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Thermal sensing and optical bio-imaging are critical in materials science for applications ranging from
biomedical diagnostics to industrial monitoring. Herein, we report the first-time synthesis of a novel Mo-
based host matrix, LiCaLa(MoO,)s, co-doped with Tm3*/Yb>*, specifically designed for upconversion
luminescence with dual optical functionalities. These phosphors were engineered to exhibit red and
near-infrared (NIR) emissions for dual-functional optical sensing and imaging. The temperature-
dependent NIR fluorescence (650-1000 nm) was systematically investigated to evaluate their potential
as thermal sensors within the first biological window (650-950 nm), which is essential for in vivo appli-
cations due to minimal tissue absorption. Using the fluorescence intensity ratio (FIR) method under
975 nm excitation, the phosphor demonstrated exceptional thermal sensitivity in two distinct regimes:
(i) a high relative sensitivity of 2.62% K* at 298 K from thermally coupled energy levels, enabling precise
low-temperature detection with sub-degree resolution, and (ii) a robust relative sensitivity of 1.4% K* at
elevated temperatures (up to 748 K) from non-thermally coupled levels, suitable for high-temperature
industrial sensing. Unlike previously reported host lattices, our LiCalLa(MoO,)s system integrates both
temperature sensing and deep-tissue imaging capabilities into a single structure, offering a rare and
efficient multifunctional solution. Furthermore, the material achieved tissue penetration depths of 4 mm,
validating its dual utility for luminescence-based thermal sensing and deep-tissue bio-imaging. These
findings not only highlight the unique properties of the LiCalLa(MoQO4)s matrix but also establish it as a
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shorter-wavelength emissions have attracted significant
research interest due to their unique optical properties.>™

Introduction

One of the most intensively studied phenomena in recent years
is upconversion (UC) materials, which convert low-energy
near-infrared (NIR) photons into higher-energy emissions.
These materials are widely utilized in medicine for photo-
dynamic therapy, cancer marker detection, bioimaging, and
targeted drug delivery.”* Among these, UC microparticles
where sequential absorption of multiple photons generates
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Remote temperature sensing has emerged as a key application
of UC processes, as precise thermal monitoring is critical for
understanding biological processes and disease management.®™
Lanthanide ions (Ln*") are particularly promising for optical
thermometry and biomedical applications due to their low toxi-
city, long luminescence lifetimes, photostability, and chemical
robustness.”'® Yb®* ions, acting as sensitizers, efficiently absorb
NIR light and transfer energy to activators (e.g,, Tm*", Er**, Ho*")
through stepwise processes, enabling emissions spanning ultra-
violet (UV) to NIR ranges. Developing UC thermometers operating
within the first biological window (IBW, 650-950 nm) where tissue
absorption and scattering are minimal is critical for in vivo
applications.**

Remote luminescent thermometers typically employ the
fluorescence intensity ratio (FIR) method, which leverages
thermally coupled levels (TCLs) in Ln** ions. TCLs, defined
by small energy gaps (200 < AE < 2000 cm '), enable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperature-dependent shifts in emission intensity ratios via
thermal population redistribution.’*** While Ho®" and Er*" emit
in the visible range (green to orange), their utility is limited by
shallow tissue penetration.”*>” Conversely, Tm>" exhibits red
(695 nm) and NIR (800 nm) emissions within the first biological
window (IBW), offering superior penetration depths for deep tissue
imaging.'® However, TCL-based Tm®" sensors often show low
sensitivity at high temperatures due to fixed energy gaps. Recent
studies focus on non-thermally coupled levels (non-TCLs) of Ln*"
ions, which provide tunable energy gaps for enhanced sensitivity.

Ratiometric luminescent thermometers using Tm*" are parti-
cularly advantageous due to their compatibility with the IBW,
minimizing interference from water and hemoglobin.”™® These
properties enable applications in cellular thermometry, cancer
theranostics, and bioimaging."®>° Optical coherence tomography
(OCT), initially developed for intracellular imaging, has expanded
to visualize retinal structures'” and now serves as a versatile tool
for imaging skin, tumors, blood vessels, and other tissues.'®

Among various host lattices, molybdate-based compounds
have emerged as promising platforms for upconversion appli-
cations due to the favorable properties of MoO,>~ tetrahedra.
These structural units introduce significant local asymmetry,
which enhances the probability of forbidden 4f-4f transitions
and boosts upconversion efficiency. Additionally, the presence
of heavy Mo®* ions facilitates more effective phonon-assisted
energy transfer while helping suppress non-radiative multi-
phonon relaxation owing to the relatively low phonon energy
of the molybdate framework. These features enable Mo-based
hosts to support intense red and NIR upconversion emissions,
making them highly suitable for both thermal sensing and
deep-tissue bioimaging.

