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1. Introduction

Investigation of luminescence properties and
ratiometric thermometry through yellow-to-blue
Dy>* emission in CasLa;(SiO4)5(PO4)O, apatite

Abir Douzi,®® Sami Slimi, ©3° Eduard Madirov,® Josep Maria Serres,®
Rosa Maria Solé, © 2 Ezzedine Ben Salem,” Andrey Turshatov, @ ¢
Bryce S. Richards ® 9 and Xavier Mateos & *2¢

Dy3+—doped CazLa;(SiO4)5(PO4)O, (CLSPO) phosphors were synthesized via a solid-state reaction method
and characterized for their structural, optical, and thermometric properties. X-ray diffraction (XRD) and
Rietveld refinement confirmed a hexagonal apatite-type structure (P6s/m) with refined lattice parameters
of a = b = 9.604(3) A, ¢ = 7.103(1) A. First-principles calculations for the undoped crystal revealed
a direct bandgap of 4.08 eV, confirming CLSPO as a suitable host material for luminescent applications.
Photoluminescence spectra exhibited characteristic Dy>* emissions, with two blue bands (B;: 468 nm,
B,: 479 nm) and two yellow bands (Y;: 543 nm, Y,: 575 nm). The yellow-to-blue (Y/B) intensity ratio
displayed a strong temperature dependence, establishing CLSPO:Dy3+ as a promising candidate for
luminescence-based thermometry. The optimal Dy** doping concentration was determined to be 3 at%,
beyond which concentration quenching effects were observed. Photoluminescence studies further
demonstrated that electric dipole—dipole interactions govern the dominant energy transfer mechanism,
as evidenced by concentration-dependent quenching behavior. The absolute photoluminescence
quantum yield (PLQY) was 5.7%, and Arrhenius analysis determined an activation energy of 0.11 eV. The
decay time decreases with increasing Dy** concentration (from 658 pus at 0.5 at% Dy** to 252 us at 10
at%). The fluorescence intensity ratio (FIR) method for optical thermometry revealed an absolute
sensitivity (S,) of 327 107* K™! at 298 K, while the repeatability (R) of the Y/B ratio exhibited
a reproducibility of 95.88% at 298 K, ensuring consistent and reliable temperature sensing performance.
Furthermore, the luminescence remained stable over three hours of multiple heating—cooling cycles
(298-523 K), confirming excellent photostability and reversibility. These results establish CLSPO:Dy**
phosphors as highly efficient, thermally stable, and optically robust materials for next-generation
temperature sensors, solid-state lighting, and advanced photonic applications.

including lasers, light-emitting diodes (LEDs), fiber-optic
amplifiers, color displays, and various types of sensors. The

Over the past few decades, trivalent lanthanide ions (Ln’*")
doped into phosphors have attracted considerable attention
due to their extraordinary photoluminescence properties. These
ions exhibit unique phenomena such as upconversion lumi-
nescence and large Stokes-shifted emissions, which are highly
beneficial for a wide range of optoelectronic applications,
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versatility and efficiency of Ln**-doped phosphors have firmly
established them as foundational components in the advance-
ment of modern photonic technologies.”™ Among the various
trivalent lanthanide ions (Ln*"), dysprosium (Dy**) stands out
as an exceptional activator due to its ability to emit light across
a broad spectrum, ranging from visible to near-infrared wave-
lengths. This emission results from electronic transitions
between the excited energy level *Fy/, and a series of interme-
diate states within the manifold °H,, (where n =15/2,13/2,11/2,
9/2, and 7/2). These transitions occur at distinct wavelengths,
making Dy’* particularly valuable for applications that require
diverse emission profiles, such as advanced optical devices and
luminescent materials.>®

The visible emission of the Dy*" ion is primarily defined by
two distinct emission bands in the blue and yellow regions of
the spectrum. The blue emission, which corresponds to the
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transition from the “Fo, energy level to ®Hysj, is a magnetic
dipole transition. This type of transition is largely insensitive to
the local crystal field, meaning that it remains relatively
insensitive to changes in the surrounding medium. In contrast,
the yellow emission, which occurs during the transition from
*Fqy5 to ®Hy3s, is an electric dipole transition. This transition is
highly sensitive to the local crystal field, meaning that even
subtle changes in the field environment around Dy*" ions can
significantly influence the intensity and characteristics of the
yellow emission. This sensitivity makes yellow emission
particularly useful for studying the local environment in various
luminescent materials and applications.”™°

By combining the blue and yellow emissions of Dy**, white
light emission can be achieved in singly Dy’'-doped
phosphors.'** Moreover, the relative intensities of these two
emissions provide valuable insights into key aspects of the
material, including energy transfer processes, local symmetry,
and the coordination environment of Dy’ ions. However, singly
Dy**-doped phosphors often exhibit relatively low photo-
luminescence quantum yield (PLQY) due to the absence of
efficient sensitization pathways. For instance, Dy**-doped nano-
glass-ceramics have been reported to exhibit a PLQY of
approximately 15.2%,"” while Dy,03-doped alkaline-earth
borate glasses have demonstrated a PLQY of 23.74% under
453 nm laser excitation.” Understanding these factors is
essential for optimizing the phosphor's efficiency and expand-
ing its applicability in optical devices.>'"*>*®

In addition to factors such as host material, pump wave-
lengths and Dy’ ion concentration, temperature plays a key
role in tuning the blue-to-yellow intensity ratio of Dy**-activated
luminescent materials. Temperature changes can influence
emission properties, enabling fine-tuning of the output color,
which is essential for optimizing the performance of these
materials in various applications.>**?? Dy’"-doped phosphors
are well established in the field of thermometry, especially
through the use of the luminescence intensity ratio method.
This technique typically relies on the variation between two blue
emission lines, which arise from transitions involving the
thermally coupled energy levels “I,5,, and *Fo, in the ground
state 6H15/2‘4,9,20,22—24

Due to the presence of numerous intermediate energy levels
within the Dy** ion, the thermally coupled energy states “I;s,
and “Fy, govern several temperature-dependent emission
processes. The Boltzmann distribution can be applied to
describe the population dynamics between these two levels,
which influences the intensity ratio of the two blue emission
lines, corresponding to the *I;5, — °Hysp, and *Fop, — ®Hyspy
transitions. This population distribution also affects the two
yellow emission lines, corresponding to the *I;5, — ®Hy3/, and
*Fy, — ®Hyg, transitions. By considering both blue and yellow
emissions, the Boltzmann distribution provides a more
complete description of the temperature dependence of the
emission intensity ratios. Therefore, in contrast to room
temperature, the yellow-to-blue intensity ratio of Dy**-doped
phosphors is expected to show significant variations at elevated
temperatures. These variations may lead to observable color
changes in the phosphors. In addition, the relationship
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between the yellow-blue intensity ratio and temperature can be
defined quantitatively, enabling this relationship to be used for
accurate temperature measurements in thermometry
applications.

