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thermometric properties of Er3+-
activated NaCaGd(WO4)3 phosphor for solid-state
lighting and thermal sensing

Riadh El Bahi,ab Kamel Saidi, cd Dhouha Baghdedi,e Najmeddine Abdelmoulae

and Mohamed Dammak *c

We report the synthesis and comprehensive characterization of Er3+-doped NaCaGd(WO4)3 phosphors

with dopant concentration (0–7%) via solid-state reaction methodology. Rietveld refinement of

synchrotron X-ray diffraction data confirms a phase-pure tetragonal scheelite structure (I41/a) with

successful lattice-tuned substitution of Gd3+ by Er3+ ions, with unit cell contraction indicating

homogeneous incorporation. Morphological studies via scanning electron microscopy demonstrate

uniform particle distribution with compact grain morphology. Luminescence analysis reveals vivid green

emission (CIE: x = 0.337, y = 0.587) from 2H11/2 and 4S3/2 excited states, under 325 nm excitation. The

material exhibits exceptional thermometric performance through non-contact fluorescence intensity

ratio thermometry over 298–573 K, with Boltzmann-distributed thermal quenching behavior: relative

sensitivity peaks at 1.55% K−1 near ambient conditions, coupled with an absolute sensitivity of 1.81 × 10−2

K−1 and sub-kelvin thermal resolution (±0.15 K at 300 K), values competitive with state-of-the-art rare-

earth thermophosphors. The combination of optical stability, tunable green emission from efficient host-

sensitization, and sub-kelvin temperature discrimination positions NaCaGd(WO4)3:Er
3+ as a bifunctional

material for next-generation solid-state lighting, full-color display systems, and non-contact high-

precision thermal sensing.
1 Introduction

The shielded 4f electronic transitions of trivalent lanthanide
ions, which produce sharp emission lines, long luminescence
lifetimes, and excellent chemical and thermal stability, have
made rare-earth-doped phosphors indispensable in modern
optoelectronic technologies, enabling breakthroughs in solid-
state lighting, optical communications, biomedical imaging,
and non-contact thermometry.1–4 Among these activators, Er3+

(4f11) supports versatile luminescence across the ultraviolet,
visible, and near-infrared spectral regions.5 Efficient green-
emitting components are crucial for bridging the so-called
“green gap” in phosphor-converted white light-emitting
diodes (pc-LEDs) and improving both luminous efficacy and
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color rendering index (CRI). In Er3+-doped systems, intense
green emission results from the radiative decay of the thermally
coupled 2H11/2 and

4S3/2 levels to the 4I15/2 ground state.6,7 This
small energy separation between these excited states (DE z
700–900 cm−1) not only improves color stability in lighting but
also serves as the physical foundation for uorescence intensity
ratio (FIR)-based optical thermometry.8–10 By taking advantage
of Boltzmann equilibrium between thermally coupled levels,
the FIR technique provides high-precision, non-contact
temperature sensing with advantages over conventional ther-
mocouples in harsh or inaccessible environments, including
immunity to electromagnetic interference, signal dri, and
mechanical constraints.11 Although improved systems have
attained relative sensitivities greater than 1.0% K−1,18–20 the host
lattice continues to be the primary determinant of both ther-
mometric performance and luminescence efficiency. While co-
doping techniques (e.g., Er3+/Yb3+) are frequently employed to
improve near-infrared response and binary hosts like CaWO4

and Y2O3 are well-established, recent research has increasingly
concentrated on complex multi-cation matrices that allow ne-
tuning of crystal eld symmetry, phonon energy, and energy
transfer pathways. In particular, tri- and quaternary systems
have shown better thermal stability and dual-mode sensing
capabilities.12–14
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Tungstate-based materials with scheelite-type structures are
particularly attractive due to their strong WO4

2− ligand
absorption, efficient host-to-dopant energy transfer, and rela-
tively low phonon energies (∼800–900 cm−1), which suppress
non-radiative losses.15–17 While binary tungstates have been
extensively studied, quaternary tungstates offer greater struc-
tural exibility for crystal eld engineering. In this context,
NaCaGd(WO4)3 presents a compelling tetragonal scheelite
framework (space group I41/a) in which the Gd3+ site provides
an ideal substitutional environment for Er3+ due to matching
ionic radii and coordination geometry.

