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al thermometry based on up- and
down-conversion photoluminescence in
LiCaLa(MoO4)3:Er

3+/Yb3+ phosphors with high
sensitivity

Ikhlas Kachou,a Yosra Bahrouni,a Kamel Saidi, ab Mohamed Dammak, *a

Irene Mediavillac and Juan Jiménezc

The integration of down-conversion (DC) and up-conversion (UC) photoluminescence mechanisms has

attracted significant attention for applications in optical thermometry and solid-state lighting. Combining

both emission processes within a single material enables dual-mode temperature sensing, offering

enhanced flexibility and precision. In this study, we report a pioneering investigation of the dual-mode

thermometric performance of LiCaLa(MoO4)3 phosphors co-doped with Er3+ (0.02) and Yb3+ (0.15),

synthesized via a solid-state reaction route. To the best of our knowledge, this is the first report

demonstrating simultaneous DC and UC-based thermometric behavior in this host matrix. The structural

and morphological features of the synthesized phosphors were characterized by X-ray diffraction (XRD)

and scanning electron microscopy (SEM), while their optical properties were analyzed using

photoluminescence (PL) spectroscopy. XRD patterns confirmed the formation of a pure monoclinic

LiCaLa(MoO4)3 phase. Under UV excitation at 325 nm, green DC emissions from Er3+ ions were

observed, whereas intense green UC luminescence was recorded under 980 nm near-infrared

excitation. Co-doping with Yb3+ significantly enhanced both DC and UC emission intensities. A dual-

mode optical thermometry approach was implemented using non-thermally coupled levels (NTCL) of

Er3+, enabling simultaneous temperature evaluation from both DC and UC emissions. At 300 K, the

relative sensitivities (Sr) reached 1.2% K−1 for DC and 2.1% K−1 for UC modes. At elevated temperatures

(510 K), the maximum absolute sensitivities (Sa) were 13.6 × 10−3 K−1 (DC) and 25 × 10−3 K−1 (UC),

respectively. The system demonstrated good temperature resolution, with uncertainties (dT) below 0.313

K, confirming its potential for precise and robust optical temperature sensing.
Introduction

The rapid development of modern technology has led to
growing interest in luminescent materials doped with rare earth
ions (RE3+), owing to their unique optical and magnetic prop-
erties. These materials are promising candidates for a wide
range of practical applications, including up-conversion (UC)
and down-conversion (DC) luminescence, solid-state lasers,
optical bers, and advanced magnetic devices.1–3 In particular,
rare-earth-based UC nanocrystals have recently attracted
signicant attention in the eld of biological imaging due to
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their high photostability, sharp emission bands, and deep
tissue penetration.4,5

Previous studies have predominantly focused on tempera-
ture sensing based on either UC or DC mechanisms individu-
ally. However, few reports have explored the simultaneous
utilization of both UC and DC processes for temperature
measurements, despite the potential advantages of such dual-
mode thermometry.6,7 UC luminescent materials are of partic-
ular interest for optical thermometry because temperature
variations can be monitored by analyzing the uorescence
intensity ratio (FIR) between emissions originating from ther-
mally coupled levels (TCLs) of lanthanide ions.8,9 The FIR
method is typically applied using emission bands separated by
an energy gap ranging from 200 to 2000 cm−1, a range well-
matched by lanthanide ions such as Er3+, Ho3+, Nd3+, Pr3+,
and Dy3+, which have been widely employed as FIR-based
optical thermometers.10,11

Among these, Er3+ is particularly suitable due to its rich
energy-level structure and strong green emissions originating
© 2025 The Author(s). Published by the Royal Society of Chemistry
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from the thermally coupled 2H11/2 and 4S3/2 levels. These
emissions are highly sensitive to environmental temperature
and can be excited via both UC and DCmechanisms.12 However,
Er3+ suffers from a low absorption cross section in the near-
infrared (NIR) region, which limits its excitation efficiency
under NIR light. To overcome this limitation, Yb3+ is frequently
used as a sensitizer due to its strong absorption around 980 nm
and its efficient energy transfer to Er3+. Co-doped Yb3+/Er3+

systems have shown enhanced green UC emissions and have
been extensively investigated for various applications.13

