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A multimodal thermometry material, Sm?* doped Sr,BsOoCl, was successfully synthesized and investigated
for its potential in thermometry and temperature imaging. The temperature-dependent behaviors of the
fluorescence intensity ratio (FIR), decay lifetime, dual-light-path intensity ratio (DLIR) and time-resolved
intensity ratio (TRIR) were systematically studied, revealing high temperature sensitivity for each strategy.
To facilitate temperature imaging, charge-coupled device (CCD) cameras were employed instead of

conventional spectrometers to record the spatial distribution of fluorescence intensity and establish
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Accepted 25th February 2026 calibration curves correlating temperature. Temperature distribution imaging on printed circuit boards
was successfully demonstrated using both the DLIR method and the TRIR technique. The results indicate
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Introduction

Temperature is one of the most important physical parameters.
Its precise measurement is of great significance for scientific
research and industrial production. With the fast development
of science and technology, the working conditions for temper-
ature measurement that researchers face nowadays are
becoming increasingly complex. Traditional contact thermom-
etry, which relies on physical probes, is often unsuitable for
extremely harsh, miniaturized, or fragile targets. Moreover,
a growing number of applications—from analysing thermal
management in microchips™ to monitoring physiological
processes in biological tissues®”’—demand the acquisition of
two- or even three-dimensional temperature maps to fully
elucidate underlying mechanisms. For these scenarios, tradi-
tional point-measurement techniques are fundamentally inad-
equate, as mapping temperature distributions through
sequential point-by-point detection is prohibitively time-
consuming and incapable of capturing dynamic thermal
events in real-time.

Luminescence-based optical thermometry has emerged as
a powerful solution to these challenges, enabling non-contact
measurement and real-time visualization of temperature
distributions. This technique leverages the temperature-
dependent characteristics of luminescent materials, offering
distinct advantages including remote detection capability, rapid
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response, high sensitivity, and inherent spatial resolution.
Consequently, it has garnered significant research interest,
leading to the development of diverse material systems such as
rare-earth-doped  probes,®***  transition-metal-ion-activated
probes,””™* and quantum dots.”>'®* Among these various lumi-
nescent probes, those based on rare-earth (RE) ions stand out
due to their exceptional sensitivity, outstanding thermal and
chemical stability, and remarkable resistance to environmental
interference. These attributes make RE-doped materials
particularly well-suited for reliable temperature imaging, even
under complex and demanding operational conditions.

In RE-doped probes, the trivalent or divalent RE ions serve as
the luminescent centres. Several of their emission characteris-
tics exhibit strong temperature dependence, providing the
foundation for various thermometric approaches. These
include the fluorescence intensity ratio (FIR) between two
thermally coupled levels,"”™ the decay lifetime of an excited
state,”' the absolute emission intensity,"* and shifts in the
emission peak wavelength. Notably, the FIR and decay lifetime
techniques are considered more robust for practical applica-
tions because they are largely immune to fluctuations in exci-
tation intensity and light path loss, which has made them the
focus of extensive research using conventional spectroscopic
point-detection methods.

The transition from point sensing to real-time temperature
distribution imaging necessitates new measurement strategies
and instrumentation. Charge-coupled device (CCD) cameras are
ideally suited for this task, as they can simultaneously capture
intensity information from every spatial point within a target
area in a single exposure. Leveraging this capability, two
primary imaging techniques have been developed for RE-based

© 2026 The Author(s). Published by the Royal Society of Chemistry
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thermometry: the dual-light-path intensity ratio (DLIR)
method*” and the time-resolved intensity ratio (TRIR)

method.*™ These techniques are the spatial imaging counter-
parts to the traditional FIR and decay lifetime measurements,
respectively. The DLIR method employs two cameras equipped
with specific optical filters to capture intensities across two
distinct wavelength regions, thereby obtaining the intensity
ratio for each pixel. While the TRIR method extracts the inte-
grated intensities over two predefined time intervals following
the cessation of excitation using a single ICCD camera, and
examines the temperature dependence of the intensity ratio,
which is intrinsically linked to the fluorescence decay lifetime.
The dual-light-path method is most effective for materials
exhibiting well-separated emission bands, facilitating straight-
forward calculation of the intensity ratio. In contrast, the time-
resolved method is preferred for materials whose decay lifetime
shows pronounced temperature sensitivity.