We focus on the intrinsic luminescence and thermometric
behavior of Er3+ in NaCaGd(WO4)3, without co-dopants or
sensitizers, expanding on recent work in complex molybdate
and vanadate systems, where high thermometric sensitivity and
structural resilience have been reported.18,19

Recent progress in scheelite-type tungstates has further
demonstrated their relevance for robust luminescence ther-
mometry, with multiple reports showing that scheelite (or
scheelite-like) tungstate lattices provide favorable stability and
a tunable crystal-eld environment for lanthanide activators. In
particular, Er3+/Yb3+ co-doped scheelite matrices have been
widely explored to enhance upconversion efficiency through
sensitizer-mediated energy transfer. However, while Yb3+ co-
doping improves absorption and emission intensity, it may
also introduce additional cross-relaxation channels and
concentration-dependent quenching effects that can compli-
cate the intrinsic FIR response. In contrast, single-doped Er3+

systems allow a more direct evaluation of host–activator inter-
actions and Boltzmann redistribution between the thermally
coupled 2H11/2 and 4S3/2 levels without sensitizer-induced
perturbations.20–23

Despite the potential of such quaternary tungstates,
systematic investigations of single-doped Er3+ systems under
near-UV stimulation compatible with commercial LEDs remain
scarce. It is vital to understand host–dopant interactions in
disordered lattices, and we provide the rst complete charac-
terization of Er3+:NaCaGd(WO4)3 phosphors. We provide
a complete investigation of structural characteristics, photo-
luminescence, and temperature-dependent FIR behavior across
a wide range (298–573 K). Our ndings reveal that this quater-
nary host permits efficient green emission, good thermal
coupling, and high relative sensitivity (1.55% K−1 at 300 K) with
sub-kelvin temperature precision (±0.15 K at 300 K).

2 Materials and methods
2.1 Sample synthesis

Polycrystalline NaCaGd(WO4)3 samples, doped with different
amounts of Er3+, were made using a standard solid-state reac-
tion. The starting materials, which were all of high purity,
included sodium carbonate (Na2CO3, Merck, $99.5%), calcium
carbonate (CaCO3, Sigma-Aldrich, $99.0%), gadolinium oxide
(Gd2O3, Alfa Aesar, 99.99% purity), tungsten trioxide (WO3,
Sigma-Aldrich, $99.8%), and erbium oxide (Er2O3, Alfa Aesar,
99.99% purity). These were measured according to stoichio-
metric ratios, with Er3+ doping levels of x = 1, 3, 5, and 7 mol%
© 2026 The Author(s). Published by the Royal Society of Chemistry
(the mole fraction of Er2O3 compared to Gd2O3). Before the
reaction, all precursor powders were dried at 110 °C for 4 hours
to remove any remaining moisture. The dried oxides and
carbonates were then mixed in an agate mortar and pestle for
120 minutes to achieve homogeneous distribution. The inti-
mate mixture was placed in a high-alumina crucible and sub-
jected to a multi-step heating prole: (1) calcination at 600 °C
for 4 hours (heating rate: 2 °C min−1) to decompose carbonates;
(2) intermediate ring at 900 °C for 6 hours (heating rate: 3 °
Cmin−1); and (3) nal sintering at 1050 °C for 10 hours (heating
rate: 2 °C min−1) in ambient air. Aer each heating stage, the
samples were cooled to room temperature at a controlled rate
(1 °C min−1) and subjected to 30 minutes of grinding to
promote solid-state diffusion and homogenization. The nal
white/cream-colored powder products were collected and stored
in sealed containers under ambient conditions prior to
characterization.

X-ray diffraction (XRD) analyses were carried out under
grazing-incidence conditions using a Siemens D8 q–2q diffrac-
tometer equipped with a Cu Ka radiation source (l = 0.15418
nm). The surface morphology of the samples was examined by
eld-emission scanning electron microscopy (FE-SEM) using
a Thermo Scientic Apreo 2 S LoVac instrument. Fourier-
transform infrared (FTIR) spectra were obtained at ambient
temperature, spanning the 400–4000 cm−1 spectral domain,
utilizing a PerkinElmer FTIR 1000 spectrometer. Ultraviolet-
visible-near-infrared (UV-vis-NIR) absorption measurements
were executed with a PerkinElmer Lambda 365 spectropho-
tometer. Photoluminescence (PL) excitation and emission
spectra were collected via a Horiba Fluoromax-4P spectrouo-
rometer, which utilized a xenon arc lamp for excitation.
Furthermore, temperature-dependent steady-state emission
measurements were performed using a Jobin Yvon HR 320
spectrometer, which was integrated with a temperature-
controlled stage and excited by a 325 nm laser source.