Despite these advancements, further studies are still needed
to optimize the doping concentrations and emission stability of
Yb3+/Er3+-activated phosphors.14,15 The simplied energy level
scheme and large absorption cross section of Yb3+ make from it
an ideal sensitizer for improving the UC luminescence and,
consequently, the temperature sensing performance of Er3+-
based phosphors.16

Dual-mode uorescence thermometry, which combines both
downshiing (DS) and upconversion (UC) emission within
a single host matrix, offers signicant advantages for practical
temperature sensing. DS mode, typically excited by UV light,
benets from efficient excitation via host-sensitized pathways
(e.g., MoO4

2− / Ln3+) and is well-suited for near-surface
temperature detection. In contrast, UC mode, excited by NIR
radiation, enables deeper light penetration, reduced back-
ground uorescence, and remote sensing capabilities, making
it ideal for biomedical and high-temperature environments.
Integrating both modes in a single material enhances opera-
tional versatility, expands the measurable temperature range,
and improves adaptability across diverse sensing scenarios. In
this context, tungstate and molybdate hosts have gained
increasing attention for their favorable optical characteristics,
including efficient luminescence, low phonon energy, and
chemical durability, making them good candidates for optical
thermometry applications. These hosts support strong 4f–4f
transitions of rare-earth dopants while minimizing non-
radiative losses due to multiphonon relaxation, which is
crucial for enhancing both DC and UC emissions.17–20

Among various host matrices, the molybdate compound
LiCaLa(MoO4)3 with a scheelite-type structure has emerged as
a promising host material due to its high chemical and thermal
stability, low phonon energy, and relatively low synthesis
temperature.20

Recent studies have explored its optical properties, including
emission spectra, luminescence mechanisms, and uorescence
lifetimes, mainly for solid-state lighting and white light-
emitting diode (LED) applications.21,22 However, its potential
in optical temperature sensing remains largely unexplored.

Given its stability and strong upconversion (UC) emission
properties, LiCaLa(MoO4)3 is a promising candidate for non-
contact optical thermometry. Optical temperature sensors
based on photoluminescence offer several advantages,
including fast response time, high spatial resolution, and real-
time monitoring capabilities. Therefore, investigating the
thermometric performance of LiCaLa(MoO4)3 phosphors is
both timely and scientically relevant for the development of
advanced optical sensing technologies.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Although Er3+ ions are widely used in temperature-sensitive
luminescent materials due to their 2H11/2 and 4S3/2 levels,23

their weak infrared absorption limits UC efficiency under NIR
excitation. In contrast, Yb3+ can efficiently absorb NIR light and
transfer the energy to Er3+, enhancing the UC luminescence.
Thus, co-doping Er3+ and Yb3+ into the LiCaLa(MoO4)3 matrix
can signicantly improve its luminescent properties and its
overall temperature sensing performance.24

In this work, we aim to explore the optical thermometric
performance of LiCaLa(MoO4)3 phosphors co-doped with Er3+

and Yb3+ ions by simultaneously employing both up-conversion
(UC) and down-conversion (DC) photoluminescence mecha-
nisms. The phosphors were synthesized via a conventional
solid-state method and characterized using XRD, SEM, and PL
spectroscopy to evaluate their structural, morphological, and
optical properties. A dual-mode optical temperature sensing
strategy was implemented based on non-thermally coupled
levels (NTCL) of Er3+, under both UV and NIR excitations. In the
following sections, we will detail the experimental methods,
analyze the temperature-dependent emission behavior, and
assess the relative and absolute sensitivities, as well as the
temperature resolution of the system. These ndings are will
highlight the potential of LiCaLa(MoO4)3:Er

3+/Yb3+ as an effi-
cient dual-mode optical thermometer for future applications in
advanced thermal sensing technologies.
Experimental section
Raw materials and preparation methods

LCLMO:0.02 Er3+/0.15 Yb3+ phosphor was obtained by
a conventional high-temperature solid-state reaction method in
air atmosphere. Analytical grade MoO3 (99.99%), LiCO3