The Sm>" ion is particularly renowned for its exceptional
temperature sensitivity in both FIR- and lifetime-based sensing
schemes.*** This unique property, observed in hosts like SrB,0-,
and M,B;04Cl (M = Ba, Sr),>* originates from thermal
coupling effect between the 4f° and 4f5d’ energy levels.
Remarkably, this coupling remains effective even when the
energy gap exceeds 2000 cm™ ', allowing the FIR technique to
circumvent the sensitivity limitations imposed by the tradi-
tional thermal coupling rules that govern transitions within the
4f configuration. Furthermore, the 4f°5d" — 4f° transition is
parity-allowed, resulting in a decay lifetime on the order of
microseconds. As temperature increases, an increasing fraction
of the excited Sm>' ions decay through this fast channel,
causing the average measured lifetime to shift dramatically
from the millisecond range (characteristic of the forbidden 4f-
4f transitions) to the microsecond range. This can lead to
a reduction in lifetime by several orders of magnitude,
providing a very sensitive thermometric parameter. These
combined attributes make Sm>" an exceptionally promising
candidate for high-performance temperature imaging.

Among Sm”* doped materials, SrB,O,: Sm*' has been
extensively characterized for thermometry, using both tradi-
tional* and CCD-based techniques.*** While it demonstrates
outstanding performance, its practical application is con-
strained by a relatively high operational temperature threshold;
the 5d-4f transition only becomes significant above approxi-
mately 373 K. This high activation temperature limits its suit-
ability for emerging fields such as microelectronics and
bioscience, where operation near room temperature is often
essential. Consequently, identifying a host lattice that enables
the 5d-4f transition of Sm>" at lower temperatures is critical for
advancing Sm>" based temperature imaging. The chloroborate
compound Sr,B504Cl has been identified as such a promising
host, reported to facilitate this transition at a lower tempera-
ture. Additionally, the synthesis of chloroborates (e.g., Sr,Bs-
0oCl, Ba,B504Cl) is generally more facile compared to their
borate analogues (e.g., CaB,0,, BaB,0O,). Given these advan-
tages—a lower operational temperature range and straightfor-
ward synthesis—Sr,B5;0oCl was selected as the host material for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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this in-depth investigation into the temperature imaging
potential of Sm>".

In this work, we present a comprehensive study on Sm*"
doped Sr,B504Cl, systematically evaluating its potential as
a versatile optical thermometric material. We investigate its
temperature-dependent properties using four distinct methods:
the fluorescence intensity ratio (FIR), decay lifetime, dual-light-
path FIR, and time-resolved intensity ratio. Our results
demonstrate that this material exhibits excellent sensitivity
across all modalities, strong emission signal, and a favourably
lower operating temperature range. These combined attributes
establish Sr,B;0,Cl: Sm>" as a highly promising candidate for
multi-mode temperature sensing and imaging applications.

Experimental

The Sm>" doped Sr,B;0,Cl sample was synthesized via
a conventional high-temperature solid-state reaction method.
All starting materials, including strontium carbonate (SrCOj3),
strontium chloride (SrCl,), boric acid (H;BO3), and samarium
oxide (Sm,0;), were of analytical grade and used without further
purification. These reagents were weighed according to the
predetermined stoichiometric ratio, thoroughly mixed, and
ground in an agate mortar. The mixture was then preheated at
500 °C for 1 hour in a muffle furnace. Subsequently, the
resulting precursor was fully reground and sintered at 850 °C
for 4 hours under a reducing atmosphere (e.g., flowing N,/H,
mixture or active carbon embedding) to facilitate the reduction
of Sm>" to Sm”* and obtain the final crystalline product.