3 Results and discussion
3.1 Structural and morphological characterization (XRD and
SEM)

X-ray diffraction (XRD) investigation (Fig. 1) veries that both
undoped and Er3+-doped NaCaGd(WO4)3 samples crystallize in
a single-phase tetragonal scheelite structure (space group I41/a),
exhibiting no discernible impurity peaks. All reections corre-
spond accurately with reference patterns, demonstrating
increased phase purity and crystallinity. A systematic displace-
ment of the (112) peak towards elevated 2q angles with
increasing Er3+ concentration indicates gradual lattice
contraction, along with the replacement of larger Gd3+ (0.94 Å)
by smaller Er3+ ions (0.89 Å, CN = 6). Rietveld renement of the
undoped 3% Er3+-doped sample displays a good degree of
consistency between the observed and estimated diffraction
patterns, as demonstrated by Rwp = 8.4%, c2 = 1.38 and Rwp =

7.2%, c2 = 1.18 respectively. The corrected lattice characteris-
tics, demonstrate a uniform decrease with escalating doping
concentration: from a = 5.289 Å, c = 11.643 Å, V = 325.48 Å3

(undoped) to a = 5.283 Å, c = 11.631 Å, V = 325.11 Å3 (5 mol%
RSC Adv., 2026, 16, 15398–15409 | 15399
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Fig. 1 Rietveld refinement of the powder X-ray diffraction (XRD) patterns of undoped and 3% Er3+-doped NaCaGd(WO4)3 samples recorded at
room temperature. The experimental data (symbols), calculated pattern (solid line), Bragg reflection positions (vertical ticks), and difference
profile (bottom line) are shown, confirming the formation of a single-phase scheelite structure and successful incorporation of Er3+ ions without
secondary phases.
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Er3+). This result corroborates the conclusion that Er3+ ions are
consistently incorporated at the Gd3+ lattice sites, with no
evidence of secondary phases or ion clustering.

Fig. 2 shows representative SEM micrographs of the
NaCaGd(WO4)3:3% Er3+ phosphor. The powder has irregular,
angular particles that are typical of solid-state synthesized
materials, with particle sizes ranging from 1 to 5 mm. The
particle-size distribution is relatively broad (polydisperse),
reecting the grinding and sieving steps inherent in solid-state
synthesis; notably, no signicant particle agglomeration, indi-
cating effective powder dispersion and handling; the surface
morphology appears rough, suggesting incomplete sintering,
a useful characteristic for maintaining a high surface area and
making luminescence measurements in powder form.

3.2 Fourier-transform infrared spectroscopy (FTIR)

The Fourier-transform infrared (FTIR) spectra of the
NaCaGd(WO4)3:x% Er3+ phosphors (x = 1, 3, 5, and 7 mol%)
recorded in the range 400–4000 cm−1 are presented in Fig. 3. All
Fig. 2 Scanning electron microscopy (SEM) image of the representativ
showing irregularly shaped micrometric particles with sizes ranging fr
heterogeneous grain morphology resulting from the solid-state synthes

15400 | RSC Adv., 2026, 16, 15398–15409
spectra exhibit the characteristic vibrational features of
scheelite-type tungstate lattices, conrming the preservation of
the fundamental WO4

2− tetrahedral framework upon Er3+

incorporation.24 This observation is consistent with general
studies on tungstate-based materials.25 The most intense and
well-dened absorption band, centered at approximately
840 cm−1, is assigned to the asymmetric stretching vibration
n3(W–O) of isolated WO4

2− tetrahedra. The sharpness and high
intensity of this band indicate a high degree of structural order
and minimal distortion of the tetrahedral units.26 An additional
absorption feature observed near 450 cm−1 is attributed to
symmetric stretching n1(W–O) and/or bending n4(O–W–O)
modes associated with internal vibrations of the WO4

2− groups,
which are commonly reported for scheelite-type tungstates.27–29

A notable feature of the FTIR spectra is their strong invariance
with respect to Er3+ concentration. The positions, shapes, and
relative intensities of all major absorption bands remain
essentially unchanged across the investigated doping range.
This spectral stability indicates that substitution of Er3+ ions for
e NaCaGd(WO4)3:3% Er3+ phosphor recorded at room temperature,
om approximately 1 to 5 mm, indicating particle agglomeration and
is process.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Fourier-transform infrared (FTIR) spectra of NaCaGd(WO4)3:x%
Er3+ phosphors (x = 0, 1, 3, 5, and 7 mol%) recorded at room
temperature, illustrating the characteristic vibrational modes of the
WO4

2− tetrahedral units. The spectra confirm the preservation of the
host lattice structure upon Er3+ incorporation, with no additional
bands associated with secondary phases observed within the detec-
tion limits.