The optical properties of phosphors doped with Ln*" ions are
influenced both by the specific type of Ln*" ions used and by the
choice of host material. Once Dy*" ions are incorporated into
various inorganic crystalline materials such as apatite-type
materials, they can generate a wide range of attractive lumi-
nescence properties. As an apatite compound, CagLa,(PO,)sO,
(CLPO) has been used as a phosphorescent host in various
studies.?*?” Zhu et al. synthesized and studied a series of Ce>*-
doped CLPO phosphors, whose emission can be modulated to
produce different colors.?” Shang et al. produced Ce** and Eu*'-
activated CLPO phosphors, emitting in the blue region of the
spectrum, and explored the mechanisms of luminescence as
well as the associated energy transfer processes.>® Fang et al
conducted a systematic study of the photoluminescence prop-
erties of Eu** doped CLPO-based phosphors.? In an effort to
identify and develop more efficient luminescent materials, and
with the aim of optimizing their photoluminescent properties
and discovering materials with superior performance, the
researchers carried out an in-depth exploration of cation and
anion substitutions within the apatite compound. They
synthesized and analyzed a series of modified compounds,
including Cayiy,Lag y(SiO4)s_(PO4)0O, (CLSPO) doped with
Eu®" ions (where x = 0, 2, 4, 6)*® and Eu®" ions (where x = 0, 3,
6).> Additionally, a related study investigated apatites doped
with 2% Eu and a wider range of x values (x =0, 1, 2, 3, 4, 5, 6),
focusing on the emission properties of both Eu** and Eu®*
ions.* These studies collectively demonstrate the versatility of
apatite-based phosphors in hosting lanthanide ions at various
doping levels and oxidation states, providing a foundation for
exploring the photoluminescence behavior of new dopant
systems such as Dy’". In this context, Cheng et al. synthesized
a series of Eu*"-doped CLSPO phosphors and investigated in
detail their photoluminescence properties, Judd-Ofelt analysis,
and temperature sensing characteristics via absolute emission
intensity.**

In this study, we successfully synthesized CLSPO:Dy*"
phosphors and evaluated their structural, optical, and ther-
mometric properties. The study focuses on the (Y/B) emission
ratio, leveraging its sensitivity to both doping concentration and
temperature for optical sensing applications.

2. Experimental

2.1. Synthesis

CLSPO:xDy>* phosphors, with x = 0.5, 1, 2, 3, 4, 5, 7, and 10 at%
in the raw materials mixture, were synthesized using the solid-
state method in an open atmosphere. High-purity raw materials
were utilized: CaCO; (99.99%, chemPUR), La,Oz (99.99%,
Sigma-Aldrich), SiO, (~99%, Sigma-Aldrich), (NH,),HPO,
(=99.0%, Alfa Aesar), and Dy,O; (99.9%, chemPUR). The
materials were first weighed in stoichiometric proportions, then
transferred to an agate mortar in ethanolic medium. They were
then carefully ground to obtain a dry, homogeneous mixture. In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the next step, the prepared mixture was calcined in a covered
alumina crucible at 900 °C for 6 hours. The calcined powder was
then reground and compressed into pellets under pressure.
These pellets were sintered at 1350 °C for 10 hours in air and
finally cooled to room temperature.

The chemical reaction to prepare CazLa; ,Dy,(5i04)5(PO4)O,
phosphors is as follows:

7—x

3CaCoO; +

L3.203 + SSIOQ + (NH4)2HPO4

+ %Dyzog — CasLa;_ Dy (SiOy4)5(PO4)O; + by-products.

2.2. Characterization methods

The X-ray powder diffraction (XRD) patterns of the CLSPO:xDy*"
series (x = 0-10 at%) were acquired at room temperature using
a Shimadzu XRD-6000 diffractometer configured in Bragg-
Brentano geometry. The system utilized a Cu X-ray source,
a scintillation counter as the detector, and a Ni filter to suppress
Kp radiation. The instrument operated at a tube voltage of 40 kv
and a current of 40 mA. Diffraction patterns were recorded over
the 26 range of 5° to 80°, with a scan speed of 2° min~" and
a step size of 0.02°, ensuring high-resolution data suitable for
detailed analysis across all samples in the series. For Rietveld
refinement, data collection was performed under the same
conditions, with a step size of 0.02° and a step time of 2
seconds. The samples were mounted on a Si(510) substrate,
chosen for its low background contribution, to enhance signal
clarity. The structural refinement was conducted using Match! 3
(Crystal Impact, demo version), enabling accurate determina-
tion of the lattice parameters and other structural details. The
particle morphology and size were analyzed using transmission
electron microscopy (TEM) with a JEOL 1011 microscope,
providing detailed insights into the structural features at the
nanoscale. The elemental composition of the samples was
examined through energy-dispersive X-ray spectroscopy (EDX),
conducted on a Thermo Scientific Scios2 field emission scan-
ning electron microscope (FE-SEM). The EDX analysis was
facilitated by a Thermo Scientific microanalyzer integrated with
Pathfinder software, ensuring precise and comprehensive
compositional characterization.

The Raman spectra were recorded using a Renishaw InVia
confocal Raman microscope, equipped with an edge filter and
a 50x Leica objective, employing an Ar" ion laser as the exci-
tation source (Aex. = 514 nm). A Varian Cary 5000 UV-visible-NIR
spectrophotometer, equipped with an integrating sphere, was
used to measure the diffuse reflectance spectra of the samples
at room temperature (RT, 20 °C). The measurements were
conducted over the spectral range of 200-700 nm, with a data
acquisition interval of 0.5 nm and an integration time of 1
second per data point. The reflectance spectra were obtained
from pellet samples with a diameter of 12 mm for photo-
luminescence spectroscopy under 445 nm excitation, a custom-
built optical setup was employed. The setup featured a 445 nm
diode laser (FC-445-2W), which was coupled to an optical fiber
and a collimating lens to accurately focus the excitation beam
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onto the sample, delivering an estimated power density of
approximately 73.33 W cm™> at the sample surface. The
resulting PL emission was captured using an optical spectral
analyzer (OSA, AQ6373E, Yokogawa Electric Corporation), with
spectral resolution of 1 nm. To evaluate the temperature-
dependent luminescent properties, the samples were moun-
ted on a Linkam THMS600 heating stage. The temperature was
varied from 298 K to 523 K, with a step size of 25 K. This setup
allowed precise control of the sample temperature during the
measurements. The luminescence emission was collected using
a 90° geometry, which was chosen specifically to reduce inter-
ference from the pump radiation in the recorded spectra. The
photoluminescence quantum yield (PLQY) was determined
using an optical system based on an integrated sphere (Lab-
sphere, 6” diameter, model 3 P-LPM-060-SL). The sample is
positioned centrally within the sphere and illuminated by
a continuous-wave LED emitting at 365 nm (Thorlabs, M365L3),
powered by a laser diode controller (Thorlabs, ITC4001). The
excitation spectra, the emission under 350 nm excitation and
the luminescence lifetime were recorded using a spectrofluo-
rometer (FS5, Edinburgh Instruments), equipped with a xenon
lamp as the excitation source.

3. Results and discussion

3.1.
study

Phase analysis, structural refinement, and morphology

Fig. 1(a) shows XRD analysis of the crystal structures of
CLSPO:xDy”* phosphors, with x ranging from 0 to 10 at%. The
diffraction peaks obtained from the XRD patterns exhibit
a strong correlation with the ICSD database entry 140674, which
corresponds to the apatite compound Ca,Lag(5i04)sO, (see
Fig. 1(b)). The observed peaks align distinctly with the reference
structure, demonstrating excellent consistency with the crys-
tallographic data. Moreover, the absence of additional peaks in
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Fig. 1 (a) XRD patterns for the CLSPO doped with different concen-

trations of Dy®* ions; (b) reference plot downloaded from ICSD
database, file number 140674, for the apatite compound Caslg(-
SiO4)605; () variation of the position of the diffraction peak of the
(002) plan as function of Dy** ions concentration.
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the XRD analysis unequivocally confirms the phase purity of the
sample, affirming its structural fidelity to the specified database
entry. Detailed examination of the CLSPO:x at% Dy*" samples (x
=0,0.5,1,2,3,4,5,7and 10 at%) reveals a hexagonal structure
with a P6;/m space group. The introduction of Dy** ions did not
induce secondary crystalline phases.

The Dy** ions in CLSPO are expected to substitute for triva-
lent host cations, primarily La®*, which occupies the 4f-type
sites in the apatite structure. This preferential substitution
arises from the close ionic size match between Dy’ and La*" in
comparable coordination environments. Based on Shannon's
reference, the ionic radius for Dy*" and La*" are as follows: Dy>*
has a radius of 0.97 A at CN = VII and 1.08 A at CN = IX, while
La®" has a radius of 1.11 A at CN = VII and 1.22 A at CN = IX,
where CN indicates coordination number?®* stability. Since the
4f-site in CLSPO exhibits nine-coordination (CN = IX), Dy**
preferentially replaces La®** at this position, as the relatively
small size difference helps minimize significant lattice distor-
tion. Additionally, the 4f-site provides a symmetric and spacious
environment, further facilitating Dy®" incorporation while
maintaining structural integrity.