The crystal structures of the synthesized samples were
determined by X-ray diffraction (XRD) (Rigaku-TTR-III) with Cu
Ko radiation (A = 0.154 18 nm) in the 26 range from 10° to 80°.
Photoluminescence emission spectra were recorded using an
Omni-A5028i monochromator and a charge-coupled device
(Andor DU401ABVF). The excitation source was an Opolette 355
LD laser, the output wavelength we used was 355 nm with
a pulse duration of 7 ns and a pulse repetition rate of 20 Hz. The
decay curves were recorded with the help of a Tektronix
TDS2024 digital storage oscilloscope. The powder sample was
pressed onto a heating stage to form a thin layer for measure-
ment of time resolved intensity ratio in the temperature range
of 333-533 K. The temperature of the sample was controlled by
a Laker Shore Model 336 temperature controller with closed
cycle cryocoolers (Advanced Research Systems, DE-202AI). The
temperature imaging system is built on a fluorescent micro-
scope and the fluorescence images under the excitation of
355 nm pulsed laser are captured by an ICCD (Andor iStar 340 T
18U73) with active pixels of 1330 x 512, effective pixel size of
13.5 x 13.5 pm and minimum optical gate width of 2 ns.

Results and discussion
Structure and morphology

The phase purity and crystal structure of the as-synthesized
S1,B;0,Cl: Sm>* sample were examined by XRD. Fig. 1 pres-
ents the XRD pattern of the sample alongside the standard
pattern for pure Sr,B504Cl (JCPDS No. 27-890). All the observed
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Fig.1 (a) XRD pattern of the Sr,BsOoCl: 2%Sm?* and the No. 23-890
standard card, (b) Rietveld refined XRD diffractograms of the Sr,Bs-
OoCl: 2%Sm?>* sample.

diffraction peaks can be well indexed to the standard pattern,
confirming the successful formation of a pure phase with high
crystallinity. A slight shift of the diffraction peaks to lower
angles is observed, which is attributable to the successful
incorporation of Sm>" ions into the Sr,B;0,Cl host lattice, since
the ionic radius of Sm>" is larger than that of Sr*.

The initial model for refinement was based on the known
structure of Sr,B;04Cl. The reliability factors R, = 5.23% and
Ryp = 7.16% obtained for the material indicate that the refined
results are reliable. The unit cell parameters were determined to
bea=11.318 A, b =11.387 A, c = 6.496 A, with « = 8 = v = 90°,
corresponding to an orthorhombic system. The unit cell volume
is 837.25 A%,

The Scanning Electron Microscope (SEM) of the sample is
shown in Fig. 2(a). It is obtained from the SEM photo that the
sample consists of particles around 1 pm that agglomerated
together. Through the Energy Dispersive Spectrometer (EDS) in
Fig. 2(b-e) we can learn that the Sm, Sr and other elements are
evenly distributed in the sample.

Photoluminescence properties

The excitation and emission spectrum of the sample at room
temperature are measured to study the sample's luminescence
properties (Fig. 3). The Sr,B;0,Cl: 2%Sm>" is chosen due to its
strong luminescence intensity and emission from a single site
(Fig. S1). The emission spectrum (Fig. 3(a)) shows that at room
temperature the sample only shows transitions that originate
from 4f energy level. The strongest luminescence peak located
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Fig. 2 (a) SEM image and (b—e) EDS elemental mapping of the Sr,-
B5OoCl: 2%Sm?3*.
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Fig.3 (a) Excitation spectra of Sr,BsOgCl: 2%Sm>* monitoring 685 nm
emission; (b) emission spectra of Sr.BsOsCl: 2%Sm?* excited by
355 nm laser; (c) schematic energy level diagram of the Sm?* ions in
Sl’zBsogcl.

at 685 nm is designated as °D, to “F,. The peaks at the long
wavelengths originates from °D, to “F; and “F,. The excitation
spectrum (Fig. 3(b)) was monitored at the emission wavelength
of 685 nm. There are several excitation bands and the best two
excitation bands are around 306 nm and 356 nm. Thus, it is
reasonable to choose 355 nm as the excitation wavelength.

