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A B S T R A C T

In this work, Li+- and Na+-co-doped Dy3+-activated K2B4O7 phosphors were synthesized via a conventional high- 
temperature solid-state reaction route and systematically investigated. Rather than proposing a universal alkali- 
ion co-doping effect, this study elucidates a host-specific physicochemical regulation mechanism in the K2B4O7 
tetraborate lattice, governed by charge compensation and local structural asymmetry. It is demonstrated that 
K2B4O7 can act as an efficient photoluminescent host for Dy3+ ions, owing to its wide bandgap, low phonon 
energy, and structurally rigid tetraborate framework. By introducing Li+ (or Na+) as charge compensators for 
Dy3+→K+ substitution, a marked enhancement of emission intensity and thermal stability is achieved. Structural, 
morphological, and optical characterizations were carried out using XRD, SEM/EDS, FTIR/Raman, and photo
luminescence spectroscopy. Under 364 nm excitation, the optimized composition K2B4O7:0.03Dy3+,0.01Li +

exhibits intense blue and yellow emissions originating from the 4F9/2 → 6H15/2 and 4F9/2 → 6H13/2 transitions of 
Dy3+, together with a high activation energy for thermal quenching (Ea ≈ 0.21 eV). Concentration-quenching 
analysis (Blasse and Dexter–Van Uitert models), temperature-dependent PL (300–550 K), and lifetime mea
surements reveal a pronounced host-dependent anti-thermal-quenching behavior over a wide temperature range 
(300–550 K), in which the emission intensity increases with temperature due to thermally assisted detrapping 
and enhanced radiative recombination. Judd–Ofelt analysis further provides quantitative evidence that Li+ co- 
doping enhances the local asymmetry and polarizability of the Dy–O coordination environment, leading to 
strengthened electric-dipole transitions a high internal quantum efficiency (~96.8 %). These results demonstrate 
a host-tailored quantitative regulation approach based on charge compensation and local-field engineering, 
highlighting Li+/Na + modified K2B4O7:Dy3+ as a thermally robust yellow-emitting phosphor for high-power 
solid-state lighting applications.

1. Introduction

Borate phosphors have gained significant interest due to their ther
mal and chemical stability, wide transparency range, and their ability to 

host a variety of rare-earth ions [1–3]. Within the borate family, tetra
borates such as Li2B4O7, LiKB4O7, SrB4O7 and CaB4O7 are promising 
photoluminescent hosts because their low phonon energies and rigid 
frameworks suppress non-radiative relaxation [4–10]. Although 
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Li2B4O7, LiKB4O7 and SrB4O7 have been well studied, K2B4O7 remains 
comparatively unexplored as a photoluminescent host. Its structural 
similarity to other tetraborates, together with its wide bandgap and low 
phonon energy, makes K2B4O7 a suitable candidate for rare-earth acti
vation. For instance, Dy3+-activated CaB4O7, SrB4O7 and MgB4O7 
phosphors have exhibited intense blue and yellow emissions originating 
from the characteristic 4F9/2 → 6H15/2 and 4F9/2 → 6H13/2 transitions, 
highlighting their suitability for white-light-emitting devices [11].

However, unlike these well-studied systems, K2B4O7 has so far been 
explored mainly for thermoluminescence (TL) applications—particu
larly with Cu, Ag, Mn, and Dy activators [12,13], and systematic pho
toluminescence investigations remain absent. This research gap is 
particularly intriguing because K2B4O7 combines a stable tetraborate 
framework with a large bandgap and low phonon energy, potentially 
providing a favorable environment for RE3+ emission centers. Conse
quently, exploring its photoluminescent properties under Dy3+ doping 
may reveal new opportunities for efficient and thermally stable borate 
phosphors.

Charge compensation influences the luminescence efficiency by 
modifying the local symmetry and bonding environment around RE3+

ions [14–16]. Incorporation of aliovalent alkali ions such as Li+ or Na+

into RE-doped borates has been shown to reduce cation vacancies, 
induce local lattice distortions, and enhance the electric dipole transi
tion probability [17]. Li+ co-doping in Ca3B2O6:Dy3+ phosphors signif
icantly improves the luminescence efficiency by enhancing crystallinity, 
reducing defect-related non-radiative losses, and optimizing charge 
balance within the lattice [17]. Similarly, Li+/Na+ co-doping in borate 
hosts promotes charge neutrality and modifies the Dy–O coordination 
environment, leading to intensified emission and color tunability [10].

In this work, Dy3+-doped K2B4O7 phosphors codoped with Li+ and 
Na+ were synthesized using a conventional high-temperature solid-state 
reaction route. Their structural, morphological and optical properties 
were characterized by XRD, FTIR and PL measurements. Temperature- 
dependent PL spectra (300–550 K), together with lifetime measure
ments and Judd–Ofelt analysis, were used to evaluate thermal quench
ing behavior, radiative transition probabilities and the local symmetry 
around Dy3+ ions. Alkali-ion co-doping is shown to compensate for the 
charge imbalance caused by Dy3+→K+ substitution, thereby enhancing 
emission intensity and improving thermal stability. To the best of our 
knowledge, this is the first detailed photoluminescence investigation of 
Dy3+-activated K2B4O7, providing a foundation for developing ther
mally robust borate-based phosphors for solid-state lighting 
applications.

2. Experiment

2.1. Synthesis of K2B4O7:Dy3+ and Li+/Na+ codoped phosphors

The K2B4O7:xDy3+ and K2B4O7:0.03Dy3+,yM+ (M = Li+, Na+) 
phosphors were synthesized by a conventional high-temperature solid- 
state reaction route. Stoichiometric quantities of analytical-grade K2CO3 
(99.0 %, Merck), H3BO3 (≥99.5 %, Merck), Dy2O3 (99.9 %. Merck), 
Li2CO3 (99.9 %, Merck), and Na2CO3 (≥99.8 %, Merck) were used as 
starting materials. Prior to weighing, Dy2O3 was pre-heated at 900 ◦C for 
2 h to remove adsorbed moisture and ensure full oxidation. The raw 
powders were measured according to the nominal compositions and 
thoroughly ground in an agate mortar for 30–40 min to achieve ho
mogeneous mixing. During this stage, a small amount of ethanol was 
added intermittently to improve dispersion and minimize agglomera
tion. The resulting mixtures were transferred into high-purity alumina 
crucibles and heated in a programmable furnace. The samples were first 
slowly ramped to 400 ◦C to allow the complete decomposition of car
bonates and boric acid, held for 1 h, and then sintered at 750 ◦C for 4 h in 
ambient air. After natural cooling to room temperature, the obtained 
powders were reground to break up soft agglomerates and stored in 
airtight containers for further characterization. Dy3+ doping levels (x =

0.005–0.07) and alkali-ion co-doping concentrations (y = 0.005–0.07) 
were adjusted by modifying the corresponding carbonate precursors 
while maintaining the overall charge balance required for the K2B4O7 
lattice. No flux or growth promoter was employed, which ensured that 
any structural or optical variation originated solely from rare-earth or 
alkali-ion substitution. The final phosphors exhibited stable 
morphology, phase purity, and good dispersion, suitable for XRD, pho
toluminescence, and thermally activated emission studies.

2.2. Structural and spectroscopic properties

The structural and spectroscopic examinations of the prepared 
powders were conducted using a set of standard laboratory instruments. 
X-ray diffraction patterns were obtained with a Panalytical Empyrean 
diffractometer operating in Bragg–Brentano geometry, allowing verifi
cation of the crystalline phase and the identification of lattice variations 
associated with Dy3+ incorporation and alkali-ion co-doping. The 
diffraction data were refined by Rietveld analysis to evaluate subtle 
changes in cell parameters and peak broadening. Vibrational features of 
the borate host were assessed through Fourier-transform infrared spec
troscopy (Thermo Scientific Nicolet iS50), together with Raman scat
tering measurements acquired on a Renishaw inVia spectrometer using a 
532 nm excitation source. These complementary techniques were used 
to probe BO3/BO4 units and to track local modifications around the Dy3+

centers. The morphology of the samples was visualized by field-emission 
scanning electron microscopy (Gemini SEM 500), and elemental 
composition was examined through the attached energy-dispersive X- 
ray detector to confirm the presence and spatial uniformity of the dop
ants. Optical characterizations were performed on an Edinburgh In
struments FS5 spectrofluorometer. Excitation and emission spectra were 
recorded for all compositions to determine the influence of dopant 
concentration on spectral evolution. Temperature-dependent photo
luminescence measurements were also carried out to evaluate emission 
stability at elevated temperatures and to identify thermally activated 
processes. These results, combined with lifetime analysis and Judd–Ofelt 
calculations, provided a complete picture of the radiative behavior of 
Dy3+ ions in the K2B4O7 matrix and the role of Li+/Na+ in tuning the 
optical response.