In this work, we report the synthesis and investigation of
LiCaLa(MoO,); (LCLMO) microparticles doped with Yb**/Tm?",
prepared via a high-temperature solid-state method. In addi-
tion, this host matrix exhibits high thermal and chemical
stability, and the combination of alkali (Li"), alkaline earth
(Ca*"), and lanthanide (La**) cations allows tunable crystal field
environments, which can further influence and optimize lumi-
nescent properties. These advantages make it a suitable and
versatile platform for UC applications. We explore in detail the
structural, upconversion (UC) emission, and photothermal prop-
erties of LCLMO:Tm*'/Yb*". The results reveal a rare and valu-
able dual functionality: (1) high-sensitivity optical thermometry
based on the fluorescence intensity ratio (FIR) of non-thermally
coupled levels (non-TCLs), and (2) effective deep-tissue bio-
imaging within the first biological window (IBW). This unique
combination of thermal and biomedical performance within a
single crystalline host positions LCLMO:Tm**/Yb** as a pioneer-
ing multifunctional platform for next-generation optical diag-
nostics and non-invasive sensing technologies.

Synthesis of LCLMO doped Tm**/Yb**

In this study, Tm*'/Yb**-doped LCLMO phosphors were synthe-
sized via a solid-state reaction method. The precursor materials

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Li,COj3, La,03, CaCO;, M0O3;, Tm,03, and Yb,O; were used as
received without further purification. The raw materials were
homogenized in absolute ethanol using an agate mortar and
pestle for 4 hours to ensure uniform mixing. The mixture was
first pre-sintered at 500 °C for 12 hours to decompose carbo-
nates and initiate phase formation, followed by a second
sintering step at 900 °C for 10 hours in air to enhance crystal-
linity. The resulting powder was collected and subjected to
structural and optical characterizations.

Characterization

The structural properties of the LCLMO:Tm>'/Yb*" phosphors
were analyzed via X-ray diffraction (XRD) using a Bruker D8-
Advance diffractometer with monochromatic Cu Ko, radiation
(A = 1.5406 A) in the 20 range of 10°-70°. Morphological
characterization was performed using a Zeiss Supra55VP
field-emission scanning electron microscope (FE-SEM) coupled
with a Bruker XFlash 5030 energy-dispersive X-ray (EDX) detec-
tor for elemental mapping.

Optical measurements

UV-Vis-NIR absorption spectra were recorded on a PerkinElmer
Lambda 365 spectrophotometer and the UC luminescence
spectra were measured using an Avantes high-resolution CCD
detector under 975 nm excitation from a Spectra Physics 3900S
tunable Ti:Sapphire laser. Temperature-dependent measure-
ments were conducted using a Linkam THMS600 heating stage.
The temporal decay profiles were captured with a 200 MHz
LeCroy WS424 oscilloscope and a Hamamatsu R928 photomul-
tiplier tube (PMT), excited by a 10 Hz EKSPLA/NT342/3/UVE
pulsed laser (OPO system, 10 ns pulse width).

Penetration depth studies

To evaluate tissue penetration capabilities, the phosphor was
excited at 975 nm using a Spectra Physics 3900S Ti:Sapphire
laser, and emissions from the *H, — °H, transition (first
biological window) were detected through a blood phantom.
A cooled Newton DU920 N CCD detector (0.7 nm resolution, 1 s
integration time) measured the emission intensity as a function
of penetration depth.

Results and discussion

Structural and morphological characterization

Fig. 1 presents the XRD pattern of the LCLMO:Tm>*/Yb** phos-
phor, which closely aligns with the simulated diffraction profile
of the tetragonal LCLMO host lattice (space group I4,/a).>* All
reflections are indexed to the tetragonal unit cell, confirming
phase purity and crystallinity. The absence of secondary phases
in the experimental pattern verifies successful doping and
structural stability.