The room-temperature photoluminescence (PL) properties
of Sr,B;0,Cl: 2%Sm>" are presented in Fig. 3. The emission
spectrum (Fig. 3(a)), obtained under excitation at 356 nm, is
dominated by sharp lines characteristic of 4f-4f intra-
configurational transitions of Sm>". The most intense peak at
685 nm is assigned to the °D, to “F, transition. The weaker
features at longer wavelengths originate from the °D, to “F; and
°D, to F, transitions. The excitation spectrum (Fig. 3(b)),
monitored at the 685 nm emission, reveals several broad bands.
The two most prominent bands, centered at approximately
306 nm and 356 nm, are attributed to 4f to 5d transitions of
Sm**. Based on these findings, an excitation wavelength of
355 nm was selected for all subsequent measurements, as it
efficiently populates the emitting states.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Temperature dependent emission spectra (a) and integrated
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The temperature-dependent photoluminescence (PL) spectra
and decay lifetimes of Sr,Bs0,Cl: Sm** were systematically
investigated to evaluate its thermometric performance. Fig. 4(a)
displays the temperature-dependent PL spectra, normalized to
the 685 nm peak of Sm>*. As temperature increases, a distinct
broad emission band emerges in the range of 500-675 nm, with
a maximum around 587 nm. This band is attributed to the
4f°5d" to 4f° transition of Sm>", which becomes progressively
more intense relative to the sharp 4f-4f lines at higher
temperatures due to the thermal population of the 5d excited
state. According to the excitation spectra and emission spectra
at high temperatures, the stokes shift of 5d energy levels are
calculated to be 2766.2 cm ™.

The temperature dependence of the total integrated PL
intensity is plotted in Fig. 4(b). Notably, the material exhibits
exceptional thermal stability, with negligible thermal quench-
ing observed below 500 K. Above this temperature, the intensity
only undergoes a gradual decrease. This remarkable resistance
to thermal quenching is a significant advantage for high-
temperature thermometry applications, as it ensures a strong
signal throughout the operational range.

The temperature-dependent fluorescence intensity ratio
(FIR) was defined as the integrated intensity of the 5d-band
(500-587 nm) divided by that of the 4f-band (680-750 nm).
The integration range for the 5d-band was carefully selected to
avoid potential overlap with the °D, to “F, transitions around
630 nm. The resulting FIR as a function of temperature is pre-
sented in Fig. 5 (a), along with a fitting curve. The data were
well-described by the following Boltzmann-type equation:

_AE
R = Be ksT )]
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Fig. 6 (a) Temperature dependent decay lifetime and its fitting line; (b)

relative sensitivity of the temperature dependent decay lifetime.

with parameters AE = 3586.8 cm ™' and B = 12 932. The overall
agreement between the fit and the experimental data is good, as
further visualized in the inset of Fig. 5(a), which plots the FIR on
a logarithmic scale to better assess the low-temperature region.
A noticeable deviation between the fit and the experimental
data is observed below 350 K, which can be attributed to the
extremely weak intensity of the 5d-band emission at these
temperatures. As the temperature increases, the intensity of the
5d emission rises. However, due to its broad-band nature, the
emission intensity at each specific wavelength remains signifi-
cantly weaker than the sharp line emission observed at lower
temperatures, resulting in a reduced signal-to-noise ratio for the
derived FIR values.

The relative sensitivity (Sg) for the FIR method was calcu-
lated and is depicted in Fig. 5(b). A maximum Sg of 3.57% K ' is
achieved at 300 K. It should be noted that the sensitivity values
at the lowest temperatures (where data fitting is less reliable due
to low signal-to-noise ratio) should be interpreted with caution.
Nevertheless, across the majority of the investigated tempera-
ture range, Sy remains above 2.24% K ', demonstrating
a sensitivity that is highly competitive for practical temperature
sensing applications.

