of KSGBO: 3wt%Tb>" co-doped with Li* and Na* ions. 3D emission spectra over 300-550 K for (a) Li* and (b) Na* co-
doped samples, respectively. Normalized PL intensities at 541 nm and 672 nm for the (a) Li* and (b) co-doped samples.
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intensity decline observed in Fig. 9c.

These findings confirm that alkali co-doping not only introduces
dual-band luminescence responsiveness but also improves the thermal
endurance of the KSGBO:Tb>* host through effective mitigation of non-
radiative relaxation.

3.9. Photoluminescence lifetime analysis

Time-resolved photoluminescence (TRPL) measurements were per-
formed to investigate the decay characteristics and recombination
behavior of Tb*-activated KSGBO phosphors, both in the absence and
presence of alkali co-doping. Fig. 10 displays the decay profiles of the
541 nm transition for various compositions, and the corresponding
biexponential fitting parameters are summarized in Table 4. The decay
curves are well-fitted with a double-exponential model, indicating the
presence of multiple recombination pathways:

I(t) = Are V™ 4 Age /™

Among the single-doped samples, KSGBO:1wt%Tb>" exhibits the
longest average lifetime (1.60 ms), which gradually decreases with
increasing Tb®" concentration, consistent with increased cross-
relaxation and energy migration among adjacent Tb>* ions. Upon al-
kali co-doping, a moderate decrease in the average lifetime is observed
relative to the KSGBO:3wt%Tb>" sample, likely arising from additional

Table 4

Bi-exponential decay parameters (71, 72), relative contributions, average life-
times (7avg), and 2 values for KSGBO:Tb*>" phosphors with varying Tb** con-
centrations and alkali metal co-doping.

Time (ms)  Rel. Tavg (MS) ¥
%
I o 081 35.74
KSGBO:1wt%Tb s 4o 160 1.2618
R n 076 32.91
KSGBO:3 wt%Tb o 160 eroo 125 1.0959
s n 068 33.41
KSGBO: 5 wt%Tb o 142 cogo 133 1.2801
st oo 7 109 36.06
KSGBO:3 wt%Tb%*, 3 wt%Li o 120 caos 115 1.1356
0.87 37.44
BO:3 wt%Tb®", 3 wt%Na* ' 1.2 1.
KSGBO:3 wioeTb® ', 3weoeNa’ 1 " 62.56 0 0656

non-radiative relaxation channels induced by lattice distortion or charge
compensation effects. Notably, the average lifetimes of Li*- and Na*-co-
doped samples (ravg ~ 1.15 ms and 1.20 ms, respectively) remain
comparable, indicating that both alkali ions introduce similar levels of
non-radiative losses. This observation suggests that neither alkali ion
induces a significant alteration in the overall recombination dynamics of
the phosphor system.
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Fig. 10. Time-resolved decay profiles of the 5Ds — 7Fs transition at 541 nm for KSGBO:xTb®* (x = 1, 3, 5 wt%) and alkali metal co-doped (Li*, Na*) samples,
showing bi-exponential decay behavior and concentration- as well as co-doping-dependent lifetime variations.
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These findings confirm that the overall recombination kinetics are
only marginally affected by alkali ion type at 3 wt% doping, and that
both Li" and Na™ co-doping strategies retain sufficiently long lifetimes
for practical photonic applications. Importantly, the co-doping strategy
offers clear benefits when compared to traditional phosphors that
incorporate only Tb®" as the activator ion. Previously reported Tb>"
doped phosphors such as ZnMoO«Tb>* (tavg ~ 1.03 ms) [55], MgAL:Oa:
Tb>" (favg ~ 1.0 ms) [56], and Na;Y2TeB2010:Tb>" (rayg < 1.5 ms) [50]
typically exhibit millisecond-scale lifetimes. In the present KSGBO sys-
tem, average decay times of ~1.25 ms for Tb®"-only doping and ~
1.15-1.20 ms upon alkali co-doping fall within this typical range. In
comparison, the present KSGBO system combines comparable decay

KSGBO:xwt%Th>* X Y

A

0,2 03 0,5 06 08
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times with improved thermal stability enabled by alkali co-doping.