Rietveld refinement Fig. 2a was performed to refine the
crystallographic parameters. The optimized unit cell dimen-
sions are: @ = b = 5.2529 A, ¢ = 11.4888 A, and the Unit cell
volume = 316.53 A®. The refinement confirms a pure tetragonal
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Fig. 1 XRD patterns of the Particle LCLMO:Tm>*/Yb>*.
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phase with R-factors (R, = 3.2%, Ry = 4.1%) indicative of a
high-quality fit. No detectable impurities or structural defects
were observed, corroborating the effectiveness of the solid-state
synthesis route.

The SEM images reveal that the LCLMO:Tm>"/Yb*" phosphor
exhibits agglomerated particles with irregular morphologies
shown in Fig. 2b. The particle sizes range from 1 pm to several
micrometers, indicating non-uniform growth during synthesis.
This agglomeration and broad size distribution may limit the
effective light-emission surface area and reduce packing density,
potentially impacting luminescent efficiency and application
performance in devices requiring uniform particle distribution.

Optical characterization

Fig. 3a displays the diffuse reflectance spectra of LCLMO:Tm>"/

Yb*" phosphors in the 200-1100 nm range. The spectrum
reveals a strong absorption band at 280 nm, attributed to the
0>~ — Mo® charge transfer transition within the MoO,*~
groups.”” Characteristic absorption peaks of Tm>" are observed
at 472 nm ('G, « °*Hg), 688 nm (°F, « °Hg), and 795 nm
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(*H4 « *Hg), while a broad absorption band centered at 975 nm
corresponds to the %F,,, — *Fs, transition of Yb**.23

Band gap determination

Fig. 3b displays the optical band gap of LCLMO:Tm*"/Yb*" was
calculated using Kubelka-Munk (KM) theory. By plotting
[F(Roo)hv]® against photon energy (Av) and extrapolating the
linear region to [F(Roo)hv]> = 0, the band gap energy (E,) was
determined to be 3.22 eV. This value aligns with the semicon-
ducting nature of molybdate-based hosts and confirms their
suitability for near-infrared (NIR) applications.

Photoluminescence at room temperature

Fig. 4a displays the luminescence’s spectrum profile with the
excitation of 975 nm of LCLMO co-doped Tm**/Yb*". The three
different emission peaks that constitute the luminescence
spectrum are 475, 650, and 800 nm. All these emissions are
attributed to the Tm*" ions, resulting from the energy transfer
from Yb** to Tm>'. Specifically, the 475 nm and 800 nm
fluorescence bands correspond to the 'G; — *Hg and *H, —
*H, respective transitions. Furthermore, emission at 650 nm is
associated with 'G, — °F, transitions, as has been widely
discussed in previous studies.** The blue emission attributed
to the 'G, — °H, transition is recorded with a sufficient
intensity in Tm>**/Yb*" doped phosphors, although in this
material this intensity is considered to be too low in compar-
ison with the NIR band. As shown in Fig. 4b, the final color is
blue with CIE chromaticity parameters (x = 0.1801, y = 0.1737).

Furthermore, the decay times for Tm**/Yb*" doped LCLMO
recorded at 975 nm excitation are displayed in Fig. 5. These
curves are the characteristics of up conversion processes, and
the temporal evolution is a function of the lifetimes of the
levels involved in the UC mechanism.

As can be shown, the rising component of the recorded
decay curves contributes significantly, suggesting the presence
of energy-transfer UC mechanisms that are required to fill this
level. The effective lifetime was calculated using the average

Fig. 2 (a) Rietveld refinement of the XRD pattern with %*> = 1.32 and Rwp = 9.63, (b) SEM image of LiCaLa(MoO4)s: Tm**/Yb>* particles showing the

surface morphology.
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Fig. 3 (a) Diffuse reflectance spectra of LiCaLa(MoQ4)s: Tm>*/Yb>* phosphors. (b) Tauc plot used to estimate the optical band gap of the doped samples.
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Fig. 4 (a) Upconversion emission spectra of LiCaLa(MoO,)s:Tm>*/Yb®* phosphors under 975 nm excitation. (b) Corresponding CIE 1931 chromaticity

diagram showing the emission color coordinates of the doped sample.

lifetime formula:>®

~ Judr
T= W (1)

where t is the time and I(t) is the emission intensity. The
emission at 475 nm, corresponding to the 1G, — 3H, transition
of Tm**, exhibited a lifetime of 0.14 ms, while the emission at
800 nm, assigned to the *H; — *H, transition, showed a longer
lifetime of 0.3 ms. These values are consistent with previously
reported data in the literature for similar Tm**/Yb®" systems,
indicating efficient energy transfer from Yb** to Tm*" and
successful population of the higher excited states (via up
conversion processes).