The temperature dependence of the decay lifetime, moni-
tored at the 685 nm emission (°D, to 'F,), is presented in
Fig. 6(a). The lifetime undergoes a rapid decrease with
increasing temperature. This dramatic reduction is a direct
consequence of the thermal population of the 5d levels, which
provides a fast, parity-allowed radiative decay pathway (4f°5d"
— 4f%) that effectively shortens the measured lifetime

Table 1 Relative sensitivity information of recently reported work®

Temperature Max Sg
Materials Mode (Sr Max) (% K1 Ref.
(a) (b)
@ Intensity Ratio Uasl | 205K 3.57%K" p—
S| ——Fiting Line %59 | S SrB,O,: Sm>* FIR 720 K 3.52 19
8 |z g = BaFCl: 1%Sm>" DL 775 K 2.40 25
2 |27 2501 SrFBr: 1%Sm>* DL 700 K 3.40 25
S & 5 BaFBr: 1%Sm*"* DL 123 K 1.30 25
2 |¥el g 0,5 ScF;: Yb*/Tm?* LIR 523 K 1.60 26
g Tomperoiure () 5 Ba;(VO,),: Eu** LIR 773 K 2.01 27
0.04 14 H . 2+ 3
P T S S e Sr,B504Cl: Sm FIR 295 K 3.57 This work
Temperature (K) Temperature (K) Sr,B504Cl: Sm?* DL 520 K 5.35 This work
Fig. 5 (a) Temperature dependent intensity ratio and its fitting result; ¢ FIR stands for fluorescence intensity ratio; DL stands for decay

(b) relative sensitivity of the temperature dependent intensity ration.
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compared to the forbidden 4f-4f transitions. The experimental
data are accurately fitted by the following equation:

-T
7 =0.0042 — 0.0002¢85.7 (2)

The corresponding relative sensitivity, plotted in Fig. 6(b),
exhibits a monotonic increase with temperature, reaching
a notably high value of 5.35% K ' at 520 K.

The above results confirm that both the FIR and decay life-
time methods in Sr,B;0,Cl: Sm>* yield excellent relative sensi-
tivities. Motivated by these promising point-sensing
characteristics, we proceeded to evaluate its performance for
temperature distribution imaging, implementing both CCD
camera-based FIR and time-resolved intensity ratio techniques
(Table 1).

FIR based temperature imaging with a CCD camera

To achieve real-time temperature imaging via the FIR tech-
nique, a dual-light-path optical system integrated with two CCD
cameras was implemented, following the approach described in
our prior work.”” This configuration simultaneously captures
fluorescence intensities within two separate spectral bands: one
corresponding to the 5d to 4f emission (500-580 nm) and the
other to the 4f-4f emission (680-750 nm). Long-pass and short-
pass filters were respectively incorporated into each optical path
to ensure effective spectral isolation.

During data acquisition, two spatially co-registered images
are captured: one (Imagesq) representing the intensity distri-
bution in the 5d-band (500-580 nm) and the other (Image,¢) for
the 4f-band (680-750 nm). The FIR distribution map is then
computed on a pixel-by-pixel basis by taking the ratio Imagesq/
Image,s. This entire process, from image capture to FIR map
generation, can be completed in less than 0.5 seconds, thereby
enabling rapid, real-time temperature imaging.

For calibration, the sample was heated to a series of known
temperatures, and the corresponding average FIR value from
the imaging area was recorded to establish the FIR-temperature
relationship (Fig. 7(a)). Once this calibration curve was ob-
tained, the temperature distribution of any object coated with
the sample could be determined in real-time by acquiring a new
image pair and converting the FIR map into a temperature map
using the calibration function.
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Fig. 7 (a) The fitting result of the temperature dependent intensity
ratio based on dual light path system; (b) relative sensitivity of intensity

ratio based on dual light path system.
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The calibration data for Sr,Bs0sCl: Sm**, acquired in the
range of 333 K to 483 K, is presented in Fig. 7(a). The superior
light-collecting efficiency of the CCD camera enabled reliable
FIR measurements to be extended to lower temperatures
compared to spectrometer-based detection. The data were fitted
with a sigmoidal function (eqn (3)), which shows excellent
agreement across the entire temperature range in both linear
and logarithmic coordinates (inset), guaranteeing the accuracy
of this imaging approach.