(99.99%), CaCO3 (99.99%), LaCO3 (99.99%), Er2O3 (99.99%) and
Yb2O3 (99.99%) were used as raw materials. In a standard
synthesis, stoichiometric amounts of raw materials were rst
weighed and well mixed in an agate mortar. The uniform
mixtures were then placed in alumina crucibles and calcined in
a high-temperature resistant furnace at 800 °C for 5 hours. The
nal products were then produced by allowing the furnace to
cool naturally to room temperature. Finally, the phosphors
obtained were ground to suit the spectral measurement
requirements.

In this work, the doping concentrations of 15 mol% Yb3+ and
2 mol% Er3+ were selected based on previous literature as an
effective combination to achieve strong upconversion (UC)
under 980 nm excitation and downshiing (DS) luminescence
under 325 nm excitation. This composition provides a good
balance between emission intensity and stability, ensuring
reliable performance for optical thermometry without the need
for further optimization.25,26
Characterization

X-ray diffraction (XRD) was employed to verify the crystal line
structure and phase purity of the samples. The morphology and
microstructures of the phosphors were analyzed by scanning
electron microscopy (SEM) taken on a Hitachi SU-4800 eld
RSC Adv., 2025, 15, 28428–28438 | 28429
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emission. UV-vis-NIR absorption spectra were recorded on
a PerkinElmer Lambda 365 spectrophotometer and photo-
luminescence (PL) spectra were recorded as a function of
temperature using a Labram UV-HR 800 Raman spectrometer
from Horiba-Jobin Yvon.
Results and discussion
Phase and morphology

In order to clarify the crystallinity and phase composition of the
LCLMO:0.02 Er3+/0.15 Yb3+ phosphors, the X-ray diffraction
(XRD) proles are shown in Fig. 1a. The diffraction peaks found
in the samples were in close agreement with the standard
positions identied for LiCaLa (MoO4)3 standardmaps (JCPDS #
29-0351),27 conrming that the introduction of rare earth ion
doping did not change the phase structure of the sample.
Rietveld renement was performed to rene the crystallo-
graphic parameters as shown in Fig. S1. The optimized unit cell
dimensions are: a= b= 5.24741. Å, c= 11.47538 Å, and the unit
cell volume = 315.978 Å3. The renement conrms a pure
tetragonal phase with R-factors (Rwp = 11.22%) indicative of
a high-quality t. No detectable impurities or structural defects
were observed, corroborating the effectiveness of the solid-state
synthesis route.

The doping of Er3+ ions does not impact the parent phase of
LCLMO, thus specifying the appropriate doping of Er3+/Yb3+

ions at the lattice sites of one of the host cations, La2+, Li+, Mo4+

or Ca2+. The possible doping position of the Er3+/Yb3+ ions can
be obtained by comparing the ionic radius difference (Dr) of the
host cations with the dopant ions, which can be estimated as
follows:28

Dr ¼ Rs � Rd

Rs

� 100% (1)

where Dr is the percentage difference in radius. Rs and Rd denote
the radii of the substitution ions and the dopant ions,
Fig. 1 (a) X-ray powder diffraction patterns, (b) SEM of LCLMO:Er3+/Yb3

28430 | RSC Adv., 2025, 15, 28428–28438
respectively. The dopants (Er3+ and Yb3+) are considered to be
taking over the sites of the La3+ ions in the LCLMO host lattice,
given the effective ionic radii and the charge balance of the
cations. Using eqn (1), the Dr values of La

3+/Er3+ and La3+/Yb3+

were calculated to be 13, 75% and 15, 89%, respectively. These
determined Dr values indicate that Er

3+ and Yb3+ ions can easily
enter the LCLMO host lattice by substituting La3+ ions, as the Dr

values are much below 30%.
The morphological characteristics of the LCLMO:0.02 Er3+/