To explore the transition processes of the different emission
peaks, the link between the luminous intensity of the blue and
NIR emissions of the LCLMO-doped Tm?**/Yb®*" phosphor and
the power of the pump is described in Fig. 6a. In general, the
number of photons required to occupy the higher states for UC
processes may be calculated using the following equation:>®*”

I=Kx P @)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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energy level diagram of Tm®* and Yb** ions illustrating the upconversion mechanism in the LCLMO host matrix.

where I, is the intensity, P is the laser pump power and # is the
number of photons. From the experimental data reported in
Fig. 6a, the slope is 2.17 for blue emission and 1.39 for NIR
emission. Using these numbers, two photons are utilized in the
NIR emission UC process, whereas three photons are used in
the blue UC. Fig. 6b presents a schematic, simplified depiction
of the primary radiative and nonradiative processes occurring
in the studied system.”® The excited Yb** ions play a critical
part in the energy transfer process. They transfer their energy to
the Tm>" ions, elevating them from the ground *Hg level to the
excited *Hj; level. Subsequently, the Tm*" ions undergo non-
radiative relaxation, populating the *F, level. In the next stage,
newly excited Yb*" ions contribute their energy to pump the
Tm?*" ions to the *F, level, facilitating the population of the *F,
and °F; levels. The Tm®' ions within the °F, and >F; levels then
experience non-radiative relaxation to the *Hy level. The Yb**
ions subsequently transfer their energy to excite the Tm*" ions
to the *H, level, from which they populate the 'G, level. Finally,
the excited Tm®" ions residing in the 'G, level transition back to
the ground state *H,, generating blue light at approximately
475 nm. Additionally, a tiny percentage of the excited ions

(@) /
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undergo relaxation to the *F, level, resulting in the emission of
red light at roughly 654 nm. From the intermediate level *H,
level also occurs the emission at 800 nm corresponding to the
’H, — *H, transition.?°™3?

Thermal sensing performance at high-temperature

Reliable temperature monitoring is crucial for practical appli-
cations since temperature is an important metric in scientific
study, health care, and industry. First, it is crucial to highlight
that LCLMO was selected as a host for optically active lantha-
nide ions owing to its resilience to high-temperature treatment
and the capacity to be doped with different lanthanide ions.
This resulted in a well-crystallized sample with micro-sized
particles and vivid, strong fluorescence.

Fig. 7a displays UC spectra with increasing temperature in
the range (298-748 K) using 975 nm excitation with 5 mw power
to remove the photo-thermal effect. Due to thermal quenching
processes, the intensity ‘G, — *Hg; *H, — *Hg and 'G, — *F,4 of
Tm®" peaks decreases with increasing temperature, with the
exception of the thermalized band *F, ; — *Hg around 700 nm,
which increases with temperature.®® The change in color with

cie 1931 (b)
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Fig. 7 (a) Temperature-dependent upconversion emission spectra of LiCaLa(MoO,4)s: Tm**/Yb** phosphors recorded in the range 298 K to 748 K under
975 nm excitation. (b) Corresponding CIE chromaticity diagram showing the variation of emission color with temperature.
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the change in temperature is compatible with the chromaticity
coordinates as seen in the CIE diagram (Fig. 7b), These findings
show that the LCLMO:Tm>/Yb** materials may be utilized as visual
optical temperature sensors, taking advantage of their thermochro-
mic features. In addition, the LCLMO:Tm>"/Yb*" materials may be
employed for safety signs in high temperature situations because to
their temperature-sensitive and adaptable luminescence.

For temperature sensing applications, we will focus on
two different band intensity ratios corresponding to the ther-
mally coupled levels (TCL) of Tm®". In this context, the ther-
mally coupled levels (TCL) between the °F, ; and *H, of Tm®".
Usually these levels are located at an energy separation about
(1500-2000 cm™*).** As the temperature rises, the intensity of
the I, (700 nm) increases, and the intensity of the I; (800 nm)
decreases, following the Boltzmann distribution.**

FIRtcL = % =B x exp(kBAf> (3)
where A is a parameter that depends on the host lattice, T is the
absolute temperature, £ is the Boltzmann constant, and AE is
the energy gap between these two thermalized states.