2782.5
FIR = 0.05 + (3)
(1 4 104).012(713.34))

The relative sensitivity derived from this calibration is
plotted in Fig. 7(b). The maximum Sg reaches 2.9% K™ ' at 483 K,
a value that ranks highly among FIR-based thermometric
materials. Crucially, the operational temperature range for
imaging starts from a significantly lower temperature (333 K)
compared to the previously reported SrB,O,: Sm>* (383 K),*
since the fitting result of Sr,B;04Cl: 2% Sm?* are better than
SrB,0O,: Sm>" at lower temperature. Therefore, it broadens the
potential application scope, as many modern sensing applica-
tions require operation from near room temperature up to 500
K.

To demonstrate practical application, we performed
temperature imaging on a printed circuit board (PCB) (Fig. 8). A
wire on the PCB was heated by applying different electrical
currents (2.5, 3.0, 3.5 A), creating a localized temperature rise
and a corresponding spatial gradient. The sample powder,
coated uniformly over the area of interest, translated this
temperature distribution into an FIR distribution. The resulting
temperature maps for different currents are displayed in Fig. 9.
As anticipated, the wire location is clearly identifiable as the
hottest region, with temperature decreasing with increasing
distance from the wire center, effectively visualizing the thermal
profile.

The above result indicates that Sr,BsOCl: 2% Sm?** for the
TRIR method is very promising for
applications.

thermal sensing

Time-resolved intensity ratio imaging

The time-resolved intensity ratio technique serves as a simplifi-
cation of the decay lifetime measurement to meet the demand
for rapid imaging. This method involves capturing two images
at different delay times (time gates, T; and 7,) after the

Fig. 8 The PCB used in temperature imaging study based on dual-
light-path method.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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excitation pulse. The choice of T; and T, is critical as it repre-
sents a trade-off between sensitivity and operational range. A
larger interval between T; and T, enhances temperature sensi-
tivity; however, if T, substantially exceeds the fluorescence
lifetime, the fluorescence signal becomes excessively weak,
thereby significantly degrading the signal-to-noise ratio. After
optimization, the time gates T; and T, were set to be 0.5-1.5 ms
and 15-25 ms, respectively. For calibration, the ICCD camera
was used to acquire image pairs at these two time gates across
a range of temperatures, and the ratio of the integrated inten-
sities (Imager /Imager,) was calculated.

Test

Uoltage

49917M~-Y486-26

Fig. 11 The PCB used in temperature imaging study based on time-
resolved intensity ratio method.
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(a), 6 A (b). The picture at right side shows the temperature distribution
of the dashed line location.

The temperature dependence of the time-resolved intensity
ratio (TRIR) and its fitting curve are shown in Fig. 10(a). The
data are excellently fitted by the equation:

T
TRIR = 1.32 + 5.6 x 107¢1604 (4)

The relative sensitivity for this method, calculated and
plotted in Fig. 10(b), reaches a maximum of 5.73% K ' at 457 K,
which is higher than that achieved by the single-point lifetime
measurement. Comparing with recent reported work on,* the
DLIR and TRIR method shows relatively higher sensitivity but
narrower operational temperature range.

The capability for temperature imaging was likewise
demonstrated on the PCB setup (Fig. 11), using higher currents
(5 A, 6 A) to generate more pronounced heating. The resulting
temperature distribution maps are shown in Fig. 12. The images
clearly reveal the wire as the heat source, with a temperature
gradient radiating outward, and the overall temperature eleva-
tion increases with the applied current. The cross-sectional
temperature profile along the dashed line quantitatively
confirms this spatial thermal distribution.

Conclusions

In this work, we have successfully synthesized the Sr,B504Cl:
Sm>" and comprehensively characterized its performance in
optical thermometry and temperature imaging area. The
temperature dependent behavior of FIR and Decay lifetime are
obtained and the relative sensitivity is excellent. The tempera-
ture imaging using both dual light path Intensity ratio method
and time resolved intensity ratio method is successfully ach-
ieved. These results indicate that Sr,B;0,Cl: Sm>" is a prom-
ising material for temperature sensing application and
temperature imaging application. The high sensitivity and
pronounced thermal stability of Sr,B;0,Cl: Sm** establish it as
a highly versatile and promising candidate for advanced multi-
mode temperature sensing and real-time thermal mapping
applications.
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