3. Results and discussion

3.1. Crystal structure and phase purity

Powder X-ray diffraction (XRD) analysis was employed to confirm 
the phase formation and structural stability of the Dy3+-doped and Li+/ 
Na+ co-doped K2B4O7 phosphors. The diffraction patterns presented in 
Fig. 1a show that all the samples—undoped, Dy3+-doped, and Li+/Na+

co-doped—are well indexed to the orthorhombic phase of K2B4O7 
(JCPDS No. 000–2833). The main diffraction peaks corresponding to 
planes such as (100), (111), (120), (122), (031(220), and (312) are 
clearly observed without any extra reflections, confirming the phase 
purity of all compositions. The absence of impurity peaks such as DyBO3, 
LiBO2, or NaBO2 indicates that both Dy3+ and alkali ions have been 
successfully incorporated into the host lattice without altering its basic 
crystal structure. The intensity and width of the peaks remain compa
rable among all doped and co-doped samples, implying that the doping 
process does not significantly affect the crystallinity or induce major 
structural distortions.

To further verify the structural parameters and evaluate the effect of 
doping on the unit-cell dimensions, Rietveld refinement was performed 
for each composition. The refinement profiles are shown in Fig. 1b, 
where the observed (Iobs), calculated (Ical), and difference (Idiff) curves 
show good agreement. The refined patterns are consistent with the 
orthorhombic K2B4O7 structure (space group Pba2). The refinement 
profiles shown in Fig. 1b exhibit a reasonable agreement between the 
observed and calculated patterns. Minor residuals are still visible in the 
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difference plots, particularly in low-intensity regions; however, no sys
tematic misfit or unindexed reflections are observed, indicating that the 
refinement quality is sufficient to confirm phase purity and to discuss 
relative lattice trends within the detection limits of XRD. The refined 
lattice constants and reliability factors are summarized in Table 1. The 
results reveal only minor variations in the lattice parameters with 
increasing Dy3+ concentration or with Li+/Na+ co-doping, suggesting 
that Dy3+ ions are incorporated into K+ sites in the lattice, while charge 
compensation by Li+ or Na+ ions may partially alleviate local lattice 
distortion around Dy3+ centers rather than inducing major structural 
strain (Fig. 1c). In the K2B4O7  host lattice, the incorporation of Dy3+

ions is expected to occur predominantly at the K+ sites due to their 
similar coordination environment. However, the substitution of Dy3+ for 
K+ introduces excess positive charge into the lattice, which requires 
charge compensation to maintain electrical neutrality. This charge 
imbalance can be accommodated through the formation of potassium 
vacancies and/or alkali-metal co-doping.

The charge compensation mechanism associated with Dy3+ substi
tution can be described using Kröger–Vink notation as follows: 

Dy2O3 → 2Dy⋅⋅
K +3Ox

O + 2Vʹ
K (1) 

Fig. 1. (a) XRD patterns of undoped, Dy3+-doped, and Li+/Na+ co-doped K2B4O7 samples indexed with JCPDS card #023–0472; (b) Rietveld refinement profiles of 
the corresponding compositions; (c) Schematic illustration of the K2B4O7 lattice highlighting the polyhedral framework and the substitution of Dy3+ ions at K+ sites. 
The diagram is intended as a conceptual visualization of the host structure rather than a detailed representation of all dopant species.
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where Dy⋅⋅
K represents Dy3+ ions occupying K+ lattice sites with an 

effective double positive charge,  Ox
O denotes oxygen ions located at 

regular oxygen sites with neutral effective charge, and VḰ corresponds to 
potassium vacancies formed to compensate the excess charge.

Furthermore, the co-doping of Li+/Na+ ions at K+ sites facilitates 
charge compensation and may reduce the concentration of potassium 
vacancies associated with Dy3+ substitution. Owing to their smaller 
ionic radii compared to K+, Li+ and Na+ ions may partially alleviate 
local lattice distortion around Dy3+ centers, rather than inducing 

Fig. 1. (continued).
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significant long-range structural strain. This charge-compensation- 
assisted local structural adjustment provides a favorable local environ
ment for Dy3+ luminescence within the K2B4O7 lattice. Similar charge- 
compensation schemes involving alkali-metal co-doping and cation- 
vacancy formation have been widely reported for Dy3+-doped oxide 
hosts, where the exact defect configuration depends on the relative ionic 
radii and valence mismatch between the dopant, co-dopant, and host 
lattice [18].

The refinement parameters (χ2, Rp, Rwp, Rexp) fall within acceptable 
limits for polycrystalline materials, supporting the reliability of the re
finements for comparative structural analysis of the doped systems.

The ionic radius mismatch, 

Dr =
Rm(CN) − Rd(CN)

Rm(CN)
× 100% (2) 

was calculated to evaluate the substitutional feasibility of the dop
ants (see Table 2). The mismatch between K+ (1.51 Å) and Dy3+ (1.027 
Å) is ~31.98 %, which is close to the upper limit for effective substi
tution. Co-doping with Li+ (0.92 Å) or Na+ (1.18 Å) significantly reduces 
local strain by compensating for the charge imbalance and partially 
offsetting the size disparity. The smaller Dr values for Li+–Dy3+ (10.41 
%) and Na+–Dy3+ (14.89 %) indicate better size compatibility and 
confirm the stabilizing effect of co-doping on the crystal lattice.

3.1.1. Microstructural parameters derived from line broadening analysis
To further investigate the effect of Dy3+ and Li+/Na+ co-doping on 

the crystalline size and lattice strain of K2B4O7, several classical line- 
broadening models were applied to the XRD data, including the 
Debye–Scherrer, Monshi–Scherrer, Williamson–Hall (W–H), Hal
der–Wagner (H–W), and Size–Strain (S–S) approaches. The calculated 
results are summarized in Table 3, while the corresponding linear fitting 
plots are displayed in Fig. 2a–c. According to the Monshi–Scherrer 
model (Fig. 2a), the average crystallite size increases systematically 
from ~60 nm for the undoped K2B4O7 to ~74 nm for the 
K2B4O7:0.05Dy3+ composition. This progressive increase indicates that 
Dy3+ incorporation enhances crystallinity and reduces lattice disorder. 
For Li+- and Na+-co-doped samples, the size values are slightly lower, 
suggesting that these smaller monovalent ions introduce localized lattice 
distortions which partially restrict grain growth.

The Williamson–Hall plots (Fig. 2b) show a linear dependence be
tween βcosθ and 4sinθ, indicating that both crystallite size and 

microstrain contribute to the observed peak broadening. The calculated 
strain (ε) values range between 2.6 × 10− 3 and 3.4 × 10− 3, with a slight 
decrease at higher Dy3+ concentrations, confirming lattice relaxation 
upon rare-earth incorporation. The Halder–Wagner model (Fig. 2c) 
yields similar crystallite sizes (60–73 nm) but somewhat higher strain 
values than those obtained from the W–H method, reflecting its greater 
sensitivity to broadening effects at small diffraction angles. Finally, the 
Size–Strain plots (Fig. 2d) confirm the overall consistency of the previ
ous analyses. The strain decreases from 2.3 × 10− 3 (undoped) to 1.4 ×
10− 3 (0.05Dy3+), indicating a relaxation of internal stress as Dy3+ ions 
substitute into the K+ sites. The co-doped systems exhibit slightly higher 
strain values, likely due to local charge-compensation distortions caused 
by Li+ or Na+. Overall, all models point toward improved crystallinity 
and reduced microstrain upon Dy3+ doping, while Li+/Na+ co-doping 
introduces controlled lattice perturbations that stabilize the crystal 
structure without inducing phase distortion. These findings agree well 
with the Rietveld refinement results and XRD phase analysis.

3.2. Microstructural and compositional analysis (SEM–EDS)

The surface morphology and elemental composition of the undoped 
and Dy3+-doped K2B4O7 samples were examined by scanning electron 
microscopy (SEM) combined with energy-dispersive X-ray spectroscopy 
(EDS). The obtained SEM micrographs and corresponding EDS spectra 
are presented in Fig. 3.

The undoped K2B4O7 sample (Fig. 3a) exhibits a highly agglomerated 
morphology composed of irregularly shaped grains with smooth sur
faces and loosely packed boundaries. The microstructure suggests that 
the particles are fused during synthesis, forming dense clusters with a 
few visible voids. Upon Dy3+ incorporation (Fig. 3b), the morphology 
evolves into a more compact arrangement of fine, plate-like crystallites 
with an increased degree of aggregation. This morphological refinement 
can be attributed to the influence of Dy3+ ions on the nucleation and 
growth processes during the thermal treatment stage. The increased 
ionic field strength of Dy3+ compared with K+ enhances local lattice 
energy, thereby promoting grain growth control and surface 
densification.