In the case of substituting La*" ions with Dy** ions in CLSPO,
a reduction in the unit cell volume is evident. This is demon-
strated by the shift of the diffraction peak corresponding to (xkl)
= (002) in the XRD patterns of the CLSPO phosphors (Fig. 1(c)).
This peak progressively shifts toward larger diffraction angles
(26) with increasing Dy>” concentration, indicating a decrease in
lattice constants and a contraction of the unit cell volume,
consistent with Bragg's law. The lattice parameters a, ¢, and the
unit cell volume V. decrease systematically with higher Dy**
doping levels, as shown in Table 3.

The replacement of La** ions in the lattice by Dy*" is
confirmed by the percentage difference in ionic radii (4,)
between activator ions (Dy**) and host ions (La*"), determined
using eqn (1) (ref. 33):

rh(CN) — Vd(CN)

4= rn(CN)

x 100%, 6))]
where, r, and r4 represent the ionic radii of the host ion (La*")
and activator ion (Dy’"), respectively. The calculated difference
in ionic radii, 4,, is approximately 12.61% for coordination
number CN = VII and 11.48% for CN = IX.

To gain deeper insights into the structure of CLSPO:Dy** and
the incorporation behavior of Dy** ions within the CLSPO host
matrix, Rietveld refinement was performed on a CLSPO:3 at%
Dy** sample. Fig. 2(a) shows the fitting results, while Table 1
summarizes the refinement parameters. The crystal structure of
Ca;La,(Si04)5(PO4)0,:Eu®" (ref. 31) served as the initial model
for refinement. The calculated profiles match the experimental
data perfectly. For CLSPO:3 at% Dy*", the refined lattice
parameters are a = b = 9.604(3) A, ¢ = 7.103(1) A, with unit cell
volume V. = 567.38 A® and theoretical crystal density peaic =
4.91 ¢ cm ™ (with formula unit number Z = 1). The refinement
reliability factors are R, = 12.82%, R, = 7.72%, and the chi-
square (x°) is 4.75, suggesting a reasonably good fit and satis-
factory convergence of the refinement process. Table 2 lists the
atomic coordinates, sites, isotropic displacement parameters

19626 | RSC Adv, 2025, 15, 19623-19639

View Article Online

Paper
5\ T T T T T T
© F CLSPO: 3 at.% Dy** —0—¥obls
b d ——Ycalc
> 1 Yobs-Ycalc
— o
) | Bragg_position
ey
[}
—
£
)]
% : ]
10 60 70 80
03
(b) 02 f
0Ol 01
oS
4 2
03./ 3

p- o ———®03
(Ca2|La2|Dy205] - 6k ./ x \.
[Cal|Lal|Dy10s] - 4f ol 02

03

Fig. 2 (a) Refinement plots of CLSPO:3 at% Dy*" sample; (b) view of
the crystal structure of CLSPO:Dy** phosphor along a—b crystallo-
graphic plan; (c) oxygen atoms environment around the two cationic
sites 4f and 6h.

(Biso), and occupancy factors (O.F.) obtained for sample
CLSPO:3 at% Dy**. This data has enabled us to depict a frag-
ment of the CLSPO:Dy’" structure projected along a-b crystal-
lographic plan, as presented in Fig. 2(b). Two distinct cationic
sites were identified in the structure. The first, referred to as the
Cal|Lal|Dy1 site, is located at the 4f crystallographic position. It
exhibits nine-fold coordination (see Fig. 2(c)) and possesses Cs
symmetry, with Cal|La1|Dy1-O bond distances ranging from
2.4652(9) to 2.8768(5) A. The second site, Ca2|La2|Dy2, occupies
the 6h position and is seven-coordinated with Cy symmetry,****
exhibiting Ca2|La2|Dy2-O distances between 2.3103(2) and
2.7525(7) A. The cations were connected through isolated PO,/
SiO, tetrahedra. Notably, the oxide ion 04, termed “free
oxygen”,*® was excluded from these tetrahedra and could form
a short, highly covalent bond with the cation at the 6h site.””
[Ca2|La2|Dy20;,] polyhedra are situated within structural
channels formed by six interconnected [Cal|La1|Dy10Oy] poly-
hedra. These nine-coordinated polyhedra are arranged in
metaprism-like columns (see Fig. 2(c)), contributing to the
overall framework stability and connectivity. The twist angle (¢)
between adjacent triangular faces of the [Ca1|Lal|Dy10q] poly-
hedron along the crystallographic [001] direction is a key
structural parameter used to assess variations in channel
volume within the crystal framework. This angle, defined as the
[001]-projected angle between the O1-Cal|Lal|Dy1-O2 atoms,
is highly sensitive to the local chemical environment and
therefore serves as an effective indicator of structural distortion
caused by cation substitution. The ¢ value can be precisely

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystallographic data and structure refinement parameters of CLSPO:3 at% Dy3+ phosphors

Parameters

Value

Sample

Crystallographic class

Space group

Laue group

Cell formula units (2)

Space group number (setting number)
Lattice parameters

Lattice volume

Diffraction radiation type (wavelength)
Measurement temperature

Software

Reliability factors

CLSPO:3 at% Dy’

Hexagonal

P63/m

6/m

1

176 (1)

a=hb=9.604(3)A c=7.103(1)A
567.38 A’

Cu-Ko1 (1.54188 A)

295 K

Match 3 (crystal impact-demo version)
x* = 4.75, Ryp = 12.82, R, = 7.72, Rexp = 5.88

Table 2 Atomic coordinates and structure parameters of CLSPO:3 at% Dy**. O.F. = occupancy factors; Bis, = isotropic temperature factors

Atoms Wyck x y z O.F. Biso

Cal|La1|Dy1 af 1/3 2/3 —0.0032(1) 0.5164(0.4674|0.0162 1.969(3)
Ca2|La2|Dy2 6h 0.2324(5) —0.0136(7) 1/4 0.1557(0.82000.0242 1.936(1)
Si|p 6h 0.4065(2) 0.3771(4) 1/4 0.8333/0.1666 1.337(7)
o1 6h 0.3225(1) 0.4925(1) 1/4 1 2.071(5)
02 6h 0.5991(5) 0.4706(1) 1/4 1 2.730(4)
03 2a 0 0 1/4 1 1.336(2)
04 12i 0.3461(1) 0.2625(1) 0.0727(1) 1 1.179(1)

determined using the atomic coordinates of the Cal|Lal|Dyl
cation and its coordinating oxygen atoms O1 and O2. Based on
the method proposed by White and Dong,*® the calculated twist
angle for the Dy**-doped sample (CLSPO: 3 at% Dy*") is 26.81°,
which is slightly larger than that of the undoped host material
(26.78°), indicating a subtle increase in channel distortion upon
Dy*" incorporation.

Fig. 3 shows the morphology of the CLSPO:Dy** powders
synthesized in this study. Fig. 3(a)-(c) show SEM, EDX images
and the elemental mapping of the CLSPO:3 at% Dy>" sample,
respectively. The SEM images show that these particles exhibit
a relatively high degree of agglomeration and irregularity. This
morphology is attributed to the solid-state reaction method
used in their preparation, which tends to cause agglomeration
and particle heterogeneity. The agglomerates consist of groups
of micrometer-sized particles, tightly bound to each other, while
the individual particles also appear as entities with specific
shapes and sizes.

