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1. Introduction

Luminescent thermometry in NaSrY(MoO,)s:Tm>*/

Yb**: achieving high thermal sensitivities across
the visible and near-infrared-1/1ll windows

Mariem Yangui,® Kamel Saidi, 2 **° Christian Hernandez-Alvarez,®
Mohamed Dammak 2% and |. R. Martin (= ¢

Remote optical thermometry has garnered significant attention due to its non-contact nature, high
sensitivity, and rapid response capabilities, which are essential for industrial and biomedical applications.
Lanthanide-doped luminescent materials, particularly Tm>*-based systems, represent promising candi-
dates for such thermometers owing to their tunable, temperature-dependent emissions and strong
luminescence across biological transparency windows. Herein, Tm>*/Yb®* co-doped NaSrY(MoO.,)s
(NSYM) phosphors were synthesized via a sol—gel method. Under 975 nm excitation, the material exhi-
bits upconversion emissions at 487 nm (!G, — 3Hg) and 693 nm (*G, — 3F,), alongside near infrared
(NIR) emissions at 797 nm (*Hs — °Hg; NIR-1) and 1625 nm (°F4 — *Hg; NIR-Il). Additionally, it shows a
band at 1450-1550 nm (*Hs — 3F4; NIR-1II) enabling simultaneous operation across the visible spectrum
as well as the first and third biological transparency windows. The luminescence intensity ratios (LIRs) of
693/487 nm (LIR3), 693/663 nm (LIR2), and 1625/1500 nm (LIR8) yield exceptional relative thermal sensi-
tivities of 1.84% K1, 1.90% K%, and 0.82% K™, respectively. Notably, LIR3 operates within the third bio-
logical window (NIR-1Il), where tissue penetration is maximized, rendering it particularly valuable for
deep-tissue applications. The system demonstrates temperature uncertainties as low as 0.4-0.5 K over
the 297-356 K range, significantly outperforming most of the reported luminescent nanothermometers.
Furthermore, strong NIR-IIl emission under low excitation power underscores the potential of
NSYM:Tm**/Yb®** for deep-tissue imaging, optical signal amplification, and non-invasive biological
thermometry. These results establish Tm>*-based phosphors as highly promising platforms for next-
generation optical thermal sensors in biomedicine.

ultraviolet to near-infrared (NIR).*” Temperature readout in
LNPs can be achieved through multiple optical parameters,

Remote optical nanothermometry has emerged as a powerful
tool for non-invasive temperature sensing in biological systems,
with critical applications in photothermal therapy, photo-
dynamic therapy, and real-time monitoring of cellular."” Unlike
conventional thermometers, optical nanothermometers offer
high spatial resolution, fast response times, and the ability to
provide real-time thermal mapping without physical contact.’
Among various platforms, lanthanide-doped luminescent nano-
particles (LNPs) stand out due to their exceptional photostabi-
lity, absence of blinking, and rich emission spectra spanning
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such as emission intensity, spectral shift, lifetime, or lumines-
cence intensity ratio (LIR). Of these, LIR and lifetime-based
methods are particularly robust, as they are largely immune to
fluctuations in excitation power, probe concentration, or envi-
ronmental scattering factors that commonly compromise accu-
racy in biological systems.®®

A major challenge in in vivo thermometry lies in the strong
absorption and scattering of light by biological tissues.'® To
maximize penetration depth and imaging fidelity, optical
nanothermometers must operate within the biological trans-
parency windows: NIR-I (650-950 nm), NIR-II (1000-1350 nm),
and NIR-III (1500-1850 nm)."" Emissions in the NIR-II/III regions
are especially advantageous, offering up to 100-fold improve-
ments in the signal-to-noise ratio, enhanced spatial resolution,
and deeper tissue penetration compared to visible or NIR-I
probes."”® Despite these advantages, a critical limitation per-
sists in the field: the vast majority of reported lanthanide-based

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0002-0098-7904
https://orcid.org/0000-0001-8190-2150
https://orcid.org/0000-0001-5446-2612
http://crossmark.crossref.org/dialog/?doi=10.1039/d6ma00173d&domain=pdf&date_stamp=2026-04-24
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00173d
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA007010

Open Access Article. Published on 24 April 2026. Downloaded on 6/16/2026 11:18:53 AM.