The corresponding EDS spectra further verify the successful incor
poration of Dy3+ ions into the host lattice. It should be noted that 
SEM–EDS is a semi-quantitative technique and the atomic percentages 
obtained may deviate from the ideal stoichiometric values, particularly 

Table 1 
Refined lattice parameters (a, b, c), unit-cell volume (V), and reliability factors (χ2, Rp, Rwp, Rexp) obtained from Rietveld refinement for K2B4O7:Dy3+ and Li+/Na+ co- 
doped samples.

K2B4O7

Unit Cell Undoped 0.01Dy3+ 0.03Dy3+ 0.05Dy3+ 0.03Dy3+,0.01Li+ 0.03Dy3+,0.01Na+

a [Å] 6.48942 6.49123 6.49462 6.49591 6.49631 6.50852
b [Å] 9.61432 9.61346 9.62307 9.62009 9.63093 9.65310
c [Å] 10.41368 10.41141 10.41939 10.41513 10.42735 10.44546
α,β,γ [◦] 89.3,77.2,78.7 89.2,77.2,78.7 89.3,77.2,78.7 89.3,77.2,78.7 89.3,77.2,78.7 89.3,77.3,78.7
Vol. [Å3] 621.1834 621.1372 622.6163 622.2491 623.7808 627.566
χ2 2.0322 2.0051 1.9553 2.1336 2.4060 2.3506
Rp 0.0423 0.0573 0.0418 0.0608 0.0638 0.0630
Rwp 0.0528 0.0743 0.0523 0.0791 0.0834 0.0814
Rexp 0.0259 0.0247 0.0267 0.0252 0.0245 0.0243

Table 2 
Ionic radii (Rm), coordination numbers (CN), and calculated distortion parameters (Dr) for K+, Dy3+, Li+ and Na+ ions in the K2B4O7 lattice.

​ K Dy ​ K Li ​ K Na

Dr Rm CN Rm CN Dr Rm CN Rm CN Dr Rm CN Rm CN
31.98 1.51 8 1.027 8 39.07 1.51 8 0.92 8 21.85 1.51 8 1.18 8

​ Li Dy ​ Na Dy ​ ​ ​

Dr Rm CN Rm CN Dr Rm CN Rm CN ​ ​ ​ ​ ​
10.41 0.92 8 1.027 8 14.89 1.18 8 1.027 8 ​ ​ ​ ​ ​
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for light elements such as boron and oxygen. In the undoped sample, 
only the characteristic peaks of K, B, and O are detected, consistent with 
the nominal K2B4O7 stoichiometry. In contrast, the Dy3+-doped sample 
clearly shows additional peaks corresponding to Dy3+, confirming its 
presence within the material. The quantified elemental data (inset tables 
of Fig. 3a–b) demonstrate a Dy3+ content of approximately 3.36 wt%, 
which is close to the intended nominal composition. The relative atomic 
percentages of K, B, and O remain within experimental uncertainty, 
indicating that Dy3+ substitution does not lead to the formation of sec
ondary Dy3+-containing phases, within the semi-quantitative limitations 
of SEM–EDS analysis. These findings confirm that Dy3+ ions are suc
cessfully incorporated into the K2B4O7 matrix rather than forming sec
ondary Dy-containing phases, in agreement with the XRD results. 
Furthermore, the microstructural evolution observed upon Dy3+ addi
tion suggests improved particle compaction and reduced porosity, fea
tures that can be beneficial for enhancing the optical and 
photoluminescence (PL) performance of the material.

3.3. Vibrational analysis (FTIR and Raman spectroscopy)

The vibrational characteristics of the undoped, Dy3+-doped, and Li+/ 
Na+ co-doped K2B4O7 phosphors were investigated using Fourier- 
transform infrared (FTIR) and Raman spectroscopy to evaluate the 
preservation of the borate network and identify possible structural 
perturbations induced by the dopant ions. The corresponding spectra are 
presented in Fig. 4a and c, respectively.

The FTIR spectra of all compositions (Fig. 4a) display the charac
teristic absorption bands of crystalline potassium tetraborate. The strong 
absorption at 1283 cm− 1 is attributed to the asymmetric stretching vi
brations of B3–O bonds in trigonal [BO3] units, while the prominent 
band near 987 cm− 1 corresponds to the symmetric stretching mode of 
tetrahedral [BO4] groups [19–21]. The peaks located at 843 cm− 1 and 
729 cm− 1 originate from the bending vibrations of B–O–B linkages 
connecting [BO3] and [BO4] structural groups. Additional weak bands 
appearing at 683, 591, 551, and 517 cm− 1 are associated with bending 
and deformation modes of the borate network, as well as lattice vibra
tions involving K–O bonds [21,22].

All Dy3+-doped and Li+/Na+ co-doped samples exhibit FTIR features 
that closely resemble those of the undoped host, confirming that the 
fundamental borate skeleton remains intact upon doping. Nonetheless, 
subtle shifts of 1–4 cm− 1 and mild band broadening are observed, 
particularly around the [BO4] stretching region. These variations indi
cate minor local distortions caused by the substitution of K+ (1.51 Å) by 
Dy3+ (1.027 Å) and the incorporation of smaller charge-compensating 
Li+ or Na+ ions. Such local modifications are consistent with lattice 
relaxation and strain minimization, as previously revealed by XRD and 
microstrain analyses.

To quantitatively evaluate the influence of Dy3+ and Na + co-doping 
on the boron–oxygen coordination environment, Gaussian peak decon
volution was applied to the FTIR spectrum of the representative 

Dy3+–Na+ co-doped K2B4O7 sample (See Fig. 4b). The analysis focused 
on the BO4 (~987 cm− 1) and BO3 (~1283 cm− 1) vibrational bands, from 
which the full width at half maximum (FWHM) values and integrated 
peak areas were extracted.

The BO4-related band exhibits a larger FWHM compared to the BO3 
band, indicating enhanced local structural disorder and distortion 
around tetrahedral boron units induced by the incorporation of Dy3+

ions and charge-compensating Na+ ions. Furthermore, the calculated 
BO4/BO3 integrated area ratio confirms a redistribution of boron coor
dination units upon co-doping, evidencing a partial transformation from 
trigonal BO3 units to tetrahedral BO4 units. These quantitative results 
demonstrate that Dy3+–Na+ co-doping modifies the local borate 
network structure rather than merely inducing peak position shifts.

The Raman spectra (Fig. 4c) further corroborate the FTIR observa
tions. The undoped K2B4O7 sample exhibits distinct vibrational peaks at 
approximately 237, 349, 397, 459, 495, 573, 752, 932, and 1011 cm− 1, 
in good agreement with the reported vibrational modes of borate lattices 
[19,20]. Notably, the bands near 525, 760, 915, and 994 cm− 1 can be 
attributed to polyborate species, particularly the pentaborate group 
B5O6(OH)4

- , as recently identified by Luo et al. [23].The bands below 
500 cm− 1 correspond to the bending modes of B–O–B linkages and K–O 
lattice vibrations, whereas those within the 700–1100 cm− 1 region are 
attributed to the symmetric and asymmetric stretching of [BO3] and 
[BO4] units. The coexistence of both trigonal and tetrahedral boron 
coordination confirms the typical mixed borate structure of K2B4O7. 
With increasing Dy3+ concentration, the Raman peaks become slightly 
broader and exhibit minor blue shifts, signifying enhanced B–O bond 
covalency and local lattice compression due to the higher charge density 
of Dy3+ ions. In the co-doped samples, Li+ and Na+ ions induce subtle 
variations in the relative intensity of the [BO4]-related bands, which 
may be associated with the stabilization of the borate framework 
through effective charge compensation and improved structural 
ordering.

Overall, the FTIR and Raman analyses confirm that Dy3+ and Li+/Na 
+ ions are successfully incorporated into the K2B4O7 lattice without 
altering its essential borate structure. The minor frequency shifts and 
band broadening observed are indicative of localized distortions around 
the dopant sites rather than any fundamental phase transformation. 
These findings are in excellent agreement with the XRD, Rietveld, and 
microstrain analyses, collectively demonstrating that the doped and co- 
doped K2B4O7 phosphors retain high structural stability and 
crystallinity.

To complement the FTIR results, a quantitative Raman analysis was 
performed on the representative Dy3+–Na+ co-doped K2B4O7 sample 
using Gaussian peak deconvolution (see Fig. 4d). The Raman bands 
associated with trigonal BO3 units (boroxol ring vibration, ~758 cm− 1) 
and tetrahedral BO4 units (~960–970 cm− 1) were fitted to extract full 
width at half maximum (FWHM) values and integrated peak intensities. 
The BO4-related Raman mode exhibits both increased intensity and 
noticeable band broadening compared to the BO3 mode, resulting in an 

Table 3 
Crystallite size (D) and microstrain (ε) of undoped and doped K2B4O7 samples calculated using different line-broadening models (Debye–Scherrer, Monshi–Scherrer, 
Williamson–Hall, Halder–Wagner, and Size–Strain).