Fig. 8a shows the temperature variation of the FIR (700/800)
value in the range 298-748 K. By using eqn (3), we have obtained
a correlation between the calculated 700/800 band intensity ratio
and temperature, resulting in a AE = 1577.52 cm ™.

Furthermore, the intensity of the blue emission provides a
useful reference in optical thermal sensor in the range 298-
748 K. The high energy differences in NTCELs are a problem for
thermal excitation. As a result, conventional FIR is not applic-
able to NTCLs for large values of AE. In the absence of a well-
defined physical model that accurately describes the tempera-
ture dependencies of FIR values for Ln** NTCELSs, an empirical
approach becomes crucial to capture the complex variations
observed in the experimental data. Consequently, the experi-
mental data of the FIRyrcr (700/475) shown in Fig. 8b, were
fitted with the following function:*®

I T
FIRNTCL = L Axexpl—=|+C (4)
V63 B

where A, B and C are constants.
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Thermal sensing performance analysis

Sensitivity was a crucial and notable attribute when it came to
quantitatively evaluating the appropriateness of materials for
use as optical sensors in real-world applications. Moreover, the
absolute sensitivity (S,) and relative sensitivity (S,) can be
computed using the following formula. These sensitivities are
defined by these two equations:

S, = OFIR/OT (5)
1 OFIR
Sr :mxa—TX 100% (6)

It’s observed that in all cases, regardless of whether it is TCL
and NTCL, the absolute sensitivity increases with the rise in
temperature, with a maximum of 7.66 x 10~ and 6.2 x 1072
respectively.

As illustrated in Fig. 9a, the relative sensitivity achieves a
maximum of 2.62% K~ ' at 298 K. It is important to note that as
the temperature increases, there is a decrease in relative
sensitivity, and the value at 750 K is 0.5% K . Using eqn (4)
it is significant that the relative sensitivity increases as the
temperature increases as shown in Fig. 9b and the value at
748 K is 1.4% K. Currently, our developed sensor is likely the
most sensitive (1.4% K ') at high temperatures out of all the
luminescent thermometers available.>*3%:3¢

Table 1 compares the maximum relative temperature sensi-
tivity (Symax) and temperature uncertainty of LCLMO:Tm>"/Yb**
with other Tm*'/Yb*" doped matrices reported in the literature.
The results demonstrate that the developed thermometer exhi-
bits exceptional performance in high-temperature industrial
applications (up to 748 K). Notably:

e At moderate temperatures (298 K): utilizing Tm*"
thermally coupled levels (TCLs) yields an ultrahigh S; . of
2.62% K ', surpassing most literature values.

e At extreme temperatures (748 K): a record S;max Of
1.4% K is achieved via non-thermally coupled levels (NTCLSs),
outperforming systems where sensitivity typically drops to 0.1-
0.3% K ' at high temperatures.

To clarify the advantages of our host matrix, we compared
the performance of LiCaLa(M0O,);:Tm*/Yb*" with previously

(b)
5

@ Exprimental data
— Fit

FIR(700/475)

300 400 500 600 700 800
Temperature (K)

Fig. 8 Experimental fluorescence intensity ratio (FIR) as a function of temperature (298-748 K) for LiCaLa(MoQ4)s:Tm>*/Yb** phosphors: (a) FIR based
on thermally coupled levels (TCL) at 700 nm and 800 nm. (b) FIR based on non-thermally coupled levels (NTCL) at 700 nm and 475 nm.

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

Mater. Adv., 2025, 6, 5546-5557 | 5551


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00489f

Open Access Article. Published on 10 July 2025. Downloaded on 2/10/2026 3:19:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

3.0

- 0.0008
2.5 I 0.0007

I 0.0006

207 [0.0005 __

- 0.0004 %
1.5 &

- 0.0003

S(%K")

1.0+ [ 0.0002

- 0.0001
0.5+

- 0.0000

T T T T T
300 400 500 600 700 800

Temperature (K)

View Article Online

Paper

1.6 0.07

1.4 4 I 0.06
124 L 0.05

Lood4 _

0.8+

S,(% K)

[0.03 o=
0.6
L 0.02

0.4
- 0.01
0.2
- 0.00

0.0

T T T T T
300 400 500 600 700 800
Temperature (K)

Fig. 9 Calculated absolute sensitivity (S,) and relative sensitivity (S, >) of LiCaLa(MoO4)s: Tm>*/Yb>* phosphors in the temperature range 298-748 K,
based on: (a) thermally coupled levels (TCL) using the emission intensity ratio at 700 nm and 800 nm. (b) Non-thermally coupled levels (NTCL) using the

emission intensity ratio at 700 nm and 475 nm.