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

(cc)

Paper

optical nanothermometers operate effectively in only one bio-
logical window, typically NIR-I, while lacking usable emission in
the deeper-penetrating NIR-II and NIR-III regions. To broaden the
spectral coverage, some research groups have employed tri-doped
systems (e.g., Yb**/Er**/Tm>" or Yb*"/Ho>*/Tm>"), as demonstrated
by Jaque, Carlos and Marcin et al."”*° While these approaches
can extend emission into multiple windows, they often introduce
synthetic complexity, competing energy-transfer pathways, and
reduced efficiency in the NIR-III region particularly under low-
power excitation compatible with biological safety limits. Even
among Tm>*-based systems, which theoretically support multi-
window emission, practical implementations frequently suffer
from weak NIR-III luminescence, low thermal sensitivity in the
NIR range, or reliance on high excitation densities. Furthermore,
most ratiometric thermometry strategies remain confined to
visible or NIR-I transitions, failing to exploit the full potential of
Tm>"s rich energy-level structure for deep-tissue.>*°** Tm*'-
based systems present a compelling alternative. When sensitized
by Yb**, Tm®* exhibits a cascade of radiative transitions spanning
the visible to NIR-III range. This unique multi-window capability,
rare among lanthanides, enables simultaneous operation across
all three biological transparency windows.”*** Although non-
radiative losses can occur due to the small energy gap between
the *H, and °H; levels, strategic host selection and efficient
Yb** — Tm®" energy transfer can significantly enhance NIR
quantum efficiency.>>>” Moreover, the two-photon upconversion
process in these systems efficiently populates the *H, state,
enabling strong NIR-III emission under low-power 975 nm excita-
tion superior to other lanthanides such as Ho**, Er**, or Pr*" in
this spectral region.®**! Nevertheless, to date, no Tm>*"-based
nanothermometer has successfully combined (i) high ratiometric
thermal sensitivity in the physiological temperature range and (ii)
strong and stable emission across all three biological windows,
especially the underutilized NIR-III band.

Herein, we address this gap by developing Tm**/Yb** co-
doped NaSrY(MoO,); (NSYM) phosphors via a sol-gel method.
Our material achieves intense, temperature-sensitive lumines-
cence across the visible, NIR-I, and NIR-III regions, simulta-
neously covering the most important biological transparency
windows using only two dopant ions while delivering exceptional
thermal sensitivities (1.84-1.90% K ' and 0.82% K ', respec-
tively) and remarkably low temperature uncertainties (0.4-0.5 K)
under biocompatible excitation conditions. Notably, the pro-
nounced NIR-III emission is particularly valuable, as this third
biological window maximizes tissue penetration, rendering it the
most advantageous spectral region for deep in vivo applications.
This work establishes a simplified yet high-performance platform
for next-generation optical nanothermometers in deep-tissue
diagnostics and advanced thermal sensors in biomedicine.

2. Experimental section
2.1. Materials and synthesis

All reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used as received without further purification. The
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starting materials included sodium nitrate (NaNOj, 99.0%),
strontium nitrate (Sr(NO3),-5H,0, 99.9%), yttrium nitrate
(Y(NO3);-6H,0, 99.9%), ytterbium nitrate (Yb(NO;);-5H,0,
99.9%), thulium nitrate (Tm(NOj3);-5H,0, 99.9%), ammonium
heptamolybdate ((NH4)sM0,0,,-4H,0, 99.96%), citric acid
(C¢HgO5, 99.0%), nitric acid (HNO3, 65%), and deionized water
(18.2 MQ cm).

The Tm*'/Yb** co-doped sodium strontium yttrium molyb-
date (NSYM) phosphors were prepared using a citric acid-
assisted sol-gel route. Predetermined quantities of the metal
nitrate precursors were dissolved in an aqueous acidic medium
(5 mL of concentrated HNO; and 25 mL of deionized water)
within a 100 mL Erlenmeyer flask. The nominal dopant con-
centrations were 1.0 mol% Tm®* and 20.0 mol% Yb®* (relative to
the Y** content). Ammonium heptamolybdate was introduced
separately to achieve the desired Mo®" stoichiometry. The result-
ing mixture underwent magnetic stirring at 70-80 °C until com-
plete dissolution was achieved, yielding a transparent solution.
Citric acid was subsequently added at a molar ratio of 1.5:1
relative to the total metal cations, inducing a color transition
from colorless to pale blue. The reaction vessel was maintained
at 80 °C under continuous agitation to promote gel formation.
After gelation, the product was dried at 150 °C for 12 hours,
subjected to a preliminary heat treatment at 400 °C for 2 hours,
ground to a fine powder using an agate mortar, and finally
calcined at 600 °C for 4 hours in ambient air to yield the
crystalline phosphor powder. The doping concentrations were
selected based on the distinct roles of the lanthanide ions in the
upconversion mechanism. Yb** acts as the sensitizer with a
large absorption cross-section at 975 nm; a concentration of
10 mol% was chosen to ensure efficient pump light absorption
and energy transfer to the activator ions without inducing
significant concentration quenching. Tm*" acts as the activator
responsible for the visible and NIR emissions. A lower concen-
tration of 1 mol% was selected to minimize cross-relaxation
processes between Tm®" ions, which typically lead to lumines-
cence quenching at higher doping levels. These concentrations
are consistent with optimal doping levels reported for Tm>'/
Yb*' co-doped molybdate hosts in recent literature*>”*>