Fig. 4 Diffuse reflectance spectra of NaCaGd(WO4)3:x% Er3+ phos-
phors (x= 0, 1, 3, 5, and 7 mol%) measured at room temperature in the
UV-vis region. The spectra reveal the broad host absorption band
attributed to O2− / W6+ charge-transfer transitions in the WO4

2−

groups, along with characteristic intra-4f absorption lines of Er3+ ions,
whose intensity increases with dopant concentration, confirming the
successful incorporation of Er3+ into the scheelite lattice. Upon doping
with Er3+, the reflectance spectrum exhibits characteristic dips at
wavelengths associated with intra-4f transitions originating from the
4I15/2 ground state: approximately 380 nm, 520 nm (4I15/2 / 2H11/2),
550 nm (4I15/2 /

4S3/2), 650 nm (4I15/2 /
4F9/2), and 980 nm (4I15/2 /

4I11/2).31,32 The intensities of these spectral features demonstrate
a nearly linear correlation with Er3+ concentration, suggesting
a uniform dopant distribution and the absence of substantial clus-
tering. Notably, a strong absorption feature centered at ∼325 nm is
observed in both undoped and doped samples, which is assigned to
the spin-allowed 1A1 /

1T1 ligand-centered transition of the WO4
2−

group.33,34 The intensity of the Er3+-related dips increases linearly with
dopant concentration, confirming uniform incorporation without
clustering. In this work, 325 nm excitation was selected to leverage
efficient host-to-dopant energy transfer from the WO4

2− sensitizer to
Er3+ ions, enabling intense green upconversion luminescence under
near-UV pumping.
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Gd3+ occurs in a homogeneous and isotropic manner within the
cationic sublattice, without inducing detectable perturbations
of the WO4

2− tetrahedral network. Such behavior, consistent
with the close ionic radii of Er3+ and Gd3+, corroborates the
conclusions drawn from X-ray diffraction and Rietveld rene-
ment analyses.

A weak and broad absorption band centered around
3500 cm−1 is observed in all samples and is attributed to O–H
stretching vibrations arising from physically adsorbed water
molecules on the powder surface. This feature is frequently
encountered in oxide phosphor powders exposed to ambient
atmosphere and does not indicate structural hydroxylation or
bulk hydration.30

Finally, the absence of additional absorption bands in the
region's characteristic of CO3

2− or NO3
− species (1200–

1400 cm−1), C]O stretching modes (1600–1800 cm−1), or
secondary metal–oxygen vibrations (below 400 cm−1) conrms
the high chemical purity of the synthesized phosphors.25
3.3 Diffuse reectance spectroscopy (UV-visible)

Diffuse reectance spectra for both undoped and Er3+-doped
NaCaGd(WO4)3 samples are presented in Fig. 4, spanning the
250–1100 nm wavelength range. The undoped host material
demonstrates substantial reectance throughout the visible
and near-infrared spectra, with a pronounced decrease below
approximately 380 nm, which is indicative of the fundamental
absorption edge typical of a wide-bandgap tungstate.26 This
wide bandgap corroborates the matrix's high optical trans-
parency within the visible spectrum, thereby minimizing reab-
sorption losses and facilitating efficient luminescence.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.4 Photoluminescence and excitation spectroscopy (PL/
PLE)

The photoluminescence excitation (PLE) spectrum of
NaCaGd(WO4)3:3% Er3+, monitored at the green emission
maximum (lem = 551 nm, corresponding to the 4S3/2 / 4I15/2
transition), is shown in Fig. 5a. A strong, narrow excitation band
is observed at about 325 nm, which is clearly assigned to the
spin-allowed 1A1 /

1T1 ligand-centered transition of the WO4
2−

group. This conrms that energy transfer from the tungstate
matrix to the Er3+ ions is efficient, allowing the 4S3/2 level to be
populated. Weaker secondary bands are observed at approxi-
mately 380 nm, 400 nm, and 450 nm, which probably result
from higher-energy charge-transfer states or weak direct 4f–4f
transitions.

The photoluminescence excitation (PLE) spectrum of
NaCaGd(WO4)3:3% Er3+, monitored at 551 nm (4S3/2 / 4I15/2
transition), exhibits a dominant narrow excitation band
centered at∼325 nm, which is attributed to the spin-allowed 1A1
RSC Adv., 2026, 16, 15398–15409 | 15401
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Fig. 5 Photoluminescence emission spectra of NaCaGd(WO4)3:3-
mol% Er3+ phosphor recorded under 272 nm (host WO4

2− excitation)
and 378 nm (direct Er3+ 4f excitation), illustrating the host-to-Er3+

energy transfer responsible for the characteristic green emissions
(2H11/2 /

4I15/2 and
4S3/2 / 4I15/2).
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/ 1T1 ligand-to-metal charge-transfer (LMCT) transition within
the WO4

2− tetrahedral group. This band corresponds to an O2−

/ W6+ charge-transfer excitation and represents a strong
absorption channel of the host lattice. Upon UV excitation, the
excited WO4

2− group undergoes rapid non-radiative relaxation
to lower-lying vibrational levels of the charge-transfer state,
followed by energy migration through the lattice and subse-
quent non-radiative energy transfer to nearby Er3+ ions (Fig. 5b).

The efficiency of this host-sensitized mechanism is evi-
denced by the fact that the excitation intensity at 325 nm is
more than an order of magnitude higher than that of the direct
4f–4f excitation of Er3+ (e.g., 4I15/2/

4S3/2). This clearly indicates
that indirect excitation via the WO4

2− charge-transfer band
dominates over direct intra-4f absorption, which is parity
forbidden and intrinsically weak.