0.15 Yb3+ sample, studied by SEM are shown in Fig. 1b showed
that the powders obtained had a uniform white color, with grain
sizes around 1 mm, forming some agglomerates by coalescence.
Generally, the particles are very closely packaged, which reduces
the light scattering and thus contributes to higher lumines-
cence efficiency.
UV-visible spectroscopy analysis

Fig. S2 displays the UV-vis-NIR diffuse reectance spectra of
LCLMO:0.2 Er3+/0.15 Yb3+. The LCLMO:0.2 Er3+/0.15 Yb3+

sample exhibits strong host absorption in the UV region,
centered at 313 nm, which is attributed to the charge transfer
band (CTB) of Mo–O. In addition to these broad CTB bands,
several peaks are observed at 522 nm, 654 nm, and 800 nm,
corresponding to the transitions from the ground state 4I15/2 to
various excited states, namely 2H11/2,

4F9/2, and
4I9/2 of Er

3+ ions,
respectively, as shown in Fig. S2. The absorption peak around
980 nm is assigned to the 2F7/2 / 2F5/2 transition of the Yb3+

ion.29
DC luminescence properties

In order to investigate the photoluminescence emission char-
acteristics, the samples were excited with a He–Cd laser (325
nm). The emission spectra shown in Fig. 2a consist of several
peaks at 526 nm, 546 nm and 660 nm, which are assigned to the
2H11/2 / 4I15/2,

4S3/2 / 4I15/2 and 4F9/2 / 4I15/2 transitions of
+.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The emission spectrum at room temperature under 325 nm excitation, (b) schematic energy level diagram of LCLMO doped Er3+/Yb3+.
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Er3+ ions respectively.30,31 Under the 325 nm lighting, the
molybdate ion is excited from its ground state (1A1) to the 1T2

state. It then relaxes non-radiatively to a 1T1 state. The energy of
the 1T1 state is aligned to the 4G11/2 state of the Er3+ ion. This
allows resonance transfer from molybdate to Er3+ without
photon emission. In the 4G11/2 state, the Er3+ ion relaxes non-
radiatively to excited levels 2H11/2,

4S3/2, and 4F9/2, emitting
green (533 and 553 nm) and red (657 nm) light. This method is
referred to as direct excitation (DE) luminescence.
UC luminescence properties

The UC emission spectra of LCLMO:0.02 Er3+/0.15 Yb3+ micro-
particles under 980 nm excitation are illustrated in Fig. 3a. Yb3+

ions act as sensitizers, absorbing the 980 nm photons and then
transferring the energy to Er3+ ions, which behave as activators.
The LCLMO:Er3+/Yb3+ microparticles show several character-
istic UC emission peaks, which can be assigned to the 2H11/2 /
Fig. 3 (a) The UC emission spectrum at room temperature, (b) schemat

© 2025 The Author(s). Published by the Royal Society of Chemistry
4I15/2 (∼529 nm) and 4S3/2 /
4I15/2 (∼545 nm) transitions of Er3+

ions, respectively. The corresponding transitions associated
with the 529 nm, 545 nm, and 663 (4F9/2 / 4I15/2) nm peaks
were discussed previously.32–34

The UC luminescence intensities at different pump powers
were measured in order to comprehensively investigate the UC
luminescence mechanism of the LCLMO:0.02 Er3+/0.15 Yb3+

single crystals. It is evident that the green emissions peaks
increase steadily as the power increases. Several peaks have
been formed in the emission center due to possible energy level
splitting. In addition, contour plots of the power-dependent
spectra (Fig. S3) have been plotted for comparison:35,36

IUP = K × Pn (2)

where n is the number of photons necessary for the UC process.
The ln–ln plot of the luminescence intensity with the pumping
power varying from 5 mW to 30 mW is shown in Fig. S3.
ic energy level diagram of LCLMO doped Er3+/Yb3+.