2.2. Characterization

X-ray diffraction measurements were performed using a Bruker
D8 Advance diffractometer (Bruker AXS, Madison, WI, USA)
equipped with Cu Ko radiation (4 = 1.5406 A). Data collection
parameters were set at 40 kV and 30 mA, with angular scans
spanning 20 = 5-80°. Structural analysis and phase identifi-
cation were conducted through Rietveld refinement employing
the FULLPROF software package to assess the crystallinity and
structural integrity of the synthesized samples.

Particle morphology and dimensional distribution were
characterized via field-emission scanning electron microscopy
(FE-SEM, Hitachi TM3000, Hitachi High-Tech, Tokyo, Japan)
and transmission electron microscopy (TEM, Hitachi HT7700,
Hitachi High-Tech, Tokyo, Japan). Luminescence properties
were investigated using a combination of two complementary
detection systems. Upconversion, luminescence and near-infrared
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emission spectra were acquired using an Andor Shamrock 500
spectrometer (Andor Technology, Belfast, UK) equipped with
dual CCD detectors: a silicon CCD covering the 400-1000 nm
region and an InGaAs CCD for the 900-1700 nm spectral window,
with instrumental spectral response calibration applied to all
measurements. Photoluminescence excitation was provided by a
fiber-coupled continuous-wave laser diode operating at 975 nm
with an output power of 150 mW and a focused spot diameter of
approximately 0.2 mm. All temperature-dependent LIR measure-
ments were performed under 975 nm excitation at 15 mW,
focused with a 10 cm focal length lens, yielding a power density
of 2.4 W cm™? on the sample surface.

3. Structural properties and particle
morphology

X-ray diffraction (XRD) analysis was performed to confirm the
phase purity and crystal structure of the Tm*'/Yb**-codoped
NSYM phosphors. As shown in Fig. 1, the experimental XRD
pattern of NSYM:Tm>'/Yb*" is in excellent agreement with the
reference pattern of NaSrY(MoO,); (Joint Committee on Powder
Diffraction Standards, JCPDS Card No. 70-0257),**3* with no
detectable secondary phases. This confirms the formation of a
monophasic material. All diffraction peaks were successfully
indexed to the tetragonal crystal system with a space group of
I4,/a (No. 88) following structural refinement. The observed
diffraction profile closely resembles that of NaLa(MoO,),-type
compounds,*® which share a related scheelite-derived tetrago-
nal structure, further supporting the structural assignment.
Rietveld refinement was employed to assess phase purity and
refine the unit cell parameters, yielding a = b = 5.26257 A, ¢ =
11.56482 A, and f = 90°, as show in Fig. S1. Notably, the XRD
patterns remained unchanged upon doping with Tm?" and
Yb*", indicating that these lanthanide ions are successfully
incorporated into the Y** lattice sites without inducing signifi-
cant structural distortion. This facile substitution is attributed to
the similar ionic radii of the eight-coordinated (CN = 8) ions:
Y*(0.900 A), Yb** (0.950 A), and Tm>" (0.880 A). The morphology

Intensity (a.u)

20 30 40 50 60
26(°)

Fig.1 XRD pattern of NSYM:Yb**/Tm>* phosphor. Inset shows TEM
image.
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and particle size of the synthesized NSYM:Tm>'/Yb*" phosphor
were examined using a scanning electron microscope (SEM), as
shown in Fig. 1; the micrographs reveal irregular, predominantly
spherical nanoparticles that exhibit moderate agglomeration.
The primary particle size is estimated to be approximately
200 nm, consistent with the nanoscale dimensions suitable for
optical nanothermometry and bioimaging applications.