The EDX analysis, shown in Fig. 3(b), confirms the presence
of calcium (Ca), lanthanum (La), silicon (Si), phosphorus (P),

Table 3 Unit cell parameters and volume for CLSPO:x at% Dy** (x =0,
3, 5and 10)

Dy*" concentration (at%) a, b (A) c(d) Veate (A%)
0 9.617(1) 7.106(1) 569.16
3 9.604(1) 7.103(1) 567.38
5 9.594(3) 7.101(1) 566.04
10 9.585(2) 7.097(1) 564.66

© 2025 The Author(s). Published by the Royal Society of Chemistry

oxygen (O), and dysprosium (Dy) in the sample, indicating that
all the expected elements are present in the material. In addi-
tion, the elemental color mappings, shown in Fig. 3(c), suggest
a uniform distribution of these elements throughout the
sample at the microscale. Due to the similar X-ray emission
energies of La and Dy, a certain degree of overlap is possible in
the EDX analysis; however, the observed uniform distribution is
consistent with the expected homogeneous incorporation of Dy
into the CLSPO matrix. This uniform distribution of elements is
particularly beneficial for lighting and display applications, as it
promotes coherent and homogeneous luminescence of the
CLSPO:Dy*" phosphorescent material.

It should be noted that the SEM and EDX analyses were
performed only for the CLSPO:3 at% Dy composition, selected
as representative sample within the studied doping range.
While this analysis provides valuable insight into microstruc-
ture and elemental dispersion, further investigation across the
full Dy** concentration range would be needed to assess the
influence of doping level on morphology and its correlation
with optical properties.

Fig. 4 shows the Raman spectra of the synthesized
CLSPO:xDy”* phosphors (x =1, 2, 3, 5, 7 and 10 at%), measured
at room temperature in the range from 100 to 1200 cm ™. The
bands corresponding to PO,*” and SiO,*” ions have been
identified by comparing them with the spectra of pure apatites
available in the literature.**** The bands at 160, 208 and
290 cm ™! correspond to the external modes associated with the
free movements of the PO,*~ and SiO,*~ groups, as well as the
translational modes of the PO,*~, Si0,*~, Ca®" and La*' ions.
The spectra show the bands associated with the vibrational
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Fig. 3 (a) SEM image (b) EDX spectra and (c) elemental mapping for the CLSPO:3 at% Dy** phosphors.
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Fig. 4 Raman spectra for CLPSO: x at% Dy** withx =1, 2, 3, 5, 7 and
10.

modes of these two tetrahedral groups. The PO, group was
revealed by the significant intensity band around 959 cm™"
associated with symmetrical stretching modes (v,) and the
weaker band observed at a frequency below 525 cm ™" attributed
to asymmetrical bending modes (v,). In addition to the bands of
the PO,>~ group, the spectra of the substituted samples also
displayed bands corresponding to the SiO,*~ groups. The bands
around 857 cm™ ' were attributed to symmetrical stretching
modes (v4), while those associated with symmetrical bending
modes (,) were detected around 400 cm ™.

The study of the electronic structure of the CLSPO host was
carried out using first-principles calculations in the CASTEP
code, employing the generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional formalism.
The electronic bandgap structure, along with the total density of
states (TDOS) of the CLSPO crystal, is depicted in Fig. 5(a) and
(b). The results indicate that the energy gap between the valence

19628 | RSC Adv, 2025, 15, 19623-19639

band and conduction band is 4.08 eV, which is slightly lower
than the experimentally reported value of 4.4 eV in ref. 31. This
underestimation is a well-known limitation of the GGA-PBE
functional, which does not fully account for the discontinuity
in the exchange-correlation potential when an electron is added
to or removed from a system. This limitation, combined with
the incomplete treatment of electron-electron interactions,
leads to a self-interaction error and a systematic underestima-
tion of the energy difference between the valence band
maximum (VBM) and the conduction band minimum (CBM).
While more advanced methods such as hybrid functionals
(HSEO06) or GW corrections could improve the accuracy of the
calculated bandgap, the GGA-PBE approach was chosen due to
its well-documented balance between computational cost and
predictive power, particularly for complex oxide materials.
Importantly, the primary goal of this calculation is to gain
qualitative insight into the electronic structure, including the
relative positions of the valence and conduction bands, rather
than to obtain an exact bandgap value.

To experimentally determine the optical bandgap of the
synthesized compounds CLSPO:Dy’", the absorption spectra for
CLSPO:1 at% Dy*", CLSPO:3 at% Dy*", and CLSPO:10 at% Dy’"
(see Fig. 5(c)-(e), respectively) were derived from their reflection
spectra using the Kubelka-Munk (K-M) function:®

(1-R?> K
FR) = —p—=7% (2)
where F(R) is the Kubelka-Munk function, and R represents the
ratio of light scattered by a thick layer of the sample to that
scattered by an ideal reference sample that does not absorb
light. K is the absorption coefficient, and S is the scattering
coefficient. These coefficients describe the light interaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Bandgap structure of CLSPO host via density functional theory (DFT) calculation and (b) the corresponding calculated TDOS; bandgap

values obtained via the K—M function for: (c) CLSPO:1 at% Dy**; (d) CLSPO:3 at% Dy**; and (e) CLSPO:10 at% Dy**.

processes within the material. The band gap energy (E,) and the
linear absorption coefficient («) of a material are connected by
the Tauc relation:**

ahv « (hy — Eg)"™. 3)

in this context, # is Planck's constant, » represents the photon
energy, and n takes the following values depending on the type
of electronic transition:** n = 1 for direct allowed transitions, n
= 2 for indirect allowed transitions, n = 3 for direct forbidden
transitions, and n = 4 for indirect forbidden transitions. Since
CLSPO is expected to exhibit an indirect allowed bandgap, n = 2
was used for the Tauc plot fitting. The absorption coefficient K
equals 2« when the material exhibits perfectly diffuse scat-
tering. Assuming that the scattering coefficient S remains
constant across different wavelengths, the following expression
can be derived from eqn (2) and (3):

[F(RW] o (hv — E,)". (4)

Fig. 5(c)-(e) presents the plot of [F(R)Av] versus hv. By
extending the linear portion to the point where [F(R)/iv] = 0, the
optical band gap values for CLSPO doped with 1, 3, and 10 at%
Dy*" are found to be 4.15 eV, 4.10 eV, and 3.97 eV, respectively.
As the Dy*" doping concentration increases, the absorption
edge shifts to longer wavelengths, and the E, value decreases
accordingly.

3.2. Photoluminescence excitation and emission properties
of CLSPO:Dy*" phosphors

Fig. 6(a) presents the photoluminescence excitation spectra of
CLSPO phosphors doped with 3% Dy**, with controlled emis-
sion wavelengths of 575 nm and 477 nm. Notably, the excitation
bands are identical for both wavelengths, with the only varia-
tion being in the excitation intensity. The spectrum reveals nine
main excitation bands that correspond to spectral transitions
from the ground state energy level °H;s,, to various excited
energy levels at specific wavelengths. These transitions occur at
292 nm for *Ky3/5/*Lis/, 320 nm for “K;s,,, 334 nm for “Iy,,

© 2025 The Author(s). Published by the Royal Society of Chemistry

345 nm for °P,,, 360 nm for *I;/,, 386 nm for °P5/,/°Ps»/*F5,,,
425 nm for *Gy4,, 452 nm for *1;5,,, and 468 nm for *Fo,. Each
band represents the absorption of photons by Dy*" ions, leading
to the excitation of electrons from the ground state °Hys,, to
these specific higher-energy states. These f-f transitions are
characteristic of dysprosium ions and are typically observed in
photoluminescence or absorption spectra, providing detailed
information about the optical properties and electronic struc-
ture of materials doped with Dy**. Among all the excitation
wavelengths observed, the 345 nm wavelength, corresponding
to the °Hy5, — °P,, transition in Dy** ions, was the most
prominent. This strong excitation band was specifically utilized
to investigate the photoluminescence behaviors of CLSPO:Dy
phosphors. The pronounced intensity of this transition makes it
particularly effective for exploring the luminescent properties
and potential applications of these phosphors in various opto-
electronic devices.