The energy transfer from WO4
2− to Er3+ is likely governed by

multipolar (dipole–dipole) interactions, facilitated by spectral
overlap between the relaxed charge-transfer emission of the
tungstate group and higher-lying 4f excited states of Er3+. Aer
energy acceptance, Er3+ ions relax non-radiatively to the ther-
mally coupled 2H11/2 and

4S3/2 levels, from which intense green
emission occurs. The schematic energy-level diagram (Fig. 5b)
illustrates this sequential process. This mechanism conrms
that NaCaGd(WO4)3 acts not merely as a passive matrix but as
an active sensitizing host, signicantly enhancing Er3+ excita-
tion efficiency under near-UV pumping.

To further evaluate the WO4
2− / Er3+ host-sensitized energy

transfer mechanism, the photoluminescence spectra of the
optimized NaCaGd(WO4)3:3 mol% Er3+ phosphor were recorded
under two different excitation wavelengths: 272 nm, corre-
sponding to the charge-transfer absorption band of the WO4

2−
15402 | RSC Adv., 2026, 16, 15398–15409
groups, and 378 nm, associated with the direct 4f excitation of
Er3+ ions. The resulting emission spectra are presented in Fig. 5.

Under both excitation conditions, the characteristic green
emission bands of Er3+ ions corresponding to the 2H11/2/

4I15/2
and 4S3/2 / 4I15/2 transitions are observed, conrming the
efficient population of the emitting levels. The presence of
intense Er3+ emission under host excitation clearly indicates an
energy transfer process from the WO4

2− groups to the Er3+

activator ions. The energy transfer efficiency was estimated by
comparing the integrated emission intensity of the dominant
green band (4S3/2 / 4I15/2) under host and direct excitation
using the relation:

hET = Ihost/(Ihost + Idirect) (1)

where Ihost and Idirect correspond to the integrated emission
intensities obtained under 272 nm and 378 nm excitation,
respectively. The calculated efficiency is approximately ∼20%,
indicating a moderate but effective host-to-Er3+ energy transfer
process in the NaCaGd(WO4)3:Er

3+ phosphor. This result
provides further support for the host-sensitized excitation
mechanism inferred from the excitation spectra.

The photoluminescence (PL) emission spectra of
NaCaGd(WO4)3:Er

3+ samples with varying dopant concentra-
tions (x = 1, 3, 5, and 7 mol%) under 325 nm excitation are
presented in Fig. 5c. All samples exhibit characteristic green
emission bands centered at ∼528 nm (2H11/2 / 4I15/2) and
∼551 nm (4S3/2 /

4I15/2), along with a much weaker red emis-
sion band near 660 nm (4F9/2 / 4I15/2).35,36 The high green-to-
red intensity ratio (>10 : 1) conrms the strong potential of
this material as an efficient green-emitting phosphor when
excited via the WO4

2− host absorption.37,38 The PL intensity
shows a clear dependence on Er3+ concentration, with non-
monotonic behavior directly linked to energy transfer effi-
ciency and concentration quenching. Among the samples, the
3 mol% Er3+ sample exhibits the highest emission intensity,
identifying it as the optimal doping level. In contrast, the
1 mol% Er3+ sample shows signicantly weaker emission due to
insufficient activator density to effectively harvest the energy
transferred from the WO4

2− groups. At higher concentrations,
the 5 mol% and 7 mol% samples display reduced PL intensity
relative to the 3 mol% sample, indicating the onset of concen-
tration quenching. This is attributed to enhanced Er3+–Er3+

interactions, primarily through dipole–dipole cross-relaxation
processes.39,40

To assess the thermal stability of the phosphor under prac-
tical LED operating conditions, we monitored the temperature-
dependent PL emission spectra between 300 and 350 K. The
integrated green-emission intensity (510–575 nm) decreases
only moderately with temperature and remains ∼77% at 348 K
(z350 K) compared with 300 K, representing a retention of
∼77% of the initial intensity. At 323 K, the intensity retains
∼84.2% of its value at 300 K. These results indicate good
thermal stability of the emission in the LED-relevant range,
which is benecial for maintaining brightness and ensuring
reliable optical readout during device operation.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Repeated PL measurements on powders stored under
ambient laboratory conditions for several days showed repro-
ducible spectra, consistent with the generally high chemical
stability reported for scheelite-type tungstate hosts.

Absolute photoluminescence quantum yield (PLQY)
measurements were performed using an integrating sphere
under 325 nm excitation. The optimized NaCaGd(WO4)3:3-
mol% Er3+ phosphor exhibits a PLQY value of 25%. This value is
consistent with the moderate radiative efficiencies typically re-
ported for Er3+-doped oxide phosphors, where competing non-
radiative multiphonon relaxation processes limit the overall
emission efficiency under UV excitation.