Under 975 nm excitation, NSYM:Tm>'/Yb®" exhibits rich
multi-wavelength luminescence spanning the visible region to
the NIR-III region, arising from both upconversion (UC) and
down-conversion (DC) processes. Fig. 2 shows the photolumi-
nescence emission spectrum, with visible UC emissions at
487 nm ("G, — *H,) and 693 nm ('G, — °F,), resulting from
the sequential energy transfer from Yb** to Tm*®" and subse-
quent population of high-lying excited states. In contrast, the
NIR emissions at 797 nm (*H,— *Hg), 1450 nm (*H; — °F,),
and 1625 nm (°F, — °>Hg) originate from down-conversion
transitions, where lower-energy excited states relax radiatively
without photon upconversion.®?”*® The 797 nm band falls
within the first biological window (NIR-I, 650-950 nm). The
1450 nm emission represents an important spectral band,
which often appears around 1400 nm in bioimaging applica-
tions, due to its reduced background interference, and the
1625 nm peak lies in the third biological window (NIR-III,
1500-1850 nm), a region valued for its deep tissue penetration,
minimal scattering, and negligible autofluorescence.*®**?*” The
integrated presence of upconverted visible emission and down-
converted near-infrared luminescence (NIR-I/III) within the
same co-doped phosphor system offers significant practical
advantages. The visible UC bands provide a basis for develop-
ing high-sensitivity ratiometric temperature sensors, whereas
the near-infrared down-converted signals enable penetration
into biological tissue and facilitate non-contact thermal char-
acterization. This study represents, to our knowledge, the first
comprehensive report of Tm** luminescence emission across
the complete near-infrared spectrum (NIR-I and NIR-III win-
dows) from the NSYM host matrix under 975 nm photoexcita-
tion. These findings underscore the versatility of this material
platform for biomedical photonics applications requiring
multi-wavelength optical functionality.

The photon-number dependence of Tm®" emissions pro-
vides key insight into the energy-transfer mechanisms under-
pinning the observed luminescence. To elucidate the UC, the
dependence of emission intensity on excitation pump power
was investigated. Theoretically, the integrated UC emission
intensity (I) scales with the pump power (P) according to the
relationship:**%°

I~ P (1)

where n represents the number of 975 nm photons required to
populate the emitting state. A log-log plot of emission intensity
versus pump power density thus yields n as the slope, revealing
the dominant excitation mechanism.*®*' As shown in Fig. 3(a),
the slope for the blue UC emission ('G, — *Hg at 487 nm) is
2.28, indicating that approximately three photons are involved
in populating the 'G, level consistent with a three-step energy

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) and (b): The up- and down-conversion luminescence spectra of NSYM:Tm>*/Yb>* under 975 nm laser excitation.

transfer upconversion (ETU) process mediated by Yb**. In
contrast, the NIR emission at 797 nm (*H, — *Hg) exhibits a
slope of 1.62, signifying a two-photon process for populating
the ®H, state.

The mechanisms of absorption, energy transfer, UC and DC
can be clearly illustrated using the energy level diagram of Tm**
and Yb®*" ions, as depicted in Fig. 3(b). The promotion of Tm®*
ions to higher excited states via a variety of excitation mechan-
isms, such as cooperative energy transfer (CET), energy transfer
UC (ETU), and ground state absorption (GSA), is evident in this
picture.

However, the Tm®" energy level diagram makes it clear that
three photons are needed to reach the 1G, level and two photons
are needed to occupy the *H, level, as shown in Fig. 3(b). Two
consecutive energy transfers from Yb** ions stimulated to the
’Fs,, state drive the UC process to the *H, level.** In the ground
state (*Hg), an excited Yb*" ion first non-resonantly transfers its
energy to a Tm> ion, elevating it to the *Hj level before it relaxes
to the °F, level. The Tm®" ion is then excited from °F, to the ’F,
or °F; level (ET2) by a second excited Yb*" ion, and then it relaxes
non-radiatively to the *H, level. A third energy transfer step (ET3)
from an excited Yb®* ion further excites the Tm** ion to the 'G,
level, completing a three-photon upconversion process. This

B n=2.28 (A=487 nm)
® n=2.55 (A=693 nm)
A n=1.62 (A=797 nm)
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mechanism highlights the crucial role of Yb®* ions as sensitizers,
owing to their high absorption cross-section at 975 nm, which
facilitates efficient energy transfer to Tm>" ions.*>**

3.1. Optical temperature sensing

The lanthanide trivalent thulium ion (Tm?®*) presents excep-
tional versatility for wavelength-resolved temperature sensing
owing to its intricate energy level structure and consequent
emission spanning from the visible spectrum through the third
near-infrared biological window (NIR-III). Although Tm?**/Yb**
co-doped systems have received considerable attention for
upconversion photoluminescence studies, their utilization in
ratiometric thermal sensing particularly with emphasis on NIR-
III transitions has remained relatively unexploited. Conven-
tional investigations predominantly emphasize visible or NIR-
I luminescence channels, with minimal investigation into the
thermal behavior of NIR-III bands. This work demonstrates
that the NSYM host material doped with Tm*"/Yb*" enables
multi-window thermal characterization with particular focus on
the NIR-III spectral region.