Table 1 Sensitivity and temperature range of the sensor material at high-Temperature

Materials T range (K) S: (% K ') at 300 K Sy (% K™Y at Tiax 3T (K) Ref.
NaY,F,:Tm?*"/yb** 300-567 0.5 1.63 (415 K) — 43
Na,;GdV,0gTm?"/Yb*" 298-565 1.34 2.01 (565 K) 0.4 36
Ba,GdV;0,,:Tm>"/Yb** 303-603 1.5 1.7 (350 K) 0.35 24
YVO,:Tm**/Yb** 300-1009 2.86 2.86 (300 K) 0.15 32
YPO,:Tm**/Yb*" 293-773 2.40 2.4 (293 K) — 44
GdVO,:Tm*"/Yb*" 297-673 0.19 0.20 (673 K) 11 45
LiCaLa(M00,);:Tm’"/Yb* 298-748 (NTCL) 0.17 1.4 (748 K) 0.3 This work
LiCaLa(M00,);:Tm*"/Yb*" 298-748 (TCL) 2.62 2.89 (298 K) 0.4 This work
reported systems such as YVO,-based phosphors.** Although sensitivity. SFIR/FIR can be expressed by this formula:

the energy gap between the relevant thermally coupled levels

(°F, and *H,) in LCLMO (1577 cm™ ') is slightly smaller than SFIR 3 31 ®)
that in YVO, (1777 cm™'), LCLMO offers several distinct FIR 1

benefits: (i) a broader and more intense emission band at
800 nm, falling within the second near-infrared window (NIR-II),
which supports enhanced tissue penetration; (ii) improved
chemical and thermal robustness due to the molybdate-based
double perovskite-like structure, crucial for biological applica-
tions; and (iii) strong emission intensity even at relatively low
excitation powers, reducing potential phototoxicity. These features
position LCLMO as a promising alternative for multifunctional
bioimaging and optical thermometry platforms.

Temperature resolution

However, temperature resolution (37), the minimum detectable
temperature change, serves as a critical metric for evaluating
sensor efficacy. This parameter depends on both the material’s
intrinsic properties (e.g., S;) and external factors such as signal-
to-noise ratio (SNR) during calibration. To enhance resolution,
strategies like extended integration times or multi-measurement
averaging can reduce experimental noise. It is derived from the
formula:*”

1 OFIR

where §(FIR)/FIR represents the relative uncertainty in the

fluorescence intensity ratio (FIR), and S, denotes thermal

5552 | Mater. Adv,, 2025, 6, 5546-5557

Here I is the integrated area of a peak and &I/I is determined
from the signal to noise ratio values. Where (31/I) are 0.73% in
the case of TCL and is 0.04% in the case of NTCL.

Fig. 10a and b presents the computed temperature resolu-
tion across the 298-748 K range. For the TCL-based approach,
the resolution varies between 0.3 and 2.0 K, while for the NTCL-
based approach, it ranges from 0.32 to 0.04 K over the same
temperature range. Notably, the NTCL method achieves excep-
tional resolution, underscoring its superior precision.

To evaluate the limit of detection, also known as experi-
mental temperature uncertainty which represents the lowest
possible temperature variation which could be detected during
a specific measurement, 100 repeated spectra were recorded at
298 K (Fig. 11a and b). The temperature estimates followed a
Gaussian distribution, yielding standard deviations of 0.4 K
(TCLs) and 0.3 K (NTCLs).>® These findings confirm that the
LCLMO:Tm*'/Yb*" thermometer meets the stringent require-
ments for dual-use applications in biomedical and industrial
thermal monitoring. Our findings show that LCLMO:Tm**/Yb**
upconverting materials have a high degree of sensitivity
to thermal changes and low error in temperature readings,
making them ideal for optical thermometry utilizing the FIR
approach.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Compared to conventional ceramic-based phosphors
Lay(M00,);:Yb*' /Ho**/Er***°  NaSrY(MoO,);:Er’*/Tm**/yb>*,*
NaCaY(MoO,);:Pr*",*" and Y,Mo0;0,,:Pr**/Yb*"** this material
demonstrates superior resolution within its operational tem-
perature range, underscoring its potential for high-precision
sensing.