RSC Adv., 2025, 15, 28428–28438 | 28431
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According to the tting results, the slope correlated with the UC
emission of both green and red light is approximately 2. This
implies that the generation of the UC emission of both green
and red light follows a two-photon process.37,38

In order to reveal the UC emission mechanism in
LCLMO:0.02 Er3+/0.15 Yb3+ phosphors, the corresponding
scheme of the main energy transfer process is shown in Fig. 3b.
Concisely, aer 980 nm optical excitation, the electrons from
the 2F7/2 ground state are excited to the 2F5/2 excited level in Yb3+

ions. Following this, the incident energy of the 980 nm radiation
is absorbed and transmitted from the Yb3+ ions to the corre-
sponding Er3+ ions via the 2F5/2 + 4I15/2 / 2F7/2 + 4I11/2 energy
transfer (ET) process.39 This is followed by another ET process
from Yb3+ to Er3+ ions, 2F5/2 + 4I11/2 / 2F7/2 + 4F7/2, and some
part of the electrons populating the 4I11/2 level is pumped to the
4F7/2 level of the Er

3+ ions. This is followed by non-radiative (NR)
decay, leading to the population in the stark components, the
thermally coupled levels (TCLs) of the 2H11/2 and 4S3/2 excited
states, and the stark sublevels of the 4F9/2 excited state. Finally,
the sample displays the corresponding green and red UC
emissions. It is worth noting that the energy separation between
the 2H11/2 and

4S3/2 TCLs is relatively small. So that the transi-
tions from the 2H11/2 and

4S3/2 excited states to the 4I15/2 ground
state are thermally coupled, as they are their Stark components.
Although, due to the partial overlap of their emission bands, it
is necessary to use the Stark sublevels of 2H11/2 and 4S3/2 to
examine the response to temperature changes as well, in order
to increase the accuracy of the temperature measurement.40
Fig. 4 Temperature dependent down-converted photoluminescence em

28432 | RSC Adv., 2025, 15, 28428–28438
Photometric characterization (CIE)

The Commission International de L'Eclairage (CIE) 1931 stan-
dard has been used to estimate the color coordinates of
LCLMO:0.02 Er3+/0.15 Yb3+ from their respective DC and UC
emission spectra, Fig. S4. The color quality and performance of
the phosphors are indicated by the CIE coordinates (x, y) in the
color space. All coordinates are in the green region of the CIE
diagram.41 The correlated color temperature (CCT) and color
purity (CP) for LCLMO:0.02 Er3+/0.15 Yb3+ have been estimated
from the CIE coordinates in order to accurately determine the
visibility of the emission color. The CCT value of a phosphor is
the temperature of an ideal black body whose color is almost the
same as that of this material. The following empirical McCamy
formula was used to calculate the CCT values of all samples.42

CCT = −437n3 + 3601n2 − 6861n + 5514.3 (3)

CP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� xiÞ2 þ ðy� yiÞ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxd � xiÞ2 þ ðyd � yiÞ2

q (4)

n ¼ ðx� xeÞ
ðy� yeÞ

where n= (x− xe)/(y− ye) with (xe, ye) the chromaticity epicenter
at (0.3320, 0.1858). CP, given by eqn (4) is the average weighting
of the resulting CIE coordinates relative to the dominant
wavelength coordinates (xd and yd) and the coordinate of the
point of equal energy (xi, yi).

The values obtained for the CIE coordinates, the CCT and the
CP are summarized in Table S1. The UC and DC emissions of
ission spectra of LCLMO:0.02 Er3+/0.15 Yb3+ under 325 nm excitation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the LCLMO:0.02 Er3+/0.15 Yb3+ materials both appear in the
green region of the CIE diagram, indicating the dominant green
emission characteristic of Er3+. In addition, both emissions
present high (CCT) (>5000 K), indicating a cool green hue, and
excellent CP (>80%), with the UC emission slightly dominant.
These results show that the investigated material not only emits
bright green light, but also has excellent color purity, making it
suitable for optoelectronic applications such as green light-
emitting diodes or bio-optical imaging.43
Temperature dependent DC luminescence

Typically, temperature has a considerable effect on the spec-
troscopic properties of luminescent materials. In order to
understand the luminescence behavior of the sample more
clearly, it is essential to know the actual temperature of the
sample (Fig. 4).