Temperature-dependent photoluminescence spectra of NSYM:
Tm*'/Yb>* nanocrystals were acquired under 975 nm photoexcita-
tion across the 297-356 K thermal range (Fig. 4(a) and (b)).

30
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Fig. 3 (a) Dependence of the intensity on the pump power of NSYM:Tm>**/Yb** and (b) partial energy level diagram of Yb** and Tm>* ions showing the
processes that occur when the NSYM:Tm®*/Yb** phosphor is excited at 975 nm.
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Fig. 4 Temperature-dependence of the emission spectra of the NSYM:Tm>*/Yb** material: (a) upconversion and (b) down-conversion under excitation

at 975 nm.

Increasing temperature elicits monotonic intensity diminish-
ment in the visible UC bands ('G, emission at 487 and 693 nm)
and the *H, transition (797 nm), a trend attributable to
enhanced radiationless decay through multiphonon deexcita-
tion pathways. Conversely, the near-infrared emission centered
at 1625 nm (°F, — *Hg transition) displays a contrasting positive
temperature coefficient. This anomalous response originates from
thermally promoted cross-relaxation and phonon-mediated
energy transfer mechanisms coupling the *H, and °F, excited
states, with the latter achieving higher population efficiency at
elevated temperatures. Thus, the *F, manifold functions as a
thermally responsive energy reservoir, rendering the 1625 nm
emission particularly suited for NIR-III thermal measurement
applications. A significant observation is the enhanced thermal
stability of the visible UC luminescence relative to the near-
infrared DC photoluminescence. This differential resilience to
thermal quenching derives from the substantial energy separa-
tion between the 'G, level and underlying states, effectively
attenuating multiphonon deexcitation processes. The distinct
thermal sensitivities exhibited between visible and near-infrared
emission channels establish a reliable basis for developing
ratiometric temperature sensors with enhanced sensitivity and
measurement precision.

Following confirmation of concurrent visible UC and near-
infrared DC luminescence under 975 nm photoexcitation, the
thermal sensing capabilities of NSYM:Tm>*/Yb*" were system-
atically evaluated. The pronounced temperature sensitivity of
photoluminescence signals across the visible, NIR-I, and NIR-
III spectral bands indicates feasibility for thermal monitoring
across a physiologically relevant temperature window.

To characterize the temperature-sensing performance of
NSYM:Tm*'/Yb**, two complementary analytical methodologies
were implemented: Boltzmann-based and non-Boltzmann-
based luminescence intensity ratio (LIR) analyses, with selection
guided by the electronic configuration of Tm*". Although Tm**
does not possess the classical thermally coupled level (TCL)
architecture conventionally described as paired excited states
exhibiting 200-2000 cm™" energy separation and Boltzmann-
distributed population dynamics, certain emission transitions

5140 | Mater. Adv, 2026, 7, 5136-5146

in this material system demonstrate empirically observed
Boltzmann-type thermal response characteristics. These emis-
sion pairs consequently facilitate accurate ratiometric thermal
quantification. For non-thermally coupled levels (NTCLs)—such
as emission transitions originating from distinct excited states
that do not share a common thermalizing manifold—the tem-
perature dependence of the fluorescence intensity ratio (FIR)

typically follows a modified empirical form, often expressed
ag:2745747

I —C
LIRNTCL = 1_; = A+ B xexp (—) )

KyT

where I; and I, are integrated emission intensities, A is the
constant that depends on the experimental setup (for LIR1
A =0), Kp is the Boltzmann constant, T is absolute temperature,
and AE represents an effective energy gap derived from the fit.

Fig. 5 shows the temperature-dependent LIR for the emis-
sion pairs (LIR1-LIR8) under 975 nm excitation. The integrated
intensities were obtained by Gaussian fitting of each emission
band to ensure accuracy.

In contrast, LIR1, LIR2, LIR3, and LIR4, as well as LIR5,
LIR6, LIR7, and LIRS, which involve emissions from the same
upper level, all follow the NTCL model eqn (2) with high fidelity
(R*> > 0.99), reflecting the temperature-dependent branching
ratios between the radiative pathways.