Fig. 6(b) shows the emission spectrum of synthesized CLSPO
phosphors doped with 3 at% Dy*" under excitation at 345 nm
and 445 nm. The observed emission can be attributed to elec-
tronic transitions from higher to lower energy states. The
spectrum reveals several sharp peaks at different wavelengths,
clearly indicating the distinct electronic transitions character-
istic of Dy*" ions in the material. Photoluminescence spectra
reveal four similar emission bands, with a pronounced variation
in emission intensity between the two spectra. These bands are
centered at 478 nm, 575 nm, 663 nm and 754 nm, corre-
sponding to specific Dy*" transitions: *Fo;, — °Hys, *Fopy —
SHys/2, “Fojs — ®Hyya, and *Foj, — ®Hg)y + ®Fyy 5, respectively.>*
Additionally, the transitions *I;5,, — ®Hjs, (at 468 nm) and *I;5,
» — ®Hyzj, (at 543 nm) are only visible in the emission spectra
under 445 nm excitation. This is because the 445 nm wave-
length excites Dy*" ions into lower-energy states, specifically the
1152 level. In contrast, the 345 nm wavelength excites higher-
energy states, while the 445 nm excitation matches the energy
gap required for the “I;5, — °Hys; and *I;5, — °Hys)p transi-
tions, making them observable in the 445 nm spectra. This
demonstrates how different excitation wavelengths influence
the transitions that appear in the emission spectra.
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Fig. 6 (a) Excitation spectra of CLSPO:3 at% Dy** phosphor with emission wavelength A., monitored at 575 and 477 nm; (b) emission spectra
under the pumping Aeyc Of 345 nm and 445 nm.

3.3.

Excitation and photoluminescence properties of

CLSPO:Dy** phosphors as a function of concentration

Fig. 7(a) and (b) illustrate the influence of Dy** ion concentra-
tion on the photoluminescence excitation and emission inten-
sities of CLSPO:x at% Dy** phosphors (with x = 0.5, 1, 2, 3, 4, 5,
7, and 10) at room temperature. The photoluminescence exci-
tation spectra were recorded by monitoring emission at 575 nm,
while the emission spectra were obtained under 445 nm exci-
tation. Multiple excitation and photoluminescence peaks were
observed and are well defined. The positions of these excitation

peaks

Fig. 7
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concentrations, but their intensities differed. The highest exci-
tation intensity was obtained with CLSPO:3 at% Dy’" phos-
phors. Similarly, varying Dy*" concentration did not alter
emission band profiles, but it did influence emission intensi-
ties. Once again, CLSPO:3 at% Dy*" phosphors showed the most
intense emission. It can therefore be concluded that the
optimum concentration of Dy*" is 3 at%, which is why CLSPO:3
at% Dy*" phosphors have been selected for the following study.

The 4f° electronic configuration of Dy*" ions allows multiple
4f-4f transitions. At room temperature, the blue emission (B,)
from the *Fo/, — ®Hys), transition and the yellow emission (Y,)
from the *Fo;, — ®Hys,, transition are the most prominent, as

~ 6| CLPSO: v at% Dy** (h) | =445 nm)
> °2v" (b) T=25°G
u?m 5"4|145/2—’6|'115/2 x= 05 —4 1
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(a) Photoluminescence excitation spectra (Aem = 575 nm); (b) photoluminescence emission spectra (Aexc = 445 nm) of CLSPO phosphors

with varying concentrations of Dy**: (c) photoluminescence intensity of Y» and B; and intensity ratio of Y»/B, as a function of the concentration
of Dy** in CLSPO:Dy** phosphors; (d) PLQY in the 450-900 nm range under 365 nm excitation vs. the Dy>* doping concentration.
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shown in Fig. 7(b). The yellow-to-blue (Y/B) emission ratio is
particularly sensitive to the local symmetry around Dy** ions,
since the yellow emission is hypersensitive to crystal field
effects, while the blue emission is largely insensitive. Therefore,
the Y/B ratio serves as a useful probe of the Dy*" local
environment.

Fig. 7(c) illustrates the photoluminescence intensities of Y,
and B, as a function of Dy*" concentration in CLSPO phosphors
at room temperature. It is clear that as the concentration of Dy
increases, the photoluminescence intensities of B, and Y,
transitions first increased and then decreased, reaching their
optimum values at 3 at%. This behavior indicates the
phenomenon of fluorescence quenching. At higher doping
concentrations, cross-relaxations between Dy*' ions could
account for the observed fluorescence quenching behavior.
When the Dy*" concentration reached the optimum value of 3
at%, the intensity ratio between Y, and B, remained almost
stable, hovering around 1.4. Based on the Y,/B, ratios of
CLSPO:Dy’" phosphors, the minimum value of 1.370 was
observed for 10 at% of Dy** ions and the maximum value of
1.483 was observed for 3 at% of Dy*" ions. These changes in Y,/
B, ratios can be attributed to the structural changes in the
environment of Dy** ions.***” This quenching behavior can be
attributed to increased non-radiative energy transfer via electric
dipole-dipole interactions, which enable energy migration to
quenching sites such as lattice defects or grain boundaries. As
a result, luminescence efficiency decreases beyond the optimal
doping level. Similar trends have been reported in CLSPO:Sm**
phosphors, where excessive activator content led to diminished
emission due to enhanced cross-relaxation.*®

It is proposed that Dy*" ions have successfully incorporated
into the CLSPO host lattice, likely replacing La** ions at sites
with relatively low local symmetry. The substitution of Dy** for
La®" ions introduces local lattice distortions due to the slight
mismatch in ionic radii and the differing coordination envi-
ronment preferences of Dy**. These distortions can perturb the
arrangement of neighboring O®>~ ions,* especially at higher
Dy*" concentrations, and contribute to the formation of local-
ized defect states, which have been linked to the observed
decrease in the optical bandgap.

Consequently, even with an increase in Dy*" content in the
CLSPO host, the Y,/B, ratio remains essentially unchanged.
This stability in the Y,/B, ratio is particularly advantageous for
the development of white light-emitting phosphors, where the
balance between blue and yellow emission plays a critical role in
tuning the color temperature. Dy**-doped phosphors have been
widely investigated for this purpose, offering potential appli-
cations in solid-state lighting technologies.'>**** The absolute
PLQY was determined for various Dy*" ion concentrations by
monitoring the luminescence emission within the spectral
range of 450-900 nm, under excitation with blue light at
350 nm. These measurements were carried out using a QE Pro
spectrofluorimeter from Ocean Insight, equipped with an inte-
grating sphere, allowing for direct quantification of the PLQY.
The PLQY was calculated based on the following expression
PLQY = LS/(ER — ES), where LS represents the integrated
intensity of the sample's luminescence emission, ES denotes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the integrated intensity of the excitation light after interacting
with the sample, and ER corresponds to the integrated intensity
of the excitation light recorded in the absence of the sample
inside the sphere. By comparing how much light is emitted by
the sample (LS) to how much excitation light is lost due to
absorption by the sample (ER — ES), the PLQY directly quan-
tifies the sample's luminescence efficiency—in other words,
what percentage of absorbed photons are re-emitted as visible
light. The calculated PLQY values are presented in Fig. 7(d),
illustrating a clear dependence on Dy*" doping concentration.
The highest PLQY, 5.7%, was observed for the sample with
a Dy’* concentration of 3 at%, which exhibited the most intense
emission. It is worth noting that the PLQY of CLSPO:Dy*" could
be further improved by optimizing several factors related to the
sample's physical and structural properties. Specifically,
controlling the particle size, ensuring a narrow and uniform
particle size distribution, refining the particle morphology, and
reducing the density of crystalline defects could all contribute to
improved light conversion efficiency. By fine-tuning these
parameters through careful adjustment of synthesis conditions
and composition, it is possible to enhance both the lumines-
cence intensity and overall quantum yield.