On the other hand, it is difficult to realize the accurate
temperature measurement of a single point of DC luminescent
material by the traditional contact measurement method.44 It is
widely recognized that the optical temperature sensor based on
the FIR technique is an effective way to realize non-contact
temperature measurement. For Er3+ ions, the two green emis-
sion levels 2H11/2 and 4S3/2 belong to the thermally coupled
energy levels and it can be used as an optical temperature
sensor, in Fig. 5a. According to the Boltzmann distribution, the
FIR of the two green emission levels of Er3+ ions can be
expressed as follows.45

FIR ¼ A exp

��DE
KT

�
(5)

The red emission's prominence at low excitation power
makes it suitable for NTCELs thermometry applications. As
a result, the optical thermometric characteristics of Er3+ ions at
the 2H11/2 and 4F9/2 levels are investigated under 325 nm exci-
tation (see Fig. 5b). Therefore, conventional FIR is not
Fig. 5 FIR variation of (a) (I525/I550), (b) (I525/I670) with temperature w

© 2025 The Author(s). Published by the Royal Society of Chemistry
applicable to NTCLs. Without a well-dened physical model
that accurately describes the temperature dependence of the
FIR values for Ln3+ NTCELs, an empirical approach is crucial for
capturing the complex variations observed in the experimental
data. The FIR of the two emission levels of Er3+ ions can be
expressed as follows:

FIR ¼ A exp

��DE
KT

�
þ B (6)

A is a pre-exponential constant, DE is the thermal coupling
energy level difference, kB is the Boltzmann constant, T is the
absolute temperature, and B is a constant.

Fig. 5a and b shows the temperature dependent FIR values
for the LCMO doped Er3+/Yb3+ in the range of 298–473 K. As the
temperature increases from 298 to 473 K, the FIR values corre-
sponding to the 526/546 and 526/660 components increase
signicantly.

For the practical application of temperature sensing, it is
essential to investigate the sensor sensitivity in order to quan-
titatively evaluate its temperature sensing capability. It is well
established that there are two commonly used parameters of
thermal sensitivity, namely, absolute sensitivity (Sa) and relative
sensitivity (Sr). In this study, in order to evaluate the sensitivity
of the investigated sample, the following expressions were
applied:45,46

Sr ¼ 1

FIR

����dFIRdT

����; Sa ¼
����dFIRdT

���� (7)

Based on expressions (5) and (7), we observed that the energy
gap DE between the two thermally coupled levels directly
inuences the relative thermal sensitivity. Where the absolute
thermal sensitivity also depends on DE, as well as on the pre-
exponential factor B. According to eqn (7), Sa and Sr are calcu-
lated and displayed in Fig. 6a and b, of TCLs and NTCLs
respectively. The Sa values exhibit an increasing trend with
ith 325 nm excitation.
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Fig. 6 Absolute sensitivity and relative sensitivity (a) TCL, (b) NTCL for LCLMO:0.02 Er3+/0.15 Yb3+.
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increasing temperature from 298 to 473 K, with a maximum
values equal to 0.0143 K−1 in the TCLs case and 0.25 K−1 in the
NTCLs case at 473 K. On the other hand, the Sr values exhibit
a monotonically decreasing tendency with increasing tempera-
ture in the 298 / 473 K temperature range with a maximum
values of 1.1% K−1 for TCLs and 1.4% K−1 for NTCLs at room
temperature. However, the results show increasing absolute
sensitivity and decreasing relative sensitivity with increasing
temperature, reaching their respective maximum values at 473
K for Sa and at room temperature for Sr, with better performance
observed in the case of NTCLs. In summary, under 325 nm
excitation, the thermally coupled levels (2H11/2 and

4S3/2) exhibit
predictable Boltzmann behavior, resulting in modest absolute
Fig. 7 Temperature dependent UC emission spectra of LCLMO:0.02 Er

28434 | RSC Adv., 2025, 15, 28428–28438
sensitivity and an adequate relative sensitivity. In contrast, the
non-thermally coupled (2H11/2 and 4F9/2) levels, which are
populated via temperature-sensitive multiphonon relaxation
from higher excited states, exhibit enhanced absolute and
relative thermal sensitivities. This emphasizes the signicant
inuence of phonon-assisted energy relaxation on the thermo-
metric performance of NTCL levels for DC processes.
Temperature dependent UC luminescence