Concentration K2B4O7

Undoped 0.01Dy3+ 0.03Dy3+ 0.05Dy3+ 0.02Dy3+,0.03K+ 0.02Dy3+,0.03Na+

Debye-Scherer D (nm) 56.48 61.13 63.64 64.62 54.60 59.99
δ × 10− 3 (nm− 2) 0.31 0.26 0.24 0.239 0.33 0.27

Monshi-Scherrer D (nm) 60.31 64.23 71.23 74.45 65.76 70.90
δ × 10− 3 (nm− 2) 0.27 0.24 0.19 0.18 0.23 0.19

Williamson-Hall D (nm) 54.23 64.65 68.96 76.21 56.13 64.36
ε × 10− 3 2.80 3.44 2.64 2.86 1.43 3.06

Halder-Wagner D (nm) 60.240 64.10 69.930 72.99 53.19 59.88
ε × 10− 3 11.3490 12.86 12.6 15.76 9.27 14.06

Size-Strain D (nm) 58.630 63.23 68.96 72.40 59.59 62.15
ε × 10− 3 2.3298 2.05 1.9004 1.39 1.80 6.24
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Fig. 2. (a) Monshi–Scherrer, (b) Williamson–Hall, (c) Halder–Wagner, and (d) Size–Strain plots for undoped, Dy3+-doped, and Li+/Na+ co-doped K2B4O7 samples.
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enhanced BO4/BO3 intensity ratio. This observation indicates a redis
tribution of boron coordination units toward tetrahedral BO4 configu
rations upon Dy3+–Na+ co-doping. The agreement between Raman- 
derived intensity ratios and FTIR-based quantitative analysis provides 
independent confirmation of the modification of the local boron–oxygen 
coordination environment, rather than a simple peak position shift. It 
should be emphasized that the larger BO4/BO3 ratio obtained from 
Raman spectroscopy compared to FTIR analysis is expected, as Raman 
scattering is intrinsically more sensitive to tetrahedral [BO4] units, 
whereas FTIR probes both trigonal [BO3] and tetrahedral [BO4] units 
more evenly.

The quantitative parameters extracted from the Gaussian peak fitting 
of the FTIR and Raman spectra for the representative Dy3+–Na+ co- 
doped K2B4O7 sample are summarized in Table 4. The table lists the 
peak positions, full width at half maximum (FWHM), integrated peak 
areas, and the corresponding BO4/BO3 ratios obtained from both spec
troscopic techniques. The consistency between FTIR- and Raman- 
derived BO4/BO3 ratios further supports the modification of the local 
boron–oxygen coordination environment induced by Dy3+–Na+ co- 
doping. The Dy3+–Na+ co-doped composition was selected as a repre
sentative sample due to its pronounced vibrational features and clear 
separation of BO3 and BO4 modes, enabling reliable quantitative fitting.

3.4. Photoluminescence characteristics of Dy3+-doped K2B4O7 phosphor

The photoluminescence (PL) properties of Dy3+-activated K2B4O7 
phosphors were examined to understand the optical transitions and local 
environment of Dy3+ ions within the host lattice. Fig. 5a presents the 
excitation and emission spectra of the representative K2B4O7:0.005Dy3+

sample, recorded at room temperature.
The excitation spectrum monitored at 575 nm (corresponding to the 

characteristic yellow emission of Dy3+) displays several sharp bands 
originating from the intra-4f9 transitions of Dy3+ ions from the ground 
state 6H15/2 to higher excited states. The distinct excitation bands 
observed at 294, 323, 349, 364, and 386 nm correspond to the transi
tions 6H15/2 → 4D7/2, 6P3/2, 6P7/2, 6P5/2/4I11/2, and 6H15/2 → 4M19/ 

2/4K17/2, respectively [11,24]. In addition, a broad charge-transfer band 
(CTB) centered around 233 nm is assigned to the O2− → Dy3+

charge-transfer transition, indicating strong host–activator coupling 
[25–27].

Upon excitation at 364 nm, the emission spectrum exhibits three 
dominant emission peaks located at 482, 576, and 644 nm, which can be 
assigned to the 4F9/2 → 6H15/2 (blue), 4F9/2 → 6H13/2 (yellow), and the 
red emission band at ~644 nm is tentatively assigned to the 4F9/2 → 
6H11/2 transitions of Dy3+ ions, respectively. This emission corresponds 
to the most intense Stark component of the transition, while weaker 
features observed near ~670 nm are attributed to other Stark compo
nents rather than to a separate emitting center. It is noted that the 4F9/2 
→ 6H11/2 transition of Dy3+ ions is often reported at longer wavelengths 
(~660–680 nm) in many host materials; however, its exact spectral 
position and relative intensity are strongly host-dependent due to 
crystal-field-induced Stark splitting and local site symmetry effects. In 
low-symmetry crystal fields, this transition may split into multiple Stark 
components distributed over a broad spectral range, with one compo
nent occasionally exhibiting higher relative intensity than the others.

Similar host-dependent shifts of the Dy3+ 4F9/2 → 6H11/2 transition 
toward the 640–650 nm region have been reported in several oxide- and 
borate-based hosts, where strong crystal-field effects lead to pronounced 
Stark splitting [28–30]. A weak near-infrared emission band is also 
observed at ~758 nm, which is consistent with the typically reported 
weak near-infrared Dy3+ emission originating from the 4F9/2 level in 
crystalline hosts. According to the comprehensive optical spectroscopy 

Fig. 3. SEM micrographs and EDS spectra of (a) undoped K2B4O7 and (b) K2B4O7:0.03Dy3+ samples showing morphological evolution and elemental verification of 
Dy3+ incorporation.
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analysis of Dy3+ in crystalline hosts by Cavalli [31], emission from the 
4F9/2 level is typically dominated by blue (~485 nm) and yellow (~575 
nm) bands, accompanied by weaker red and near-infrared components 
whose spectral position and relative intensity are strongly dependent on 
the host crystal field and site symmetry. Cavalli further emphasizes that 
Dy3+ emission bands should not be assigned assuming universal fixed 

peak positions, as crystal-field strength and symmetry can significantly 
redistribute Stark components over a broad spectral range in different 
hosts, consistent with the observed red emission around ~644 nm in the 
present K2B4O7-based system. The yellow emission (576 nm) dominates 
the spectrum, yielding a yellow-to-blue intensity ratio (I576/I482) of 1.87. 
Such a relatively high ratio indicates that Dy3+ ions occupy 
low-symmetry, non-centrosymmetric sites within the K2B4O7 lattice, 
promoting the electric dipole 4F9/2 → 6H13/2 transition over the mag
netic dipole 4F9/2 → 6H15/2 one [32,33]. Among these excitation lines, 
the bands centered at 349, 364, and 386 nm exhibit relatively higher 
intensities compared with the other transitions, indicating that the 
excitation profile of K2B4O7:Dy3+ matches well with the emission range 
of commercial InGaN-based near-UV LED chips (350–410 nm).

The coexistence of the blue and yellow emissions leads to a near- 
white luminescence, confirming efficient energy transfer from the host 
to Dy3+ ions through the charge-transfer band. This balanced dual 
emission is characteristic of Dy3+-activated phosphors and is particu
larly beneficial for white-light-emitting devices and display 
applications.

Overall, these PL features confirm that Dy3+ ions are effectively 
incorporated into the K2B4O7 lattice and that the host matrix provides a 
suitable environment for radiative 4f–4f transitions with high spectral 
purity and thermal stability.

To further elucidate the observed excitation and emission behaviour, 
the schematic energy-level diagram of Dy3+ ions in the K2B4O7 host 
matrix is presented in Fig. 5b. The left part of the diagram depicts the 

Fig. 4. (a) FTIR spectra of undoped, Dy3+-doped, and Li+/Na+ co-doped K2B4O7 samples, illustrating the preservation of the borate framework and subtle local 
distortions induced by Dy3+ incorporation and alkali co-doping. (b) Representative deconvoluted FTIR spectrum of the Dy3+–Na+ co-doped K2B4O7 sample showing 
the BO3 (~1283 cm− 1) and BO4 (~987 cm− 1) vibrational components obtained by Gaussian peak fitting. (c) Raman spectra of undoped, Dy3+-doped, and Li+/Na+ co- 
doped K2B4O7 samples, confirming the coexistence of trigonal [BO3] and tetrahedral [BO4] units within the borate lattice. (d) Representative deconvoluted Raman 
spectrum of the Dy3+–Na+ co-doped K2B4O7 sample highlighting the BO3 (boroxol ring, ~758 cm− 1) and BO4 (~960–970 cm− 1) vibrational modes.

Table 4 
Quantitative FTIR and Raman peak fitting parameters of the representative 
Dy3+–Na+ co-doped K2B4O7 sample. In the Raman analysis, the BO3 band cor
responds to the boroxol ring vibration near ~758 cm− 1, while the BO4-related 
stretching modes appear in the ~900–1100 cm− 1 region. The BO4/BO3 ratios 
were calculated from the integrated peak areas obtained by Gaussian fitting.