The CIE chromaticity coordinates (x,y) for all CLSPO samples
with different concentrations of Dy’" were calculated on the
basis of their emission spectra data. These coordinates are
plotted on the CIE 1931 chromaticity diagram, as shown in
Fig. 8, and are also listed in Table 4. As the concentration of Dy”*
ions in the CLSPO matrix increases, the emitted color shifts
from warm yellow to cool blue. This shift from yellow to blue
results from a changing balance between yellow and blue
emissions as Dy>" levels rise. Once the chromaticity coordinates
are determined, the CCT (Correlated Color Temperature) can be
calculated using the empirical McCamy formula as follows:®

CCT = —449n° + 3525n% — 6823.3n + 5520.33, (5)

CIE chromaticity diagram 1931

V o.5at.%
& 1at.%
&2 at.%
+3at.%
+ 4 at.%
X 5at.%
o7at.%
v 10 at.%
\ 580

560

T
0.4
X

Fig. 8 CIE color coordinates of CLSPO:Dy** phosphors at different
Dy** concentrations.

i
0 0.2
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Table 4 CIE coordinates (x, y), and CCT values of synthesized samples
CLSPO:x at% Dy*" with 0.5 = x = 10

CIE coordinates (x, y)

Dy** concentration

(at%) x y CCT (K)
0.5 0.405 0.404 3615.29
1 0.397 0.393 3712.85
2 0.387 0.380 3860.42
3 0.387 0.379 3853.19
4 0.374 0.364 4102.08
5 0.362 0.348 4376.06
7 0.362 0.346 4363.23
10 0.328 0.301 5761.52

where n represents the anti-slope line and is defined by

X — Xe
n=

V= DYe
0.3320 and 0.1858, respectively. CCT values increase accord-
ingly with Dy** concentration, from 3615.29 K at 0.5 at% Dy>* to
5761.52 K at 10 at% Dy**, as shown in Table 4. This indicates
that higher concentrations of Dy*" result in cooler blue light
emissions.

Next, the fluorescence lifetime of CLSPO:Dy’" phosphors was
assessed, as illustrated in Fig. 9(a), which shows photo-
luminescence lifetime decay curves for CLSPO:xDy** with x =
0.5, 1, 2, 3, 4, 5, 7 and 10 at% at an emission wavelength of
575 nm under excitation of 345 nm. The luminescence data was
fitted using a bi-exponential function as follows:****

. The values of x. and y. represent the epicenter, are

I(t) = Ay exp(—t/ty) + Ay exp(—t/t,), (6)

where I(¢) represents the photoluminescence intensity at time ¢,
7, and 7, correspond to the long and short lifetime components,
and A; and A, are fitting constants, respectively. The intensity
average decay time 7 can be determined by equation:*>**

I A1T12 + Azfzz

= — 7
A1T1+A2’L’2 ( )

The average lifetimes of CLSPO:x at% Dy’" (where x = 0.5, 1,
2,3,4,5,7,and 10) are 658, 607, 511, 446, 390, 339, 274, and 252
us, respectively. As the concentration of Dy*' increases, the
decay time significantly decreases, suggesting an increase in
non-radiative transitions.® The correlation between lifetime and
doping concentration is effectively captured by the bi-expo-

nential equation
(7"/0 Dy) (70/0 Dy)
3.80796 3.80798 . . .
7 =0.266€ +0.264e +0.197, as is depicted in
Fig. 9(b).

The photoluminescence behavior of Dy** is strongly influ-
enced both by the local Dy** environment, which alters the
intensity balance between yellow and blue emissions, and by
the energy transfer mechanisms between Dy*" ions, which vary
as a function of concentration-dependent intensity changes. In
1967, Van Uitert established a correlation between the
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Fig.9 (a) Decay curves for CLSPO:xDy** (x=0.5,1, 2, 3, 4, 5,7 and 10
at%), with excitation at 345 nm and emission at 575 nm; (b) exponential
fit of the average decay lifetime to the concentration level of the Dy**
ion; (c) variation of Y, with Dy** concentration in CLSPO:Dy** phos-
phors; (the inset displays a plot of log(//c) versus log(c)).

photoluminescence intensity of an emitter and the doping
concentration, described as follows:>*

I(c) = m, (8)

where I(c) represents the intensity of photoluminescence at
a concentration of emitter ¢, while 8 and k represent constants.
The parameter Q characterizes the type of interaction between
the emitters, taking values of 3, 6, 8 or 10, corresponding
respectively to exchange interaction, dipole-electric dipole
interaction, dipole—electric quadrupole interaction and quad-
rupole-electric quadrupole interaction. Fig. 9(c) shows how Y,
varies as a function of Dy*" concentration in the CLSPO matrix,
with the solid line representing the non-linear fit described by
eqn (8). The fitted value of Q was 5.8, indicating that the prin-
cipal mechanism behind luminescence quenching in
CLSPO:Dy*" phosphors is the electric dipole-dipole interaction
between Dy*" ions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In 1990, Huang et al. proposed a theoretical model linking
photoluminescence intensity to doping concentration, aiming
to elucidate the energy transfer mechanism. According to this
model, the PL intensity as a function of concentration, I(c), is
expressed as:*

I(c) = A, 9)
where A denotes the intrinsic transition probability of the
donor, and d represents the sample's dimensionality, set to 3, as
the energy transfer occurs between Dy** ions within the parti-
cles. The same as eqn (8), s serves as an index for the type of
electric multipole interaction, with values of 6, 8 and 10 corre-
sponding to electric dipole-dipole, electric dipole-quadrupole
and electric quadrupole-quadrupole interactions respectively.
At sufficiently high doping concentrations, the slope of the
relationship between photoluminescence intensity and doping
concentration, plotted on a double logarithmic scale, can be
used to determine the type of interaction between Dy’* ions.®

The relationship log(Z/c) « — 2 log ¢ can be modeled using eqn

(9), as illustrated in the inset of Fig. 9(c). The value of the slope
(s/d), determined to be 2.10 with s = 6.3, indicates that the
energy transfer mechanism among Dy** ions in CLSPO is gov-
erned by electric dipole-dipole interactions. It is apparent that
the energy transfer mechanism of Dy** ions in CLSPO:Dy**

View Article Online
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phosphors, as described by Huang's model, is consistent with
Van Uitert's model.

3.4. Temperature-dependent photoluminescence properties
of CLSPO:Dy’" phosphors

The photoluminescence properties of phosphors doped with
Ln’" ions are influenced by both the energy transfer processes
related to Ln** ion concentration and temperature-dependent
non-radiative relaxation processes. As a result, the
temperature-dependent evolution of photoluminescence
behavior serves as an effective approach for investigating the
photoluminescence mechanisms of Ln*" ions in phosphors.
Specifically, the non-radiative relaxation of electrons in Dy**
ions occurs between the thermally coupled energy levels *I;5/,
and “Fo,, under excitation at 445 nm, as discussed earlier.