To investigate the temperature sensing performance, the
temperature-dependent UC emission in the temperature range
of 298 K / 460 K was carried out under the 980 nm excitation
3+/0.15 Yb3+ under 980 nm excitation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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under controlled settings of laser power 20 mW. The intensity of
the 525 nm (Er3+: 2H11/2 /

4I15/2) band increases and simulta-
neously the intensity of the 550 nm (Er3+: 4S3/2 / 4I15/2)
decreases, Fig. 7.47,48 Increasing temperature has the effect of
reinforcing lattice vibrations, increasing the phonon pop-
ulation. This accelerates the non-radiative relaxation between
closely spaced energy levels. This process leads to a thermal
equilibrium between the energy levels, suggesting that the 2H11/

2 and
4S3/2 states are thermally coupled. The relative population

of the two thermally coupled electronic states can be described
mathematically using the Boltzmann distribution, as dened in
eqn (5).

The evolution of emission intensity with temperature was
also examined to evaluate the thermal stability of the
LiCaLa(MoO4)3:Er

3+/Yb3+ phosphors. Under both UV (325 nm)
and NIR (980 nm) excitation, the luminescence intensity
initially increases with temperature due to thermally assisted
excitation and energy transfer processes. As the temperature
approaches 480 K (under UV excitation) and 460 K (under NIR
excitation), a moderate decrease in emission intensity is
observed, attributed to the onset of thermal quenching. At these
temperatures, the intensity decreases by approximately 20%
Fig. 8 (a) and (b) FIR variation with temperature. (c) and (d) Absolute se
respectively for LCLMO:0.02 Er3+/0.15 Yb3+ under 980 nm excitation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
and 10%, respectively. These results conrm that the phosphor
exhibits good resistance to thermal quenching and stable
luminescent performance across the studied temperature
ranges, supporting its potential for practical dual-mode optical
thermometry applications.

The change in FIR of TCL and the relative and absolute
sensitivities with temperature are shown in Fig. 8a and b,
respectively. As shown in Fig. 8c the relative sensitivity
decreases with increasing the temperature, exhibiting
a maximum at 298 K equal to 1.01% K−1. Besides, the absolute
sensitivity increases with increasing temperature with
a maximum of 0.0096 K−1. On the other hand, under 980 nm
excitation, we observed a signicant variation of the 4F9/2 /
4I15/2 transition with increasing temperature, which makes it
suitable for NTCLs thermometry application. The plots of the
absolute and relative sensitivities vs. temperature are shown in
Fig. 8d. The maximum Sr at 298 K was 0.67% K−1, and the
maximum of Sa at 400 K was 0.069 K−1.

It has been demonstrated in this work that the thermal effect
induced by the excitation light can be neglected in the down-
conversion (DC) luminescence process. In contrast, upconver-
sion (UC) luminescence is signicantly inuenced by
nsitivity and relative sensitivity of TCLs (I525/I550), NTCLs (I525/I670),

RSC Adv., 2025, 15, 28428–28438 | 28435
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Table 1 Relative thermal sensitivities of different lanthanide doped materials and spectral range of transitions employed

Host lex T Sr(T) (% K−1) Sa(T) (K
−1) Ref.