Additional non-radiative losses may arise from energy
migration to defects or reabsorption between neighboring Er3+

ions. The observed optimum at 3 mol% Er3+ is consistent with
typical behavior in rare-earth-doped oxide phosphors, where
moderate doping maximizes luminescence by balancing
sensitizer-to-activator energy transfer against concentration-
induced quenching. Accordingly, the 3 mol% Er3+-doped
NaCaGd(WO4)3 was selected as the reference composition for all
subsequent optical and thermometric investigations due to its
superior emission performance under 325 nm excitation.

The CIE 1931 chromaticity coordinates of the
NaCaGd(WO4)3:Er

3+ phosphors were derived from their
normalized photoluminescence emission spectra under 325 nm
excitation, using conventional photometric techniques. For the
optimally doped 3 mol% Er3+, the resulting coordinates are x =
0.337, y= 0.587, as shown in Fig. 6d. These coordinates position
the emission rmly inside the pure green region of the CIE 1931
diagram, close to the spectral locus at ∼550–560 nm, consistent
with the major contributions from the 2H11/2 /

4I15/2 and
4S3/2

/ 4I15/2 transitions of Er
3+. The color purity of this emission is

calculated at 88%, indicating that the narrowband character of
the f–f transitions yields a color purity substantially greater than
that of standard broadband phosphors such as Ce3+:YAG
(<50%). The associated correlated color temperature (CCT) of
approximately 7500 K is consistent with a cool daylight-white
chromaticity, suitable for high-color-delity white-light appli-
cations. These chromatic features highlight the material's
signicant potential for solid-state lighting (SSL)
applications.41–43

To better contextualize the chromatic performance, the ob-
tained coordinates (x = 0.337, y = 0.587) were compared with
standard green emitters commonly used in solid-state lighting.
For instance, the commercial terbium-based phosphor (Tb3+-
activated materials), widely employed in display and lamp
technologies, typically exhibits chromaticity coordinates
around (x z 0.36, y z 0.60). Similarly, b-SiAlON:Eu2+ green
phosphors show coordinates near (0.32–0.35, 0.60–0.62),
depending on composition. The NaCaGd(WO4)3:3 mol% Er3+

phosphor demonstrates comparable chromaticity positioning
within the pure green region while offering a signicantly
higher color purity (88%) due to the intrinsically narrow 4f–4f
transitions of Er3+. Therefore, the present material provides
competitive chromatic characteristics relative to standard
commercial green phosphors, with the added advantage of
© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature-sensitive emission suitable for optical thermom-
etry applications.

4 Optical thermometry

The optical thermometry performance of NaCaGd(WO4)3:Er
3+

(3 mol%) was systematically evaluated under 325 nm
continuous-wave excitation across a temperature range of 300–
600 K (Fig. 6a). As shown in Fig. 6b, the integrated green
emission intensity decreases monotonically with increasing
temperature a hallmark of thermal quenching. This is due to
the enhanced competition between radiative decay and non-
radiative relaxation pathways at elevated temperatures. The
thermometric mechanism relies on the thermally coupled
energy levels (TCLs) of Er3+, specically the closely spaced 2H11/2

and 4S3/2 manifolds, which both decay radiatively to the 4I15/2
ground state, emitting green light at ∼528 nm and ∼551 nm,
respectively. Due to their small energy separation, these levels
are thermally populated according to the Boltzmann
distribution.44,45

LIR = IH/IS = A$exp(−DE/kBT) (2)

where IH and IS are the integrated intensities of the 2H11/2 /
4I15/2 and 4S3/2 / 4I15/2 transitions, B is calibration constants
accounting for transition probabilities and instrumental
response, kB = 0.695 cm−1 K−1 is Boltzmann's constant, DE is
the energy gap between the two TCLs (in cm−1) and T is the
absolute temperature (K).

As illustrated in Fig. 5b, the experimental LIR data exhibit
excellent agreement with the Boltzmann model t, yielding DE
= 710 cm−1. This value aligns well with literature reports for
Er3+-doped oxides and phosphors employing the same TCL,
validating our spectral assignments and conrming the
robustness of the thermometric approach. The high quality of
the t (R2 > 0.99) underscores the reliability of this phosphor for
precision temperature sensing applications.

Quantifying the responsiveness of the luminescence-based
thermometer to temperature uctuations requires evaluation
of two complementary sensitivity parameters. Absolute sensi-
tivity (Sa), dened as the slope of the LIR-temperature rela-
tionship, captures the absolute rate of change in the measured
parameter per unit temperature increase. Relative sensitivity
(Sr), normalized to the LIR value itself, accounts for propor-
tional variations and is particularly useful for comparative
assessment across different thermometric strategies.