However, when we compare them with wavelengths in the
third biological window, we get a significant increase and the
maximum of the LIR8(1625/1500) reaches 0.9. This indicates
the importance of the 1625 nm peak to improve our results.

These results demonstrate that NSYM:Tm®'/Yb*" supports
NTCL mode thermometry offering flexibility for multi-parameter
thermal sensing across biological windows.

In order to investigate the performance of any nanotherm-
ometer, parameters such as absolute sensitivity and relative
sensitivities should be determined. The absolute sensitivity (S,)
was calculated using eqn (3). This parameter is usually
expressed in K 121748

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Temperature-dependent luminescence intensity ratios (300-360 K). (a) LIR1 (693/797 nm), (b) LIR2 (693/663 nm), (c) LIR3 (693/487 nm), (d) LIR4
(693/1500 nm), (e) LIRS (1625/487 nm), (f) LIR6 (1625/663 nm), (g) LIR7 (1625/797 nm), and (h) LIR8 (1625/1500 nm).

The absolute sensitivity S, provides critical insight into the
thermal response of each emission pair. For LIR1 (693/797),
LIR2 (693/663), LIR3 (693/487) and LIR4 (693/1500), it increases
monotonically with temperature, with maximum values of
0.0028, 0.0088, 3.29 x 10~ %, and 7.47 x 10> K ', respectively.
These trends reflect the underlying thermal activation of non-
radiative pathways that modulate the branching ratios between
competing emissions. Notably, LIR7 (1625/797) exhibits an
atypical behavior: its absolute sensitivity decreases slightly from
0.0224 to 0.0220 K" over the measured range, likely due to
saturation effects or competing relaxation mechanisms at higher
temperatures.

However, the relative temperature sensitivity, S, allows
the quantitative comparison of thermometers with different

operating principles (developed using different measuring setups).
This parameter reflects by what amount the analyzed thermo-
metric parameter (LIR) changes per 1 K (typically expressed
in % K1), and it is defined according to eqn (4).*°7>

1 SLIR

Sy =— X — x 100%

LIR T (4)

Fig. 6 shows the temperature dependence of the relative
sensitivity S, for various LIRs in NSYM:Tm>*"/Yb*". As commonly
observed in lanthanide-based thermometers, the relative sensi-
tivity decreases with increasing temperature for certain emis-
sion pairs (e.g., LIR7 and LIRS8). In contrast, the LIR2 and LIR3
ratios exhibit a monotonic increase with temperature, reaching
maximum values of 1.90% K ' and 1.80% K ', respectively,
near 356 K. These high sensitivities in the visible range are
particularly advantageous for optical thermometry, as they
benefit from a favorable balance between moderate tissue
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Fig. 6 Absolute sensitivity S, and relative sensitivity S, variations obtained from the temperature-dependent luminescence intensity ratios of the
NSYM:Tm**/Yb** phosphor (a) LIR1 (693/797 nm), (b) LIR2 (693/663 nm), (c) LIR3 (693/487 nm), (d) LIR4 (693/1500 nm), (e) LIR5 (1625/487 nm), () LIR6

(1625/663 nm), (g) LIR7 (1625/797 nm), and (h) LIR8 (1625/1500 nm).
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absorption and sufficient penetration depth for superficial
bioimaging applications. Notably, while most reported lantha-
nide thermometers operate within a single biological window,
our Tm**/Yb**-doped NSYM phosphor demonstrates measur-
able relative sensitivity across the most important biological
transparency windows: NIR-I (~797 nm, *H, — *Hg) and NIR-
I1I (1625 nm, *F, — *Hg). (Do not forget the significance of the
peak near 1450 nm, as it is almost within the range of the
second biological window: *H, — *F,.) Although the sensitivity
in the NIR-III window is lower than that in the visible region, it
remains significant: for the 1625/1500 nm ratio (assigned to
*F, — °He/’Hy— °Fg), S, reaches 0.82% K™ ' a value that
substantially exceeds that of Er**-based systems. For instance,
under comparable conditions, Er*:NaYF, exhibits only
0.14% K ' in the NIR-IIl window (1512/1540 nm).** In the
following table, we present a summary of the values for S,. The
demonstrated performance characteristics highlight the distinc-
tive advantages of Tm®" as a thermal sensing agent for subsurface
biological imaging, leveraging its extensive cascade of near-
infrared transitions and efficient energy transfer from Yb®" sensi-
tizer ions. Comprehensive evaluation of both relative and absolute
thermal sensitivity metrics across the three tissue-transparent
spectral windows illuminates the photophysical behavior of the
Tm*'/Yb*"-modified NSYM lattice and delineates foundational
design criteria for developing advanced optical nanotherm-
ometers optimized toward clinical and biomedical deployment.
Despite inherent limitations including radiative losses from small
energy splittings within the Tm** manifold, modest photolumi-
nescence quantum efficiency in the NIR-III spectral region, and
competing upconversion and cross-relaxation deexcitation chan-
nels, the NSYM:Tm>*/Yb®" composition demonstrates outstand-
ing thermal responsiveness, an extended operational temperature
window (297-356 K), and consistent luminescence output span-
ning the NIR-I and NIR-II regions. A critical advantage is the
material’s functionality at reduced excitation irradiance levels,
maintaining biological safety thresholds while generating suffi-
cient signal intensity in penetration-optimized spectral domains
that concurrently suppress endogenous biological luminescence
(Table 1).