To further investigate the photoluminescence properties of
CLSPO:Dy phosphors in relation to thermal effects, the photo-
luminescence spectra of CLSPO:3 at% Dy*" phosphors were
measured as a function of temperature. Measurements were
carried out over a temperature range from 298 K to 523 K, with
increments of 25 K at each step (Fig. 10(a)). It may be noted that
temperature variation did not influence the photoluminescence
bands. However, Y, and B, clearly decrease with increasing
temperature, while B; and Y; exhibit a slight increase, where Y
refers to yellow emission and B to blue emission, as shown in
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Fig. 10 (a) Photoluminescence spectra; (b) photoluminescence intensities of blue and yellow emissions from CLSPO:3 at% Dy** phosphors as

a function of temperature over a temperature range from 298 K to

523 K; (c) configurational coordinate diagram illustrating the thermal

quenching mechanism in CLSPO:Dy** phosphors; (d) evaluation of the activation energy using an Arrhenius-type activation model for CLSPO:3

at% Dy** phosphors.
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Fig. 10(b). On one hand, the photoluminescence intensities of
Y, and B, exhibit a clear temperature-dependent decrease,
diminishing as the temperature increases. This behavior is
characteristic of standard thermal quenching of luminescence.
On the other hand, the photoluminescence intensities of Y; and
B; show an increase with rising temperature, indicating an anti-
temperature quenching effect. This phenomenon is associated
with enhanced temperature-dependent non-radiative relaxation
processes.*

The configurational coordinate diagram serves as a valuable
tool for visualizing and understanding the process of thermal
quenching. This concept is effectively represented in the sche-
matic configurational coordination model shown in Fig. 10(c).
The reduction in luminescence intensity at elevated tempera-
tures can be explained by considering the electronic transitions
involved in the system. Initially, electrons in the ground state
energy level are excited to higher energy states upon ultraviolet
(UV) excitation at a wavelength of 445 nm. Following this exci-
tation, a significant number of these electrons relax non-
radiatively from the lowest point of the *Fy;, and *I;5,, energy
levels back to the ground state. This transition is accompanied
by the emission of intense yellow visible light, which is char-
acteristic of the material's luminescence properties. However,
due to strong interactions between phonons and electrons
within the system, some excited electrons may acquire suffi-
cient energy to overcome the E, barrier, as indicated by route
“b” in the diagram. Instead of directly relaxing radiatively, these
electrons can transition into the charge transfer band (CTB) via
an alternative non-radiative pathway (path “P”). Once in the
CTB, they may further undergo energy dissipation through
additional non-radiative processes. Eventually, electrons return
to their ground state via path “g”, during which the excess
energy is released in the form of thermal radiation rather than
visible light emission. This process results in a decline in
luminescence efficiency as temperature increases, thereby
leading to the thermal quenching effect observed in the mate-
rial. E, was determined based on an Arrhenius-type activation

model:>*
EN\
I(T)=1(1 =
(1) ( +cxexp( kT)) ,

where I(T) represents the photoluminescence intensity at
a given temperature T, I, denotes its corresponding value at RT,
c is a constant, and k = 8.61 x 10> eV K ' corresponds to
Boltzmann's constant. Fig. 10(d) displays the plot of In[(Z, — I) —
1] against 1/(kT) for CLSPO:3 at% Dy>*. The linear fit to the
experimental data leads to an activation energy of £, = 0.11 +
0.01 eV.

It is important to note that the photoluminescence intensi-
ties of the red emissions corresponding to the *Fo;, — °Hyqn
and *Fo, — ®Hgp, + °Fyy), transitions of Dy’" at 661 nm and
754 nm, respectively, are smaller compared to the blue and
yellow emissions, like we discussed earlier. Therefore, the color
of CLSPO:xDy”* phosphors is closely tied to the yellow and blue
emissions, or more specifically, to the intensity ratio between
them.

(10)
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Fig. 11 CIE color coordinates for CLSPO:3 at% Dy>" phosphors in the
temperature range 298 to 523 K; the figure at top right shows the
evolution of color coordinates as a function of temperature.

Fig. 11 shows the CIE chromaticity coordinates of CLSPO:3
at% Dy’* phosphors, measured over a temperature range from
298 to 523 K. The inset plot at top right highlights the variations
in CIE x and y coordinates as a function of temperature. The
evolution of these coordinates as a function of temperature is
calculated, and the corresponding values are listed in Table 5. It
can be seen that color coordinates evolve almost linearly with
temperature. This indicates that the ratio of intensities between
the blue and yellow emissions of CLSPO:Dy*" phosphors is
intrinsically linked to temperature. The linear relationship
between CIE color coordinates and temperature highlights the
promising potential of CLSPO:Dy** phosphors for use in optical
temperature sensing applications.

3.5. Optical temperature sensing properties of CLSPO:Dy>"
phosphors

The photoluminescence intensities I;; for the transition between
energy levels i and j can be described as:

Table 5 CIE chromaticity coordinates (x, y), and CCT values of
CLSPO:3 at% Dy3+ phosphors at different temperatures 298 = T = 523

CIE coordinates (x, y)

Temperature (K) x y

298 0.387 0.380
323 0.385 0.379
348 0.382 0.376
373 0.379 0.373
398 0.377 0.371
423 0.375 0.369
448 0.372 0.366
473 0.372 0.365
498 0.370 0.364
523 0.369 0.363

© 2025 The Author(s). Published by the Royal Society of Chemistry
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L= Mpwigihvi, (11)
where M, represents the population of the I energy level, and gy,
wy;, and hv;; correspond to the degeneracy, spontaneous emis-
sion rate, and transition energy between the i and j energy
levels, respectively. The populations of the thermally coupled
levels I35/, (M3) and *Foj, (M,) are known to follow the Boltz-
mann distribution.*

KT
My =M, xe s (12)

where AE represents the energy difference between the “I;5,,
and “F,;, thermally coupled levels, T denotes the absolute
temperature, and k is the Boltzmann constant. Consequently,
the luminescence intensity ratio of two yellow (Y;/Y,) or the two
blue (B;/B,) emissions can be formulated as:

5

KT

Y B,
7 ("3)
where i can be equal to 0 or 1, corresponding to the ®Hy s, (M)
and °Hij;, (M;) energy levels, respectively. The constant c is
associated with the energy transfer processes, the spontaneous
emission rate, and the degeneracy.

The contrasting behaviors of temperature-quenched Y, and
B, emissions compared to the anti-temperature-quenched Y;

and B; emissions, as depicted in Fig. 10(b) indicate a more
pronounced variation in the luminescence intensity ratios for

L Miwsigzihvs <7
= = ——"2" “ —c¢xe

R = = 22—
I Mowsigrihvy;

View Article Online
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Y,1/Y, and B,/B,. The luminescence intensity ratios of B;/B, and
Y,/Y, as functions of temperature are presented in Fig. 12(a) and
(b), respectively. The experimental data were well fitted by eqn
(13) over the temperature range 298-523 K, demonstrating the
effectiveness of the optical temperature sensing capabilities.
Based on eqn (11) and (12), the population of the thermally
coupled upper level 1,5/, (M;) was smaller than that of the lower
thermally coupled level *Fo/, (M,) over the entire temperature
range studied. This disparity translated into a reduced proba-
bility for the *I;5, — ®His;, and “Lis, — °Hysj, transitions,
resulting in lower photoluminescence intensities of B; and Y;
compared to B, and Y,. Consequently, larger calculation errors
in the luminescence intensity ratios of B;/B, and Y;/Y, were
observed at elevated temperatures. As illustrated in Fig. 11, the
temperature-dependent CIE color coordinates of synthesized
CLSPO phosphors demonstrate a measurable correlation
between the luminescence intensity ratio of the blue and the
yellow emissions and the temperature. The luminescence
intensity ratio for Dy*>* can be defined as follows:

AE
“KT
Y YW+ Lit+liy C21+031><e( )

R=—= = ,
(#)
KT
Cy+c3 xe

B B +B, Iy+ly
where Y (Y=Y; +Y,) and B (B = B, + B,) represent the total sums
of the yellow and the blue emissions, respectively. The constant
Cy is determined by C; = wygjav;. Eqn (14) demonstrates

(14)

0.65 T : . : v
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Fig. 12 Luminescence intensity ratio of (a) B1/B,, (b) Y1/Y», and (c) Y/B in CLSPO:3 at% Dy** phosphors as a function of temperature; (d) S, as
a function of temperature for the three luminescence intensity ratios in CLSPO:3 at% Dy** phosphors.
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a quantitative relationship between the luminescence intensity
ratio of yellow to blue (Y/B) and temperature in CLSPO:Dy
phosphors. Similar temperature-dependent luminescence
behavior is also observed in systems containing Er** and Ho®"
ions, as reported in ref. 55-57. Fig. 12(c) presents the
temperature-dependent luminescence intensity ratio of (¥/B) in
CLSPO:3 at% Dy>* phosphors. The experimental data, collected
over a temperature range of 298-523 K, were fitted using eqn
(14). In other CLSPO:xDy*" phosphors (where x = 1, 2, 4, 5, 7,
and 10 at%), the luminescence intensity ratio of (Y/B) also
exhibits a functional relationship with temperature, as
described by eqn (14). This confirms that the Y/B ratio of Dy**
provides reliable optical behavior for temperature detection. It's
important to recognize that the luminescence intensity ratios
(Bi1/B,) and (Y3/Y,) react differently to temperature variations,
although they both originate from the same thermally coupled
L5, and “Fy, energy levels. Consequently, the relative sensi-
. 1 drR AE
tivity S, (Srz §>< ar =~ k12
temperature sensing properties, as it depends only on the
energy gap AE and does not account for the actual evolution of
the intensity ratios with temperature. Therefore, the absolute
sensitivity (S,), which directly reflects how each intensity ratio
changes with temperature, should be used for a more accurate
comparison of the practical temperature sensing performance
of the two intensity ratios (B,/B,) and (Y;/Y,) within the Dy**-
doped CLSPO phosphor system.