These metrics are rigorously expressed as:46–48

Sa ¼ dLIR

dT
(3)

Sr ¼ 1

LIR
� dLIR

dT
� 100% (4)

The material has a maximum relative sensitivity of 1.55%
K−1 at 300 K, among the greatest reported for Er3+-based optical
thermometers, making it especially appropriate for biomedical
and physiological applications. At high temperatures, the
RSC Adv., 2026, 16, 15398–15409 | 15403
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Fig. 6 (a) Photoluminescence excitation (PLE) spectrum of NaCaGd(WO4)3:3% Er3+ phosphor recorded at room temperature by monitoring the
green emission at lem = 551 nm (4S3/2 /

4I15/2 transition). The dominant excitation band at ∼325 nm is assigned to the WO4
2− charge-transfer

transition, evidencing efficient host sensitization of Er3+ ions. (b) Schematic energy-level diagram illustrating the proposed host-to-Er3+ energy
transfer mechanism under 325 nm excitation, followed by non-radiative relaxation and green emission from the thermally coupled 2H11/2 and
4S3/2 levels (down-conversion process). (c) Photoluminescence emission spectra of NaCaGd(WO4)3:xEr

3+ (x = 0.01, 0.03, 0.05, and 0.07) under
325 nm excitation, showing concentration-dependent emission intensity and optimal luminescence at 3 mol% Er3+. (d) Corresponding CIE 1931
chromaticity diagram derived from the emission spectra under 325 nm excitation, indicating saturated green emission and slight coordinate
variations with increasing Er3+ concentration.
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absolute sensitivity peaks at 1.8 × 10−2 K−1 at 500 K. As show in
Fig. 7c. Beyond sensitivity, temperature resolution (dT) dened
as the minimum detectable temperature change is a critical
gure of merit for practical thermometry applications. It is
inversely proportional to the relative sensitivity and the
measurement uncertainty of the LIR:

dT ¼ 1

Sr

� dLIR

LIR
(5)

where d(LIR)/LIR represents the relative uncertainty in the
intensity ratio measurement. To determine the practical
detection limit, the temperature resolution (dT) was estimated
using eqn (5).
15404 | RSC Adv., 2026, 16, 15398–15409
The relative uncertainty in the luminescence intensity ratio
(d(LIR)/LIR) was conservatively assessed at 5%, based on the
signal-to-noise ratio and reproducibility of repeated PL
measurements under identical conditions.31,32,49,50 This level of
uncertainty is consistent with typical ratiometric luminescence
thermometry protocols. The calibration curve obtained from
the LIR approach in NaCaGd(WO4)3:Er

3+ is highly precise and
reliable, with a minimum dT of 0.14 K at 300 K, which increases
to 0.7 K at 573 K due to a decline in relative sensitivity (Sr) at
higher temperatures. Additionally, the method is inherently
self-referencing, as it relies on the ratio of two emission bands
from the same Er3+ ion.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Temperature-dependent optical thermometric behavior of NaCaGd(WO4)3:3% Er3+ phosphor in the 298–573 K range. (a) Down-
conversion photoluminescence emission spectra recorded under 325 nm excitation at different temperatures, showing the thermally induced
redistribution of populations between the 2H11/2 and

4S3/2 levels of Er
3+. (b) Fluorescence intensity ratio (FIR) plotted as a function of temperature,

together with the Boltzmann fitting curve confirming thermally coupled levels behavior. (c) Temperature dependence of the calculated absolute
sensitivity (Sa) and relative sensitivity (Sr), highlightingmaximum sensitivity near room temperature. (d) Corresponding temperature resolution (dT)
derived from FIR analysis, demonstrating high measurement precision over the investigated temperature range.
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The thermometric performance of the synthesized
NaCaGd(WO4)3:Er

3+ phosphor was systematically compared
with representative Er3+-doped and Er3+/Yb3+ co-doped optical
thermometers from the recent literature. The comparison,
© 2026 The Author(s). Published by the Royal Society of Chemistry
summarized in Table 1, focuses on the most relevant gures of
merit for optical temperature sensing, namely the operating
temperature range (DT), the maximum absolute sensitivity (Sa),
and the maximum relative sensitivity (Sr). This benchmarking
RSC Adv., 2026, 16, 15398–15409 | 15405
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Table 1 Comparative thermometric performance of Er3+-based optical thermometers reported in various host lattices

Host matrix Dopants
Excitation
(lex)

Temperature
range (K) SaMax (K

−1) SrMax (% K−1) Ref.