NaGd(WO4)2:Er
3+/Yb3+ 975 525/550 0.99 52

b-NaLuF4:Er
3+/Yb3+ 975 303–525 0.42 0.0052 53

LaF3:Er
3+/Yb3+ 975 300–515 0.88 0.0016 54

SrWO4:Er
3+/Yb3+ 975 300–518 0.96 — 55

Yb2Ti2O7:Er
3+/Yb3+ 975 290–610 0.47 — 56

Na2GdMg2(VO4)3:Er
3+/Yb3+ 975 303–573 0.976 0.07 57

NaSrY(MoO4)3:Er
3+/Yb3+ 975 298–335 1.19 58

YPVO4:Er
3+/Yb3+ 975 300–440 0.937 59

Ba2GdV3O11:Tm
3+/Yb3+ 975 303–603 5.397 0.014 60

NaSrGd(MoO4)3:Er
3+ 375 298–488 0.87 — 61

LiCaLa(MoO4)3:Tm
3+/Yb3+ 975 nm 298–748 1.4 0.4 62

LiCaLa(MoO4)3:Er
3+/Yb3+ 325 nm 298–458 TCL 1.05 0.014 This works

325 nm 298–458 NTCL 1.36 0.25 This works
980 nm 298–458 TCL 1.01 0.009 This works
980 nm 298–458 NTCL 0.67 0.069 This works
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temperature due to its inherent dependence on phonon-
assisted energy transfer processes. As a result, DC-based
systems exhibit higher thermal sensitivity and improved
Fig. 9 Temperature uncertainty of LCLMO:Er3+/Yb3+: (a) dT (525/550) n
(525/550) nm (UP-conversion), (d) dT (525/670) (UP-conversion).

28436 | RSC Adv., 2025, 15, 28428–28438
thermal resolution. These ndings suggest that DC lumines-
cence is more suitable than UC for optimizing the performance
of optical temperature sensors, particularly in applications
m (down-conversion), (b) dT (525/670) nm (down-conversion), (c) dT

© 2025 The Author(s). Published by the Royal Society of Chemistry
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requiring precise and stable thermal detection. Likewise, it was
also clearly noted that our phosphor's detection sensitivity,
using both UC and DC processes, is higher than many other
reported materials, see Table 1. This high sensitivity points to
outstanding performance in the eld of optical temperature
detection.

In order to further investigate the performance of the
developed high temperature sensor, we have evaluated the
temperature resolution (uncertainty; dT) related to the two band
intensities used.49–51

dT ¼ 1

Sr

dFIR

FIR
(8)

where dFIR is the uncertainty of determination of the FIR
parameter. In order to assess the limit of detection, also termed
as experimental resolution or temperature uncertainty, for
LCLMO:0.02 Er3+/0.15 Yb3+, 50 measurements were undertaken
under comparable circumstances at room temperature. The
standard deviation of the statistical distribution was utilized to
establish the uncertainty of the FIR (dFIR) for each approach. In
other words, the resultant data were tted using the Gauss
function, and the derived full width at half-maximum (FWHM)
of the peaks is equal to the experimental resolution of the
sensor. The values obtained are presented in Fig. S5 and S6.
According to eqn (8), we calculated the temperature resolutions
and displayed them as a function of temperature in the range of
298–478 K. The values obtained are below 1 K, which demon-
strates the great accuracy of both FIR methods over the entire
temperature range. This nding provides a bare idea of the
thermal resolution that can be achieved in temperature
measurements using this luminous compound (Fig. 9).
Conclusion

We have successfully synthesized LiCaLa(MoO4)3 phosphors co-
doped with Er3+ (0.02) and Yb3+ (0.15) via a conventional solid-
state reaction, and demonstrated their efficient dual-mode
photoluminescence under both UV (325 nm) and NIR (980
nm) excitation. The materials exhibit strong green emissions
originating from the thermally coupled 2H11/2 and

4S3/2 levels of
Er3+, with co-doping by Yb3+ yielding signicant enhancement
in both DC and UC processes.

Most notably, we have introduced a pioneering dual-mode
optical thermometric strategy that simultaneously exploits DC
and UC emissions within the LiCaLa(MoO4)3 host. Over a broad
temperature range (300–510 K), the system achieves maximum
relative sensitivities of 1.2% K−1 (DC) and 2.1% K−1 (UC), and
maximum absolute sensitivities of 13.6 × 10−3 K−1 (DC) and 25
× 10−3 K−1 (UC). The corresponding temperature resolution
remains below 0.313 K, underscoring the material's good
precision.

These results establish LiCaLa(MoO4)3:Er
3+/Yb3+ phosphors

is a moderate candidate for advanced luminescent thermom-
etry particularly in non-contact and remote-sensing applica-
tions where reliable, high-resolution temperature monitoring is
essential.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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