Although alkali co-doping induces a slight reduction in the average
lifetime, this behavior is consistent with the introduction of localized
lattice distortions and additional relaxation pathways. Importantly, the
preserved millisecond-scale lifetimes, together with the pronounced
anti-thermal quenching behavior, suggest that thermally activated en-
ergy feeding rather than lifetime prolongation governs the high-
temperature luminescence stability of the KSGBO system.

3.10. CIE Chromaticity coordinates and color tuning behavior

To evaluate the chromaticity characteristics of the synthesized
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Fig. 11. CIE 1931 chromaticity diagrams of (a) KSGBO:xTb>* (x = 0.5-7 wt%), (b) KSGBO:3wt%Tb>*, yLi*, and (c) KSGBO:3wt%Tb>", yNa* phosphors under 230

nm excitation.
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phosphors, CIE 1931 color coordinate diagrams were constructed for
various doping conditions (Fig. 11). In the singly doped KSGBO:xTb>*
system (Fig. 11a), the emission coordinates shift slightly with increasing
Tb®* concentration, reaching a maximum green hue at x = 3 wt% before
drifting towards the blue region at higher dopant levels (x = 7 wt%),
likely due to concentration quenching effects.

This trend is further supported by the calculated correlated color
temperature (CCT) and color purity (CP%) values, which show optimal
green emission and highest color purity at x = 3 wt%, as summarized in
Table 5. The correlated color temperature (CCT) values were calculated
from the CIE chromaticity coordinates using McCamy's empirical rela-
tion [57], where CCT = —449n° + 3525n°-6823.3n + 5520.33 and n =
(x — 0.3320)/(y — 0.1858), with (x, y) representing the chromaticity
coordinates of the sample. Such behavior has also been observed in
other green phosphor systems, such as Mg1.sCao.sAlsSisO1e:Tb>*, where
increasing Tb®* concentration enhances the °Ds — ’Fs green emission
while suppressing blue components, leading to a chromaticity shift to-
wards the upper-right region of the CIE diagram and increased green
color purity [58]. In contrast, alkali ion co-doping with Li" and Na™*
produced notably distinct chromatic behaviours (Figs. 11b—c). In the
KSGBO:3wt%Tb>", yLit samples, a systematic shift towards higher y
values was observed with increasing Li™ content, suggesting improved
green color purity. A similar trend was recorded for Na* co-doped
compositions, albeit with slightly different coordinate distributions.
This trend is further supported by color purity (CP) values derived from
the CIE data (Table 5), where the maximum CP reached 92% for Li™ and
85% for Na™ co-doped samples, compared to a lower 78% in singly
doped KSGBO:3wt%Tb>". These results reflect the capability of alkali
co-doping to fine-tune the emission chromaticity, enabling precise color
modulation of the phosphor output. Such tunability holds significant
potential for designing multicolor or white-emitting phosphor systems
for solid-state lighting applications.

The color purity was calculated based on the CIE chromaticity co-
ordinates using the standard relation and reaches up to ~92% for the Li™
co-doped sample, indicating highly saturated green emission. This high
color purity originates from the dominant °Ds — ’Fs transition of Tb>* at
541 nm, which produces a narrow-band emission with minimal spectral
overlap from other transitions. In addition, the enhancement in color
purity upon Li™ co-doping can be attributed to improved local symmetry
and reduced lattice defects, which suppress non-radiative relaxation
pathways and enhance radiative recombination efficiency.

Table 5
CIE chromaticity coordinates (x, y) and CCT for KSGBO:xTh>*, KSGBO:3wt%
Tb%, yLi* and KSGBO:3wt%Tb®*, yNa* phosphors.