NaCaGd(WO4)3 Er3+ 325 nm 298–573 1.8 × 10−2 1.55 This work
NaSrGd(MoO4)3 Er3+ 375 nm 298–488 3.6 × 10−3 0.87 40
NaGd(WO4)2 Er3+/Yb3+ 980 nm 300–550 6.3 × 10−3 1.15 17
CaWO4 Er3+/Yb3+ 980 nm 294–923 9.2 × 10−3 1.12 13
b-NaYF4 Er3+/Yb3+ 980 nm 303–483 3.5 × 10−3 1.14 51
Y2O3 Er3+/Yb3+ 980 nm 298–573 4.8 × 10−3 1.02 52
NaGd(MoO4)2 Er3+/Yb3+ 980 nm 298–500 1.2 × 10−2 1.25 53
Gd2O3 Er3+/Yb3+ 980 nm 300–900 4.5 × 10−3 1.10 54
BaMoO4 Er3+/Yb3+ 980 nm 300–530 7.8 × 10−3 1.19 55
CaLaAlO4 Er3+/Yb3+ 980 nm 313–573 3.4 × 10−3 1.28 56
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contextualizes the performance of the present material within
the broader landscape of rare-earth-based luminescent ther-
mometers employing different host matrices and excitation
schemes.

The comparative analysis presented in Table 1 situates the
thermometric performance of Er3+:NaCaGd(WO4)3 within the
current state of the art and reveals several key advantages. Most
notably, the material exhibits a high maximum relative sensi-
tivity of 1.55% K−1 near room temperature, which clearly
surpasses the values reported for widely used benchmark
systems such as b-NaYF4:Er

3+/Yb3+ (1.14% K−1) and Y2O3:Er
3+/

Yb3+ (1.02% K−1), as well as chemically related tungstate hosts
including NaGd(WO4)2:Er

3+/Yb3+ (1.15% K−1). This enhanced
sensitivity in the 298–310 K range is particularly advantageous
for applications requiring the detection of subtle temperature
variations at high resolution. In addition, unlike most high-
performance optical thermometers that rely on Yb3+ sensitiza-
tion and near-infrared excitation, the present system achieves
competitive thermometric gures of merit using Er3+ as the sole
optically active ion, thereby simplifying material design,
reducing compositional complexity, and mitigating energy
back-transfer or cross-relaxation effects commonly observed in
Er3+/Yb3+ co-doped systems. The ability to efficiently excite
Er3+:NaCaGd(WO4)3 at 325 nm further enhances its technolog-
ical relevance, as near-UV LEDs are compact, energy-efficient,
and readily available, facilitating integration into portable and
low-cost sensing platforms without the need for specialized
infrared laser sources. Moreover, the broad operating temper-
ature range of 298–573 K effectively bridges both biological and
industrial sensing regimes, while the intrinsic thermal robust-
ness of the tungstate host ensures stable and reliable perfor-
mance under elevated-temperature or otherwise demanding
operating conditions.
5 Conclusion

This study establishes Er3+-doped NaCaGd(WO4)3 as a robust
multifunctional phosphor combining structural integrity, effi-
cient green emission, and reliable optical thermometry perfor-
mance. Rietveld-rened X-ray diffraction, complemented by
SEM analysis, conrms the successful incorporation of Er3+ ions
into the tetragonal scheelite lattice without detectable
15406 | RSC Adv., 2026, 16, 15398–15409
secondary phases, accompanied by a slight and systematic
lattice contraction.

Under 325 nm excitation corresponding to the WO4
2−

charge-transfer band, the phosphor exhibits intense green
photoluminescence, with optimal emission achieved at an Er3+

concentration of 3mol%, dominated by the characteristic 2H11/2

/ 4I15/2 and 4S3/2 / 4I15/2 transitions centered at 528 and
551 nm. The strong excitation efficiency under host-band
pumping, together with the absence of residual host emis-
sion, indicates effective host-sensitized excitation of Er3+ ions.
The resulting CIE chromaticity coordinates (0.337, 0.587) lie in
the saturated green region, underscoring the suitability of this
material for solid-state lighting driven by near-UV LED sources.

Furthermore, the thermally coupled 2H11/2 and
4S3/2 excited

states enable accurate uorescence intensity ratio (FIR)-based
thermometry over a broad temperature range (298–573 K),
delivering a maximum relative sensitivity of 1.55% K−1 and an
absolute sensitivity of 1.8 × 10−2 K−1 near 298 K, together with
a temperature resolution of 0.15 K at room temperature. The
ratiometric detection scheme ensures intrinsic resistance to
excitation power uctuations and optical losses, thereby
enhancing measurement reliability.

Overall, the demonstrated phase purity, strong green emis-
sion, and competitive thermometric gures of merit position
Er3+:NaCaGd(WO4)3 as a promising candidate for phosphor-
converted LEDs and non-contact optical temperature sensing
in technologically relevant environments. Future time-resolved
investigations may provide deeper insight into the dynamics
of host-to-dopant energy transfer.
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