Comparative analysis presented in Table 2 documents super-
ior performance relative to previously reported Tm>"-based thermal
sensors regarding both thermal responsivity and multi-spectral
functionality. The optimal luminescence intensity ratio pairs
(693/663 nm), (693/1500 nm), and (1625/1500 nm) yield

Table 1 Luminescence intensity ratio (LIR), spectral window, and max-
imum sensitivity (S,) in % K=t

LIR Ratio (nm) Spectral window Se(max) (% K1)
LIR1 693/797 Visible/NIR-1 1.40

LIR2 693/663 Visible 1.90

LIR3 693/487 Visible/Visible 1.80

LIR4 693/1500 Visible/NIR-IIT 1.82

LIR5 1625/487 Visible/NIR-IIT 0.57

LIR6 1625/663 Visible/NIR-III 0.63

LIR7 1625/797 NIR-III/NIR-I 0.85

LIRS 1625/1500 NIR-III 0.82
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maximum relative sensitivities of 1.90% K™ *, 0.82% K™, and
0.82% K ', respectively, throughout the physiologically applic-
able thermal range. While outstanding challenges persist, such
as amplification of NIR-III luminescence intensity, suppression
of thermally induced emission losses at higher temperatures,
and implementation compatibility within heterogeneous in vivo
tissue environments, this investigation constitutes a significant
milestone toward realizing practical, multi-window optical nano-
thermometers capable of delivering non-invasive, high-accuracy
thermal measurements in living biological systems.

In addition to absolute (S,) and relative (S,) sensitivities, the
temperature resolution (37) is a critical figure of merit that
defines the smallest detectable temperature change. It is
expressed as®®™¢

1 SLIR

T — — o™
0T =5 X TIR (5)

OLIR . L .
where IR represents the relative uncertainty in the lumines-
cence intensity ratio (LIR) measurement, and S, is the relative
thermal sensitivity. The value thus depends not only on the
intrinsic thermometric performance of the material (i.e., S;) but
also on experimental factors such as the signal-to-noise ratio
(SNR), detector sensitivity, and calibration stability. To improve
temperature resolution, data acquisition quality can be enhanced,
for instance, by increasing the integration time or averaging
multiple measurements to suppress random noise and minimize
measurement uncertainty Using (eqn (5)), we calculated the
theoretical temperature resolution for NSYM:Tm>'/Yb*" across
the 297-356 K range (Fig. 7). Remarkably, all LIR-based thermo-
meters in this system achieve 6T < 1 K, with the best-performing
pairs (e.g., 693/663 nm) reaching as low as 0.4-0.5 K. Such high
resolution combined with multi-window operation and low exci-
tation power underscores the strong potential of this material for
precision thermal sensing in biological environments, where sub-
kelvin accuracy is often required.

These results confirm that both non-thermally compensated
luminescence (NTCL) and quasi-thermally compensated lumi-
nescence (quasi-TCL) based luminescence intensity ratio (LIR)
thermometry strategies exhibit high precision across the entire
297-356 K range, with temperature resolution (37) consistently
below 1 K. This level of performance provides a reliable esti-
mate of the thermal resolution achievable with NSYM:Tm>"/
Yb*' in practical sensing scenarios. To quantify the experi-
mental temperature uncertainty (i.e., the limit of detection),
we performed 100 repeated LIR measurements at room tem-
perature (297 K) under identical experimental conditions. The
resulting distributions (Fig. S2) were fitted with Gaussian
functions, and standard deviation (¢) was used to determine
the uncertainty in LIR (3LIR). The full width at half-maximum
(FWHM) of each peak corresponds to the experimental resolu-
tion of the sensor, with values plotted in Fig. S3. These measure-
ments confirm that the temperature uncertainty remains as low
as 0.4-0.5 K, validating the high reproducibility and reliability of
the NSYM:Tm>*/Yb** system. Collectively, these findings estab-
lish NSYM-based upconverting phosphors as high-performance