Tb3* content (wt%) x y CCT CP %
x=0.5 0.2691 0.5015 7024 70
x=1 0.2731 0.4627 7137 55
x=2 0.2663 0.4822 7212 63
x=3 0.2875 0.5280 6469 78
x=5 0.2750 0.5027 6865 70
x=7 0.2378 0.3967 9316 44
Li* content (wt%) x y CCT CP %
y=0.5 0.3052 0.5531 6037 86
y=1 0.2999 0.5689 6117 92
y=2 0.3072 0.5531 5998 86
y=3 0.3016 0.5471 6120 84
y=5 0.2961 0.5629 6203 90
y=7 0.2968 0.5575 6199 88
Na* content (wWt%) x y CCT CP %
y=0.5 0.2892 0.5364 6407 81
y=1 0.2578 0.4722 7534 61
y=2 0.2793 0.5265 6662 78
y=3 0.2916 0.5491 6324 85
y=5 0.2908 0.5487 6342 85
y=7 0.2992 0.5468 6170 84
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Compared with previously reported Tb3*-activated borate phos-
phors, the obtained color purity is comparable or superior, confirming
the excellent chromatic performance of the KSGBO host. Furthermore,
the stable chromaticity coordinates under varying conditions indicate
that the emission color is well preserved, which is essential for practical
applications in solid-state lighting and display technologies.

In addition to color purity, the correlated color temperature (CCT)
values provide further quantitative insight into the chromatic behavior
of the phosphors. The calculated CCT values range from ~6000 K to
~9300 K depending on Tb®* and alkali co-doping concentrations,
indicating emission characteristics located in the cool green to bluish-
green spectral region. Notably, the Li" co-doped samples exhibit rela-
tively lower CCT values (~6037-6203 K), which are closer to pure green
emission and consistent with the shift of the CIE coordinates towards the
green region.

The decrease in CCT upon Lit incorporation correlates with the
suppression of blue emission components and the dominance of the
narrow-band °Ds — 7Fs transition at 541 nm. In contrast, higher CCT
values observed at higher Tb®* concentrations (e.g., x = 7 wt%, ~9316
K) indicate an increased contribution of higher-energy (blue) compo-
nents, consistent with the observed chromaticity shift.

It should also be noted that for Tb>*-based phosphors, the concept of
correlated color temperature (CCT) is less meaningful due to the discrete
line emission originating from f-f transitions, rather than broadband
emission. Therefore, color purity and chromatic stability provide more
reliable indicators for evaluating the optical performance of these
materials.

4. Conclusion

In summary, Tb>*-activated K:SrGdz(BsO10)s phosphors, modified
through Li*/Na® co-doping, were successfully synthesized as single-
phase trigonal pentaborates, with Tb>* ions preferentially occupying
Gd>* sites without secondary phase formation. Alkali co-doping induced
a slight reduction in unit cell volume, quantified as ~0.22% for Li" and
~ 0.26% for Na™, indicating lattice relaxation effects due to ionic radius
mismatch.

Photoluminescence measurements revealed intense dual-band
emission dominated by the green 541 nm transition, with a weaker
red emission at 672 nm, and an optimal Tb>" content of 3 wt%, beyond
which concentration quenching governed by dipole-dipole interactions
occurs. Notably, both the green (541 nm) and red (672 nm) emissions
exhibit dual-band anti-thermal quenching, with the 541 nm intensity
increasing by nearly a factor of two between 300 and 550 K, demon-
strating exceptional thermal stability.

Alkali co-doping further enhanced the green emission intensity by
~4.5-fold (Li") and ~ 3-fold (Na™) compared to the Tb3+—0nly sample,
while maintaining millisecond-scale decay lifetimes (~1.15-1.20 ms)
despite the introduction of minor non-radiative channels. Temperature-
dependent analysis yielded activation energies of 0.349 eV (Li") and
0.304 eV (Na™h), confirming strong resistance to thermally activated non-
radiative relaxation.

Chromaticity analysis demonstrated tunable (x, y) coordinates and
significantly improved green color purity, reaching up to 92% for Li* co-
doped samples.

Overall, the combination of dual-band emission, quantified anti-
thermal enhancement, alkali-induced intensity amplification, and high
color purity highlights KzSrGdz(BsO10)s:Tb>" phosphors—particularly
Li* co-doped compositions—as promising candidates for next-generation
temperature-stable green phosphors in solid-state lighting, display tech-
nologies, and optical thermometry.
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