Repeatability (R) is another crucial metric for assessing
the accuracy of the temperature sensing techniques employed.
The thermometric parameters, specifically the FIR values, were
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measured multiple times as the sample was cycled from a low
to a high temperature, as illustrated in Fig. 12(a) and (b). The
repeatability (R) was calculated using the following

R, (100%) = (1 —~ |M"(Q;; M(T)d) x 100

where M;(T)c is the measured parameter (FIR or band centroid)
in the ith cycle and M(7)c is the mean value of the M(T) cover
10 cycles. The FIR values determined change reversibly with

(b)

T=748 K ® 1 M
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Fig. 12 Repeatability assessment (R) (a) (700/800) (b) (700/475) for LCLMO doped Tm3*/Yb3*.
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obtained for the emission of 800 nm of LCLMO doped Tm>*/Yb>* with 975 nm excitation.

temperature, and the FIR values for all FIRs were above 97% over
the 298-748 K temperature range, confirming the good repeat-
ability and reliability of the thermometric methods applied.

Analysis of application in biomedical experiments

To evaluate the potential of LCLMO:Tm>*/Yb*" in biomedical
imaging, a vertical experimental setup (Fig. 9a) was designed to
simulate in vivo excitation conditions.*>"” Human blood with
anticoagulant, was placed in a cuvette positioned above a
specialized container holding the phosphor. With this setup
is simulated an excitation and a detection of LCLMO:Tm>"/Yb**
inside of a biological system. Under continuous 975 nm laser
excitation, the emission intensity at 800 nm (Tm*":*H, — *Hg
transition) was monitored as a function of blood depth. Fig. 9b
reveals an exponential decay in signal intensity with increasing
blood thickness, attributed to absorption and scattering losses.
Despite this attenuation, the phosphor achieved a penetration
depth of ~4 mm in the first biological window (IBW, 650-
1000 nm), demonstrating its feasibility for deep-tissue imaging
and luminescence-based thermal sensing in biological envir-
onments. Combined with its exceptional thermal sensitivity
(2.62% K" at 298 K), these results position LCLMO:Tm>"/Yb**
as a dual-functional platform for non-invasive sub-tissue diag-
nostics and high-precision temperature monitoring in biome-
dical applications (Fig. 13).

Conclusion

Luminescent materials have become essential for temperature
sensing across various fields, from industrial catalysis to bio-
medical imaging. In this study, we demonstrate for the first
time that lanthanide-doped up conversion (UC) phosphors,
LiCaLa(Mo00O,);:Tm*"/Yb®*" (LCLMO), function as multifunc-
tional optical sensors for both high-temperature monitoring
(up to 748 K) and deep-tissue bioimaging within the first
biological window (IBW, 650-1000 nm). By leveraging both
thermally coupled levels (TCLs) and non-thermally coupled
levels (NTCLs) under 975 nm excitation, LCLMO exhibits

5554 | Mater. Adv,, 2025, 6, 5546-5557

exceptional thermal sensitivity: 2.62% K ' at 298 K for precise
low-temperature detection and 1.4% K ' at 748 K for high-
temperature resilience. Additionally, the material offers super-
ior thermal resolution, ranging from 0.3 to 0.4 K across its
operational temperature range, underscoring its potential for
high-precision sensing. Our results confirm that LCLMO UC
phosphors are highly suitable for optical thermometry via the
fluorescence intensity ratio (FIR) approach, owing to their high
thermal sensitivity and low temperature uncertainty at elevated
temperatures (748 K). Furthermore, sub-tissue penetration
studies using a blood phantom revealed a 4 mm penetration
depth at 800 nm (*H, — °Hg transition), validating its cap-
ability for non-invasive bioimaging. However, we acknowledge
that this material is not yet fully apt for biomedical applica-
tions. Further studies on biocompatibility, cytotoxicity, and
long-term stability are required to meet the necessary biome-
dical standards. These findings establish LCLMO:Tm**/Yb*" as
a versatile platform bridging advanced thermal sensing, with
promising implications for next-generation diagnostics, thera-
nostics, and industrial monitoring.
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