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Maximum relative thermal sensitivity Symax Of Tm3*-doped luminescent materials in biological windows

Samples Jex (NM) Jem (NM) Srmax) (% K Biological windows Ref.
NaSrY(Mo,)s:Er**/Ho*/Yb** 975 (1512/1540) 0.14 NIR-III 54
NaSrY(MoO,);:Er*'/Ho*"/Yb** 975 (525/660) 1.2 Visible 54
Ba;GdV;0,,:Er’*/Tm*"/Yb** 975 (700/650) 1.4 NIR-I 40
LayM0;0,,:Tm>"/Yb*" 975 702/652 7.37 NIR-I 55
Cs,NaLuClgMn>* 320 STE/Mn?** 1.02 Visible 56
Y,M0,0;5:Tm>"/Er** 975 (700/650) 1.3 NIR-I 57
LinF4:Er@LiYF4:Er3+ 980 (1425/1650) 0.248 NIR-III 58
NaSrY(Mo,);:Tm>*/Yb** 975 (693/663) 1.9 Visible This work
NaSrY(Mo,);:Tm**/Yb** 975 (1625/1500) 0.82 NIR-III This work
() (b) © g
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0.80
0.74 0.84 0.70 4
0.75
g - - 2 oss
; 070 E — ?‘_5_ 71 E e
- had 054 064 0.60
0.60 0.4 0.5+ 0531
086
085 T v T v T 0.3 04 300 310 320 330 340 350 360
300 310 320 330 340 350 360 9 300 310 320 330 340 350 36(
Temperature (K) o Te,:::m::: (K) Mo w0 Temperature (K) Temperature (K)
(e) (f) @) (h)
0. 0.55 0.58
AL = LIRS (1625/487) = LIRG (1625/663) 0361 LI P = LIRS (1625/1500) -
“ \\\ 0.50 0.34 0.54
o o \ 0.45 0321 0.52
:‘f’ 040 \\ g 2 0.0 2 o=
“ N S 040 g & 9
038 \\\ 0.281 0.46
036 N 0.35 0.26 0.44
i3] 0.42
0.34 0.30 ) 0.40
00 310 320 3% 340 350 360 300 310 320 330 340 350 360 M R TR T T PR T 300 310 320 330 340 350 360

Temperature (K) Temperature (K)

Temperature (K) Temperature (K)

Fig. 7 Temperature uncertainty values 8T of NSYM:Tm**/Yb®* obtained for (a) (693/797), (b) (693/663), (c) (693/487), (d) (693/1500), (e) (1625/487),

(f) (1625/663), (g) (1625/797) and (h) (1625/1500).

optical thermometers with exceptional sensitivity, sub-kelvin
resolution, and minimal measurement error, making them
highly suitable for precision thermal sensing in both biological
and industrial applications.

4. Conclusion

In summary, Tm**/Yb** co-doped NaSrY(MoO,); (NSYM) phos-
phors were successfully synthesized via a sol-gel method. The
materials exhibit simultaneous luminescence across the visible,
NIR-I, and NIR-II biological windows under low-power excitation,
offering a biocompatible platform for multifunctional theranos-
tics and non-invasive temperature sensing. The materials demon-
strate exceptional ratiometric thermometric performance, with a
maximum relative thermal sensitivity of 1.90% K ' over the
physiologically relevant temperature range of 297-356 K in the
visible range. The observed temperature-dependent luminescence
arises from the synergy of down-conversion processes, wherein
temperature-activated cross-relaxation selectively populates the
3F, level, thereby enabling highly sensitive NIR-III thermometry
(S = 0.82% K for the 1625/1500 nm ratio). Combined with its
high sensitivity, sub-kelvin resolution (0.4-0.5 K), and broad
operational range (297-356 K), NSYM:Tm®*'/Yb*" represents a

© 2026 The Author(s). Published by the Royal Society of Chemistry

highly promising platform for non-invasive optical thermometry
in biomedical diagnostics, photothermal therapy monitoring, and
industrial thermal sensing applications. This work thus estab-
lishes a robust foundation for the rational design of next-
generation multi-window luminescent nanothermometers based
on tailored rare-earth-doped molybdate hosts.
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