FTIR Peak 
Position

FWHM Peak area BO4/ 
BO3

BO4 (tetrahedral 
stretching)

982 186.56 12.37705 0.61

BO3 (trigonal 
stretching)

1297 164.55 20.28224

Raman Peak 
Position

FWHM Peak area BO4/ 
BO3

BO4 (boroxol ring 
vibration)

757 45.92 331747.92191 6.07

BO3 (tetrahedral 
stretching)

1062 20.17 54698.55196
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characteristic intra-4f transitions responsible for the excitation bands, 
while the broad charge-transfer band (CTB) near 233 nm corresponds to 
the O2− → Dy3+ electron transfer process. Upon excitation through 
either the CTB or near-UV f–f transitions, excited Dy3+ ions are pro
moted to higher multiplets, followed by stepwise non-radiative re
laxations to the metastable 4F9/2 level. Radiative transitions from this 
level produce the characteristic emissions at 482, 576, and 644 nm, 
consistent with the spectral features shown in Fig. 5.

The right section of the diagram illustrates the cross-relaxation (CR) 
channels that occur between adjacent Dy3+ ions, namely CR1: (4F9/2, 
6H15/2) → (6F3/2, 6F9/2), CR2: (4F9/2, 6H13/2) → (6F7/2, 6H11/2), and CR3: 
(4F9/2, 6H11/2) → (6H13/2, 6H9/2). These resonant energy-transfer path
ways facilitate partial depopulation of the 4F9/2 level, redistributing 
excitation energy among neighboring Dy3+ centers. At moderate dopant 
concentrations, such processes enhance the yellow-emitting 4F9/2 → 
6H13/2 transition while slightly suppressing the blue 4F9/2 → 6H15/2 
transition, leading to an increased I576/I482 ratio and a warm-white 
luminescence output. However, excessive Dy3+ concentration may 
intensify cross-relaxation to the extent that non-radiative energy 
migration and quenching centers dominate, reducing overall emission 
intensity.

The proposed energy-transfer scheme confirms that K2B4O7 provides 
a favorable crystal-field environment for Dy3+ ions, supporting efficient 
host-to-activator transfer through the CTB, balanced blue–yellow 
emissions, and controllable color tuning via concentration-dependent 
cross-relaxation dynamics. These mechanisms collectively validate the 
strong correlation between the experimental PL spectra and the energy- 
level structure of Dy3+ in the K2B4O7 matrix.

3.4.1. Concentration-dependent emission behavior
The photoluminescence (PL) characteristics of K2B4O7:xDy3+ phos

phors exhibit a pronounced dependence on activator concentration, 
reflecting the interplay between radiative recombination efficiency, 
Dy3+–Dy3+ interactions, and defect-mediated non-radiative processes. 
Fig. 6a presents the normalized PL emission spectra of K2B4O7:xDy3+ (x 
= 0.005–0.07) under 364 nm excitation, where all samples display the 
characteristic 4F9/2 → 6H15/2 (blue) and 4F9/2 → 6H13/2 (yellow) tran
sitions of Dy3+, confirming efficient 4f–4f excitation. Normalization 
highlights the evolution of spectral shape with concentration, while the 
variation in overall emission strength is more clearly illustrated in Fig. 6
(b).

The normalized integrated PL intensity plotted as a function of Dy3+

concentration (Fig. 6b) shows a characteristic rise-and-fall trend typical 

of rare-earth-doped systems. As the Dy3+ content increases from x =
0.005 to 0.03, the emission intensity increases steadily, reaching a 
maximum at x = 0.03. This enhancement is attributed to improved 
energy transfer efficiency and a strengthened crystal-field environment 
around Dy3+ ions, which promotes radiative recombination while sup
pressing defect-related non-radiative pathways. The increase in Dy3+

concentration up to this level likely reduces borate-network imperfec
tions and oxygen vacancies, thereby enhancing luminescent efficiency.

Beyond the optimum concentration (x > 0.03), the PL intensity de
clines, indicating the onset of concentration quenching. This quenching 
arises from cross-relaxation processes and excitation-energy migration 
among closely spaced Dy3+ ions, which increases the probability for 
energy transfer toward quenching centers rather than radiative emis
sion. The collective behavior demonstrates that 3 wt% Dy3+ represents 
the optimal activator concentration for maximizing luminescence in the 
K2B4O7 host lattice.

To gain deeper insight into the mechanism responsible for the 
decline in emission intensity at higher Dy3+ concentrations, the con
centration-quenching behavior was further examined by analysing the 
spatial distribution and interaction strength of Dy3+ ions within the 
K2B4O7 lattice. As the distance between neighboring activator ions de
creases beyond the optimum level, non-radiative energy transfer be
comes increasingly probable, enabling excitation energy to migrate 
toward quenching sites instead of contributing to radiative 4f–4f tran
sitions. Evaluating the critical Dy3+–Dy3+ separation and the nature of 
the dominant multipolar interactions therefore provides a quantitative 
basis for understanding the observed emission trends and the onset of 
quenching in this system.

To quantitatively clarify the interaction mechanism governing this 
quenching behavior, the critical distance (Rc) between Dy3+ ions was 
estimated using the Blasse equation, which provides a practical criterion 
for identifying the type of interaction responsible for non-radiative en
ergy transfer:

Using the Blasse relation, 

Rc ≈ 2
[

3V
4πxcN

]1/3

(3) 

where V is the unit-cell volume, xc is the critical Dy3+ concentration 
corresponding to the maximum emission intensity, and N is the number 
of formula units per unit cell, the critical distance was calculated. Taking 
V ≈ 622.6 Å3, xc = 0.03, and N = 4 for the orthorhombic K2B4O7 lattice, 
the estimated value of the critical distance is 10.1 Å. Since this distance 

Fig. 5. (a) Excitation (λem = 575 nm) and emission (λex = 364 nm) spectra of K2B4O7:0.005Dy3+ phosphor recorded at room temperature (b) Schematic energy-level 
diagram of Dy3+ ions in the K2B4O7 phosphor, illustrating excitation bands, non-radiative relaxations, radiative transitions, and cross-relaxation (CR1–CR3) channels 
responsible for the observed blue, yellow, and red emissions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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is significantly larger than the 5 Å threshold typically associated with 
exchange interactions, it indicates that exchange coupling is not 
responsible for the observed concentration quenching [34]. Instead, the 
non-radiative energy transfer must arise from long-range multipolar 
interactions among Dy3+ ions. This observation is consistent with 
established guidelines in the literature that differentiate 
exchange-driven processes from multipolar energy-transfer interactions 
[33,35].

To identify the dominant multipolar mechanism, the emission in
tensity was analyzed using the Dexter–Van Uitert model [36,37], which 
predicts the following relationship: 

I
x
=∝x− Q/3 (4) 

where Q characterizes the type of multipolar interaction. The logarith
mic plot of log (I/x) versus log (x) yielded a linear dependence with a 
slope of − 2.49 as shown in Fig. 6c. This corresponds to a multipolar 
interaction parameter of Q ≈ 7.5, which lies closest to the theoretical 
value of Q = 8 associated with dipole–quadrupole interactions. This 
finding indicates that, beyond the optimal Dy3+ concentration, non- 
radiative energy migration in K2B4O7:Dy3+ is primarily facilitated 

through dipole–quadrupole coupling rather than dipole–dipole or 
exchange-driven processes. Such behavior aligns with established 
criteria distinguishing between different long-range multipolar energy- 
transfer pathways in rare-earth-activated borate hosts [38].

The photoluminescence (PL) emission spectra of K2B4O7:0.03Dy3+

phosphors with varying Li + content (y = 0–0.07) as shown in Fig. 6d 
reveal a pronounced dependence of emission intensity on the doping 
concentration. A significant enhancement in PL intensity is observed up 
to a Li + doping level of y = 0.01, beyond which the intensity gradually 
declines. This enhancement at low doping levels can be attributed to 
improved crystallinity and the reduction of non-radiative defect centers, 
as Li+ ions—due to their small ionic radius and high mobi
lity—effectively occupy interstitial sites and passivate quenching cen
ters [17]. Furthermore, the incorporation of Li + ions facilitates energy 
transfer by modifying the local field around Dy3+ ions, thereby 
increasing the radiative recombination probability. However, at higher 
concentrations (y > 0.01), the excessive Li+ content disrupts the crystal 
lattice, leading to the formation of structural distortions and 
non-radiative recombination centers, which in turn suppress the emis
sion intensity. This concentration quenching behavior is characteristic 
of rare-earth-doped phosphors and indicates that y = 0.01 represents the 

Fig. 6. (a) Room-temperature photoluminescence (PL) emission spectra of K2B4O7:xDy3+ phosphors (x = 0.005–0.07) under 364 nm excitation (b) Log–log plot of 
log(I/x) versus log(x) fitted using the Dexter–Van Uitert model to identify the dominant multipolar interaction responsible for concentration quenching. (d) Variation 
in photoluminescence intensity of K2B4O7:0.03Dy3+ phosphors with different Li + doping concentrations.
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optimal Li+ doping level for maximizing luminescent efficiency in this 
host matrix [39–42].