To properly assess the temperature sensing performance of
CLSPO:Dy*" phosphors, the S, can be expressed as follows:
_dR L AE

dr KT?*"

) is inadequate for assessing

Sa R

(15)

Analogous to the definition of absolute sensitivity S, in eqn
(15), the S, based on the luminescence intensity ratio of (Y/B) is
expressed as follows:

AE
Cor + Gy x el k1)

(Ca1 Gy — C31Cyp) % %YE?

In conjunction with the thermometric characteristics
derived from the three luminescence intensity ratios (B/B,), (Y4/
Y,) and (Y/B) - the absolute sensitivity Sa as a function of
temperature, calculated using eqn (16), is shown in Fig. 12(d).
This plot also includes the absolute sensitivities based on B,/B,
and Y;/Y,, which are computed using eqn (15).

In the temperature range examined in this study (298-523 K)
for CLSPO:3 at% Dy** phosphors, the traditional luminescence
intensity ratio of two blue emissions (B;/B,) provided the
highest absolute sensitivity, while the (Y;/Y,) luminescence
intensity ratio scheme showed the lowest sensitivity. The
absolute sensitivity S, based on the (Y/B) ratio decreased as
temperature increased, attaining a maximum of 3.27 10~* K"
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at 298 K and falling to 1.25 10~ * K" at 523 K. This indicates that
S, based on the (Y/B) ratio was higher than that of the (Y;/Y5)
scheme, lower than (B,/B,), but remained in the same order of
magnitude, demonstrating its effectiveness as a temperature
detection method. The extended detection range, particularly at
lower temperatures, is attributed to the higher S, of the (Y/B)
ratio in this region, combined with the complementary
temperature dependence of the yellow and blue emissions. This
ensures that the (Y/B) ratio remains responsive to temperature
variations, even when individual emissions are affected by
thermal quenching. It is noteworthy that thermometers based
on the (B1/B,) luminescence intensity ratio have the highest
absolute sensitivity.** This is explained by the wide range of
variation in the values of the luminescence intensity ratio, as
described in eqn (13) and (15), compared with the (Y;/Y,) ratio.
It can also be deduced from eqn (16) that the absolute sensi-
tivity of the luminescence intensity ratio (Y/B) could be further
improved by employing other techniques or adjusting the Dy’*-
doped matrix to adjust the (Y/B) value.

The photoluminescence spectra of CLSPO:3 at% Dy>* phos-
phors were monitored over time and during continuous cooling
and heating processes to assess their repeatability and stability.
As shown in Fig. 13(a), the photoluminescence intensities of By,
B,, Y; and Y, remained stable for at least 3 hours at different
temperatures (300, 400, and 500 K). The results indicate that the
emission bands exhibit minimal intensity fluctuations over
time, confirming the high photostability of the phosphor. While
a slight decrease in intensity is observed at elevated tempera-
tures, the overall luminescence remains stable, demonstrating
the material's resistance to thermal degradation.

Repeatability (R) is a crucial parameter for evaluating the
consistency of a material's performance. It can be accurately
determined using eqn (17), as reported in studies:***°

R— (1 (4 — 4i)max|
4

where 4. represents the average temperature measurement
parameter, while 4; denotes the specific value corresponding to
each measured temperature. To assess the R of the thermo-
metric response, CLSPO:3 at% Dy>* phosphors were subjected
to four heating-cooling cycles between 298 K and 523 K. The
processed data, presented in Fig. 13(b), show that after multiple
cycles, all FIR values remained stable with only minor varia-
tions. R values, calculated using eqn (17) under 445 nm exci-
tation, were found to exceed 93%. Specifically, at 298 K, the Y,/
Y, intensity ratio exhibited a reproducibility of 96.36%, while
the maximum variation was observed for B,/B, at 6.82%, leading
to R value of 93.18%. At 523 K, the Y/B ratio maintained
areproducibility of 95.88%, with a maximum variation of 4.57%
for B,/B,, corresponding to an R value of 95.43%. During the
temperature cycling test, the stable and reversible variations in
the By/B,, Y1/Y,, and Y/B intensity ratios highlight the excellent
thermal stability of the phosphors. This strong repeatability
underscores their reliability for practical applications, demon-
strating their potential for reuse in varying thermal
environments.

) x 100%, (17)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) The photoluminescence intensity stability at temperatures of 300, 400, and 500 K for 180 minutes and (b) the repeatability test of the

luminescence intensity ratio of during heating and cooling cycles of CLSPO:3 at% Dy** phosphors.

4. Conclusions

In this study, we investigated the energy transfer mechanism
between Dy*" ions and introduced a new optical ratiometric
thermometry strategy in Dy’*-doped CLSPO phosphors. The
structural, optical, and thermometric properties of CLSPO:Dy>*
phosphors were systematically examined. X-ray diffraction and
Rietveld refinement confirmed the hexagonal apatite-type struc-
ture (P6;/m) with refined lattice parameters, while first-principles
calculations determined a direct bandgap of 4.08 eV, supporting
the suitability of CLSPO as a luminescent host material. Photo-
luminescence studies revealed characteristic Dy’ emissions, with
two blue bands (B;: 468 nm, B,: 479 nm) and two yellow bands (Y;:
543 nm, Y,: 575 nm). The optimal Dy** doping concentration was
identified as 3 at%, beyond which concentration quenching
effects were observed. Photoluminescence quenching analysis
demonstrated that electric dipole-dipole interactions govern the
dominant energy transfer mechanism. The measured absolute
photoluminescence quantum yield of 5.7% confirms the optical
efficiency of CLSPO:Dy*" phosphors, while Arrhenius analysis
determined an activation energy of 0.11 eV, indicating high
thermal stability with minimal quenching effects. The thermo-
metric properties of CLSPO:Dy*" were investigated using the FIR
method, demonstrating a temperature-dependent (Y/B) intensity
ratio. The absolute sensitivity of the Y/B ratio was measured as
3.27 x 107* K ' at 298 K, confirming the high thermometric
efficiency of CLSPO:Dy** phosphors. Furthermore, the repeat-
ability of the Y/B ratio exhibited a reproducibility of 95.88% at 298
K, while luminescence stability was maintained over three hours

© 2025 The Author(s). Published by the Royal Society of Chemistry

of continuous heating-cooling cycles (298-523 K), reinforcing the
photostability and reversibility of the material. The proposed Y/B
ratiometric approach ensures an extended temperature detection
range, high accuracy, and excellent reproducibility. Its versatility
enables application to other Dy**-doped phosphors, utilizing both
down- and up-conversion photoluminescence for precise sensing.
The results confirm CLSPO:Dy’" as an efficient and thermally
stable material with exceptional optical performance, making it
a strong candidate for advanced luminescent thermometry.
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