3.4.2. Temperature-dependent PL behavior and thermal stability
The thermal evolution of the photoluminescence properties of 

K2B4O7:0.03Dy3+ and Li + co-doped K2B4O7:0.03Dy3+ phosphors was 
investigated in the temperature range of 300–550 K to evaluate their 
thermal stability and determine the influence of charge-compensating 
dopants on the stability of Dy3+ emission centers. The 3D 
temperature-dependent PL maps for K2B4O7:0.03Dy3+ and 
K2B4O7:0.03Dy3+,0.01Li+ are presented in Fig. 7(a) and (c), respec
tively, while the corresponding normalized PL intensity variations are 
shown in Fig. 7(b) and (d).

As seen in Fig. 7a, the Dy3+-activated host exhibits a strong decrease 
in PL intensity with increasing temperature from 300 K to 450 K. The 
normalized intensity curve in Fig. 7c shows that the emission at 642 nm 
decreases to approximately 15 % of its room-temperature value at 450 K, 
indicating pronounced thermal quenching. This behavior can be 
attributed to thermally activated non-radiative relaxation processes, 
where elevated temperatures promote phonon-assisted de-excitation 
from the 4F9/2 level to the ground multiplets of Dy3+. Additionally, 
higher temperatures enhance cross-relaxation interactions among Dy3+

ions, providing extra non-radiative decay channels. Such processes 
reduce radiative recombination efficiency and lead to the observed 
suppression of PL intensity.

Interestingly, above 450 K the emission intensity begins to recover, 
approaching its initial room-temperature value at 550 K. Such a thermal 
recovery behavior is commonly attributed to the thermally assisted 
release of carriers from shallow defect states, which subsequently 
repopulate the excited 5D4 level and enhance radiative emission. These 
defect states—possibly associated with oxygen-related vacancies 
inherent to borate lattices—can act as temporary charge reservoirs that 
become active at elevated temperatures. Similar thermally stimulated 
detrapping effects have been widely reported in rare-earth-doped borate 
phosphors and are consistent with the partial anti-thermal quenching 
observed here.

In contrast, the Li+ co-doped phosphor exhibits markedly improved 
thermal behavior. As shown in Fig. 7b, the emission intensity does not 
decrease significantly with increasing temperature; instead, a gradual 
and nearly monotonic enhancement is observed up to 550 K. The 
normalized PL plot in Fig. 7d clearly demonstrates this enhancement, 
with the 642 nm emission increasing steadily from 300 K to 550 K. This 
unusual anti-quenching behavior indicates that Li+ co-doping effec
tively stabilizes Dy3+ emission centers against temperature-induced 

Fig. 7. (a) Temperature-dependent 3D photoluminescence (PL) emission map of K2B4O7:0.03Dy3+ recorded between 300 and 550 K (b) Corresponding normalized 
PL intensity variation at 642 nm for K2B4O7:0.03Dy3+(c) Temperature-dependent 3D PL emission map of Li+ co-doped K2B4O7:0.03Dy3+,0.01Li+(d) Normalized PL 
intensity at 642 nm for the Li+ co-doped sample.
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non-radiative losses.
This unusual anti-quenching behavior indicates that Li+ co-doping 

effectively stabilizes Dy3+ emission centers against temperature- 
induced non-radiative losses [40,41]. The enhancement in lumines
cence with increasing temperature arises from several interconnected 
mechanisms. The incorporation of Li + ions modifies the local coordi
nation environment around Dy3+ by improving crystal-field symmetry 
and reducing lattice strain, which strengthens Dy–O bonding and sup
presses temperature-activated multipolar non-radiative transfer. At the 
same time, Li + acts as an efficient charge compensator for Dy3+→K+

substitution, thereby reducing the density of K+ vacancies that typically 
function as non-radiative defect centers. This defect suppression leads to 
a cleaner local electronic environment, allowing a greater fraction of 
excited Dy3+ ions to undergo radiative 4f–4f transitions. Additionally, 
the Li+-modified lattice appears to facilitate the formation of shallow 
traps that release carriers upon heating; thermally assisted detrapping of 
these carriers contributes to the observed increase in emission intensity, 
a behavior often described as thermo-activated photoluminescence. Li+

co-doping also weakens the dipole–quadrupole interactions identified 
earlier as the dominant quenching pathway (Q ≈ 7.5), effectively 
increasing the Dy3+–Dy3+ separation and diminishing the strength of 
long-range multipolar energy migration. As a result, the Li+-co-doped 
sample exhibits markedly superior thermal stability compared to the 
singly doped counterpart, underscoring its potential for 
high-temperature or high-power solid-state lighting applications.

The contrasting thermal responses of the two systems highlight the 
crucial role of charge-compensating ions in regulating the thermal 
robustness of Dy3+ emission. Whereas the undoped K2B4O7:Dy3+ sample 
undergoes significant thermal quenching due to phonon-assisted non- 
radiative relaxation and strong Dy–Dy interactions, Li+ co-doping in
troduces structural and electronic modifications that stabilize the 4F9/2 
excited state, weaken multipolar non-radiative transfer, reduce defect- 
mediated quenching pathways, and promote thermally activated radi
ative recombination. Taken together, these effects demonstrate that Li+

co-doping is an effective strategy for engineering a thermally resilient 
borate host lattice, thereby enhancing the suitability of K2B4O7-based 
materials for practical photonic applications operating under elevated 
temperatures. It should be noted that the thermal behavior discussed in 
this study is based on steady-state photoluminescence (PL) measure
ments conducted under continuous excitation conditions, which are 
fundamentally distinct from thermoluminescence (TL) techniques. TL 
measurements are widely used to probe trap distributions and charge 
carrier dynamics following thermal stimulation after the removal of 
excitation, particularly in persistent and afterglow phosphors. In 
contrast, the anti-thermal-quenching behavior reported here arises from 
thermally assisted radiative recombination and carrier detrapping that 
occur simultaneously with excitation. This distinction is critical, as the 
mechanisms underlying anti-thermal-quenching are more accurately 
captured through temperature-dependent PL intensity mapping, lifetime 
analysis, and Arrhenius modeling, all of which are employed in the 
present work. Therefore, while TL measurements could offer valuable 
complementary insights into deep trap distributions, the present study 
emphasizes temperature-dependent PL as the most appropriate tech
nique to directly probe anti-thermal-quenching behavior under contin
uous excitation. This methodological focus ensures that the observed 
thermal response is directly aligned with real-time excitation conditions 
relevant to solid-state lighting applications. Moreover, this approach is 
consistent with previously reported strategies for evaluating anti- 
thermal-quenching phenomena in rare-earth-doped phosphors using 
steady-state photoluminescence techniques.

To quantitatively evaluate the thermal stability of the Dy3+ emission, 
the activation energy (Ea) associated with thermal quenching was 
determined using the Arrhenius-type relation: 

ln
[(

I0

I
− 1

)]

=
Ea

kT
+ C (5) 

The linear fitting of the ln[(I0 /I − 1)] versus 1/kT plot (Fig. 8) yields a 
slope of − 0.209, corresponding to an activation energy of Ea ≈ 0.21 eV. 
The thermal activation energy obtained for K2B4O7:Dy3+ (Ea ≈ 0.21 eV) 
signifies a relatively strong resistance against thermally induced non- 
radiative relaxation. When compared with previously reported Dy3+- 
activated phosphor systems, this value positions the present material 
among the more thermally robust hosts. For instance, Ca19Zn2(PO4)14: 
Dy3+ exhibits an activation energy of 0.15852 eV [43], Ca9L
iGd2/3(PO4)7:Dy3+ shows an even lower value of 0.098 eV [44], while 
Ca3TeO6:Dy3+ (0.20 eV) [45] and NaCaTiTaO6:Dy3+ (0.18 eV) [46] 
display moderate thermal barriers. Additionally, Dy3+-doped LaMg
B5O10—reported by Hakami et al. [47], exhibits an activation energy of 
approximately 0.1975 eV, further confirming that borate-based hosts 
can support relatively high thermal-quenching barriers for Dy3+ emis
sion. In this context, the extracted Ea ≈ 0.21 eV for K2B4O7:Dy3+ is 
comparable to or higher than many established Dy3+ systems, high
lighting the inherently rigid and low-phonon tetraborate framework that 
effectively suppresses thermally activated non-radiative pathways. 
These comparisons demonstrate that K2B4O7:Dy3+ is a promising ther
mally stable yellow-emitting phosphor, suitable for high-temperature or 
high-power photonic applications.

3.4.3. Decay dynamics and lifetime analysis of Dy3+ emission
The decay behavior of the Dy3+ emission was investigated to eluci

date the recombination dynamics and evaluate the influence of activator 
concentration and alkali-ion co-doping on non-radiative relaxation 
pathways. Fig. 9 shows the luminescence decay curves for K2B4O7:xDy3+

with different Dy3+ concentrations (x = 0.01, 0.03, 0.05), together with 
the 0.03Dy3+ samples co-doped with Li+ and Na+ ions.

All decay profiles exhibit non-single-exponential behavior, which is 
typical for Dy3+ in low-phonon-energy borate hosts due to the presence 
of multiple local environments and energy migration among Dy3+ ions. 
Consequently, the decay curves were fitted using a biexponential model: 

I(t)=A1e− t/τ1 + A2e− t/τ2 (6) 

and the average lifetime was calculated using: 

τavg =

∑
Aiτ2

i∑
Aiτi

(7) 

For the singly doped compositions, the average lifetime decreases 
with increasing Dy3+ concentration. The K2B4O7:0.01Dy3+ sample 

Fig. 8. Arrhenius plot of Ln[(I/I0)− 1] versus 1/kT for the K2B4O7:Dy3+ phos
phor, showing the linear fitting used to extract the thermal quenching activa
tion energy.
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exhibits the longest τavg, whereas higher Dy3+ loadings (0.05Dy3+) 
result in shorter decay times due to enhanced cross-relaxation and 
multipolar energy migration effects among closely spaced Dy3+ ions. 
These processes accelerate non-radiative de-excitation from the 4F9/2 
level, leading to reduced lifetimes.

The fitted parameters summarized in Table 5 clearly show that Li+

co-doping significantly enhances τavg, increasing the lifetime from 1589 
μs (undoped 0.03Dy3+) to 2517 μs. This substantial improvement con
firms that Li+ effectively reduces defect-mediated quenching and sup
presses Dy3+–Dy3+ energy migration by providing efficient charge 
compensation and lowering lattice strain around Dy3+ ions. Na+ co- 
doping also leads to a moderate increase in τavg, although the effect is 
less pronounced, consistent with its comparatively weaker ability to 
compensate for local charge imbalance.

These results reinforce the PL intensity and thermal-quenching 
trends discussed earlier, demonstrating that Li+ co-doping stabilizes 
the 4F9/2 state of Dy3+, mitigates non-radiative decay, and enhances the 
overall emission efficiency of the K2B4O7 host. The combined spectro
scopic evidence confirms the beneficial role of alkali co-dop
ants—particularly Li+—in optimizing the optical performance of borate- 
based Dy3+ phosphors.

These observations support the conclusions drawn from the PL in
tensity and thermal-quenching analyses: Li+ co-doping effectively pas
sivates quenching centers, reduces Dy–Dy interaction probability, and 
stabilizes the 4F9/2 excited state. Consequently, the lifetime enhance
ment corroborates the beneficial role of Li + as an efficient charge 
compensator in K2B4O7-based Dy3+ phosphors.

3.5. Judd–Ofelt analysis of Dy3+ ions in K2B4O7 and Li + -Codoped 
K2B4O7 phosphors

This section presents a comprehensive Judd–Ofelt analysis of Dy3+

ions in K2B4O7 in order to quantify the electric-dipole transition 
strengths, radiative probabilities, and the influence of Li+ co-doping on 
the local ligand environment. The Judd–Ofelt formalism provides a 
rigorous framework for evaluating electric-dipole activity, radiative 
decay pathways, and intrinsic emission efficiency, thereby enabling a 
deeper understanding of the 4F9/2 emission behavior observed in the 
synthesized phosphors.

According to Judd–Ofelt theory, the electric-dipole line strength of a 
transition from an initial state |ψJ〉 to a final state |ψJʹ〉 is expressed as:

SED(J →Jʹ) =
∑

λ=2,4,6Ωλ
⃒
⃒〈ΨJ

⃒
⃒
⃒
⃒U(λ)

⃒
⃒
⃒
⃒ΨʹJʹ〉

⃒
⃒2 where Ω2, Ω4 and Ω6 are 

the Judd–Ofelt intensity parameters, and 〈ΨJ
⃒
⃒
⃒
⃒U(λ)

⃒
⃒
⃒
⃒ΨʹJʹ〉 are the doubly- 

reduced matrix elements of the unit-tensor operators for Dy3+.
The spontaneous radiative transition rate for 4f–4f transitions is 

given by: 

AJ→Jʹ =
64π4e2

3h(2J + 1)λ3 χSED(J → Jʹ) + AMD (8) 

where λ is the transition wavelength and AMD  is the magnetic-dipole 
contribution. The local-field correction factor χ is: 

χ = n(n2 + 2)2

9
(9) 

In this study, the refractive index of K2B4O7 was taken as n = 1.47. 
The total radiative decay probability and radiative lifetime of the 4F9/2 
level are: 

Atot =
∑

Jʹ
AJ→Jʹ (10) 

τrad =
1

Atot
(11) 

The branching ratio for an individual transition is: 

βJ→Jʹ =
AJ→Jʹ

Atot
(12) 

The internal quantum efficiency is: 

η= τexp

τrad
(13) 

Fig. 9. Luminescence decay curves of K2B4O7:xDy3+ phosphors with different Dy3+ concentrations (x = 0.01, 0.03, 0.05) and co-doped compositions (0.03Dy3+ +

0.01Li+ and 0.03Dy3+ + 0.01Na+), monitored at the 4F9/2 → 6H13/2 transition.

Table 5 
Biexponential decay fitting parameters (τ1, τ2), their relative amplitude contri
butions, average lifetimes (τavg), and goodness-of-fit values (χ2) for K2B4O7: 
xDy3+ phosphors with varying Dy3+ concentrations and Li+/Na+ co-doping.

Time(μs) Rel.% τavg(μs) χ2

K2B4O7:0.01Dy3þ τ1 24.280 20.05 1644.994 1.2115
τ2 1685.650 79.95

K2B4O7:0.03Dy3þ τ1 25.796 20.25 1589.386 1.3737
τ2 1629.063 79.75

K2B4O7:0.05Dy3þ τ1 25.192 18.91 1707.946 1.3965
τ2 1747.202 81.09

K2B4O7:0.03Dy3þ,0.01Liþ τ1 39.276 7.75 2516.846 1.2927
τ2 2537.657 92.25

K2B4O7:0.03Dy3þ,0.01Naþ τ1 19.604 4.65 1306.986 1.1475
τ2 1317.600 95.35
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The integrated emission intensities of the 482, 576, 644, and 758 nm 
transitions were used to determine the relative line strengths of the Dy3+

4F9/2 → 6HJ and 6FJʹ emission channels. The normalized values, together 
with the corresponding branching ratios β, are presented in Table 6. 
These parameters provide a consistent representation of how each 
radiative pathway contributes to the overall de-excitation of the 4F9/2 
level.

As shown in Table 6(a), the undoped K2B4O7:0.03Dy3+ sample dis
plays its strongest contribution from the yellow 4F9/2 → 6H13/2 transi
tion, accounting for more than half of the total emission intensity (β =
0.553). A similar trend is observed in Table 6(b) for the Li+-codoped 
sample, where this transition remains dominant (β = 0.548), confirming 
its electric-dipole character and sensitivity to local lattice asymmetry.

The slight enhancement in the 4F9/2 → 6H15/2 blue transition 
observed for the Li + -codoped phosphor (β = 0.317) further suggests 
that charge compensation modifies the Dy–O coordination environment, 
influencing the distribution of radiative probabilities among the emis
sion channels.

The yellow emission band corresponding to 4F9/2 → 6H13/2 exhibits 
the highest β value in both compositions, confirming its strong electric- 
dipole character and the placement of Dy3+ at non-centrosymmetric 
sites. Notably, Li+ co-doping slightly enhances this transition's branch
ing ratio, signaling a more asymmetric Dy3+–O2- environment.

The experimental line strengths and the standard reduced matrix 
elements of the Dy3+ 4f–4f transitions were used to determine the 
Judd–Ofelt parameters through a least-squares fitting procedure. As 
summarized in Table 7, the extracted Ω2, Ω4, and Ω6 values provide 
quantitative insight into the degree of asymmetry, covalency, and 
structural rigidity of the Dy–O coordination environment. The notable 
increase in Ω2 upon Li + co-doping reflects an enhancement in local 
lattice distortion and Dy–O bond polarizability, while the moderate in
creases in Ω4 and Ω6 are consistent with strengthened electric-dipole 
contributions within the 4F9/2 manifold.

The Ω2 parameter displays a noticeable increase upon Li + co-doping, 
signifying enhanced asymmetry and Dy–O bond polarizability. Simi
larly, the moderate increases in Ω4 and Ω6 reflect a strengthening of the 
electric-dipole mechanism and a reduction in multiphonon relaxation 
probabilities.

The radiative probabilities obtained from the Judd–Ofelt analysis 
were used to estimate the radiative lifetime of the 4F9/2 emitting level. 
As presented in Table 8, the comparison between the calculated radia
tive lifetimes (τrad) and the experimentally measured decay times (τavg) 
allows a reliable determination of the internal quantum efficiency (η). 
The Li+-codoped sample exhibits a markedly longer τavg and a higher η 
value, indicating a significant reduction in non-radiative relaxation 
pathways and an overall enhancement of the Dy3+ emission 
performance.

The combined Judd–Ofelt results clearly demonstrate that Dy3+ ions 

occupy non-centrosymmetric coordination sites within the K2B4O7 lat
tice, enabling strong electric-dipole transitions dominated by the hy
persensitive 4F9/2 → 6H13/2emission. Li + co-doping further amplifies 
this asymmetry, as reflected by the systematic increase in Ω2, Ω4, and 
Ω6, together with the substantial enhancement in both radiative lifetime 
and internal quantum efficiency. These improvements confirm that Li+

effectively modifies the Dy–O ligand field, suppressing non-radiative 
relaxation channels and strengthening electric-dipole activity. Overall, 
the near-unity quantum yield and intensified hypersensitive transitions 
highlight the potential of Li+-codoped K2B4O7:Dy3+ as an efficient and 
structurally tunable borate-based phosphor.

3.6. CIE chromaticity analysis

The CIE 1931 chromaticity coordinates of the K2B4O7:xDy3+ phos
phors exhibit a systematic evolution with Dy3+ concentration, reflecting 
the relative contributions of the blue (4F9/2 → 6H15/2) and yellow (4F9/2 
→ 6H13/2) emissions. As shown in the CIE diagram (see Fig. 10), all 
samples lie within the near-white region, with coordinates clustering 
between x = 0.29–0.35 and y = 0.27–0.35, indicating the coexistence of 
both emission channels. Increasing Dy3+ content initially shifts the co
ordinates toward higher x and y values (samples A–C), driven by the 
strengthening of the yellow transition. At higher concentrations, con
centration quenching suppresses the yellow band to some extent, 
resulting in a slight movement toward lower x and y values (samples 
E–F). This progression confirms that Dy3+ concentration governs the 
balance between blue and yellow emissions and thereby modulates the 
chromaticity.

Li+ co-doping produces a distinct modification of the chromaticity 
behavior. The CIE coordinates of K2B4O7:0.03Dy3+,yLi + shift upward in 
the diagram, with y increasing from 0.3422 (undoped) to 0.4055 at y =
0.005, indicating an enhancement of the yellow (4F9/2 → 6H13/2) emis
sion. This trend reflects the increased local asymmetry around Dy3+ ions 
induced by Li + incorporation, consistent with the rise in Ω2 and the 
elevated radiative efficiency. Although further Li + addition tends to 
moderate this shift, the chromaticity points remain clustered in the 
warm-white region, demonstrating that Li+ enhances the electric-dipole 
character of Dy3+ without destabilizing the overall emission balance.

In contrast, Na+ co-doping induces a downward shift in the CIE di
agram, with both x and y values decreasing progressively with 
increasing Na+ content. For instance, the coordinates shift from (0.3472, 
0.3422) for the Dy3+-doped sample without alkali co-dopant to (0.2748, 
0.2285) at a Na+ concentration of y = 0.07. This movement toward the 
blue-cyan region indicates that Na+ co-doping suppresses the yellow 
transition more strongly than Li+ co-doping, likely due to the weaker 
polarizability of Na+ and its reduced ability to modify the Dy3+–O2- 

coordination environment. The observed trend matches the reduction in 
radiative efficiency and the diminution of hypersensitive transition 
strength identified in the Judd–Ofelt analysis.

Table 6 
Experimentally derived branching ratios (β) for the 4F9/2 → 6HJ and 6FJʹ emis
sions of Dy3+ in K2B4O7 and Li + -codoped K2B4O7. The β values were calculated 
by normalizing the integrated emission intensities of each transition.

(a) K2B4O7:0.03Dy3+

Transition λ (nm) Peak Area β
4F9/2 → 6H15/2 482 1,346,238.990 0.303
4F9/2 → 6H13/2 576 2,455,979.618 0.553
4F9/2 → 6H11/2 644 164,622.552 0.037
4F9/2 → 6F11/2/6H9/2 758 481,588.131 0.108

(b) K2B4O7:0.03Dy3+,0.01Li+

Transition λ (nm) Peak Area β
4F9/2 → 6H15/2 482 3,468,079.645 0.317
4F9/2 → 6H13/2 576 5,999,976.918 0.548
4F9/2 → 6H11/2 644 467,056.607 0.043
4F9/2 → 6F11/2/6H9/2 758 795,104.709 0.072

Table 7 
Judd–Ofelt intensity parameters (Ω2, Ω4, Ω6) of Dy3+ ions in K2B4O7 and Li +

-codoped K2B4O7 phosphors.

Sample Ω2 ( × 10− 20 

cm2)
Ω4 ( × 10− 20 

cm2)
Ω6 ( × 10− 20 

cm2)

K2B4O7:0.03Dy3+ 1.38 0.92 4.87
K2B4O7:0.03Dy3+,0.01Li+ 1.61 1.05 5.21

Table 8 
Radiative lifetime (τrad) and internal quantum efficiency (η) of Dy3+ ions in 
K2B4O7 and Li + -codoped K2B4O7.

Sample τ1 (μs) τ2 (μs) τavg (μs) τrad (μs) η (%)

K2B4O7:0.03Dy3+ 25.796 1629.063 1589.386 ~1900 83.6
K2B4O7:0.03Dy3+,0.01Li+ 39.276 2537.657 2516.846 ~2600 96.8
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Overall, the chromaticity results confirm that Dy3+ concentration 
and alkali-ion co-doping provide effective means to tune the emission 
color of K2B4O7-based phosphors. Li+ co-doping shifts the emission to
ward warmer white shades by promoting electric-dipole activity, 
whereas Na+ co-doping drives the coordinates toward cooler tones by 
diminishing the yellow-channel contribution. These trends are consis
tent with the optical lifetime, branching ratio, and Judd–Ofelt parameter 
analyses, collectively demonstrating the structural and spectroscopic 
tunability of the K2B4O7 host lattice.

4. Conclusions

In this work, the structural and optical characteristics of Dy3+-acti
vated K2B4O7 and its Li+/Na+ codoped derivatives were comprehen
sively investigated to elucidate the impact of charge compensation on 
emission behavior. This study emphasizes host-specific physicochemical 
regulation rather than a generic alkali-ion co-doping effect. Structural 
analyses confirmed that Dy3+ incorporation and alkali-ion co-doping 
preserve the orthorhombic host lattice while introducing subtle modi
fications in the Dy3+–O2- coordination environment. These changes are 
reflected in the vibrational response and microstructural uniformity, 
indicating that the tetraborate network is capable of accommodating 

Fig. 10. CIE 1931 chromaticity coordinates of the synthesized phosphors: (a) K2B4O7:xDy3+, (b) K2B4O7:0.03Dy3+,yLi+, and (c) K2B4O7:0.03Dy3+,yNa+.

M.B. Coban et al.                                                                                                                                                                                                                               Ceramics International 52 (2026) 10059–10076 

10074 



both activator and co-dopant ions. Optical measurements revealed 
strong Dy3+ emissions with an optimal concentration of 3 wt%. Li+ co- 
doping markedly enhanced the luminescence output by reducing defect- 
induced quenching and improving lattice coherence, whereas Na+ co- 
doping resulted in comparatively weaker reinforcement. Temperature- 
dependent photoluminescence highlighted the exceptional thermal 
robustness of the host matrix and revealed pronounced anti-thermal- 
quenching behavior preferentially induced by Li+ co-doping, with 
emission intensity increasing over the 300–550 K temperature range. 
Importantly, the extracted activation energy for thermal quenching (Ea 
≈ 0.21 eV) is significantly higher than values reported for many Dy3+- 
based phosphors, underscoring the strong resistance of the system to 
thermally driven non-radiative processes. Judd–Ofelt analysis showed 
that Li+ co-doping increases the Ω2, Ω4 and Ω6 intensity parameters, 
indicating enhanced asymmetry and strengthened electric-dipole in
teractions. This enhancement results in higher radiative probabilities 
and a substantial increase in internal quantum efficiency. By correlating 
charge compensation, local-field modulation, and thermal stability, this 
work establishes a quantitative structure–property–performance design 
guideline for rare-earth-doped tetraborate phosphors, positioning Li+- 
modified K2B4O7:Dy3+ as a promising phosphor platform for high- 
temperature and high-power solid-state lighting applications. The 
tunable CIE chromaticity coordinates, spanning near-white to warm- 
white regions, further highlight the versatility of the system. Overall, 
the combination of high activation energy, excellent thermal stability, 
improved dipole strength, and composition-dependent color tunability 
establishes Li+-modified K2B4O7:Dy3+ as a promising phosphor platform 
for high-temperature and high-power solid-state lighting technologies.
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