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Optical thermometry has emerged as a crucial non-contact method for temperature measurement,
serving a broad array of applications. This technique delivers precise readings without the need for
physical contact, proving especially valuable in situations where traditional contact-based methods are
impractical. However, the pursuit of heightened accuracy in optical thermometry remains an ongoing
pursuit. Within this context, the advancement of luminescent thermometers assumes significant
importance, offering the promise of enhanced temperature sensing capabilities. Through the exploration
of novel materials and innovative strategies, the goal is to elevate the precision of these sensors, paving
the way for more dependable temperature measurements in various environments. Therefore, the focus
of the present study lies in the synthesis of a series of LiSr'YWsO1, (LSYW):x%Sm>* phosphors using the
solid-state reaction technique, where x varies from 0.03 to 0.15. The investigation delves into the
structures, morphologies, UV-Visible absorption, and luminescent characteristics of these phosphors.
The down-conversion luminescence properties were studied under 405 nm laser excitation, leading to
the determination of the optimal doping concentration at x = 0.05. Subsequent in-depth analysis
focused on the optical temperature sensing properties, employing the fluorescence intensity ratio (FIR)
method. The FIR of the *Fs/»/*Gs/» — ®Hy» transition consistently increased with temperature across the
range of 300-583 K. The maximum relative sensitivities were determined as 1.58% K™* (at 301 K). These
findings underscore the exceptional potential of LSYW doped with Sm3* as a highly effective material for
applications in high-temperature sensing. Through this research, the pursuit of more accurate and
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reliable temperature measurements takes a significant step forward, offering promising avenues for

rsc.li/materials-advances further exploration and utilization.
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1. Introduction

Temperature is a significant factor in the domains of material
engineering and equipment manufacture, as it often influences
several physical and chemical aspects of goods to a certain
degree. Thus, applications in industry are extremely interested
in thermometers since they can measure an object’s temperature
correctly.'® When measuring temperature, contact thermo-
meters - including thermocouple thermometers are susceptible
to a number of limitations. Rare earth ions, particularly the
trivalent Sm®", play a significant role as activator ions in the
development of novel luminescent materials.*”® Due to its multi-
energy structure and orange-red light emissions from its *Gs,
level, Sm** has attracted a lot of interest recently. Meanwhile, its
high quantum efficiency makes it a promising candidate for use
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in high-density optical storage, underwater communication,
and color display.” Extensive theoretical and experimental
investigations have been conducted on Sm®* ions.*® Their
unique 4f-4f transitions result in red-orange emissions, mak-
ing materials activated with Sm** ions desirable for various
applications, including white light-emitting diodes (w-LEDs).
Recent research has focused on utilizing different host materi-
als, such as Ba,Ca(BOj3),:Sm>", Ba,CaZn,Sic0;,:Sm>", and LiBa-
PO,:Sm**, to achieve red-orange emissions.’*"* Additionally,
the potential applications of Sm*"-doped materials as red
phosphors can be enhanced through codoping with other
lanthanide ions.**'* However, Sm** doped tungstate phos-
phors with Li, Na, and K ions show excellent luminous intensity
along with chemical and thermal stability.">'® Due to their
combination of high thermal conductivity, excellent thermal
and mechanical stability, low phonon energy (around
900 cm ™), high melting point (1240 °C), and chemical stability,
complex tungstate structures are considered promising host
matrices for rare earth doping.'”2°

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Binary alkaline earth tungstates, denoted as MLn, (WO,),
(with M representing an alkaline earth bivalent metal ion and
Ln representing trivalent rare-earth ions), are categorized among
scheelite-structured compounds. The extensive investigation of
scheelite-structured binary molybdates and tungstates has been
driven by their remarkable up-conversion (UC) photolumines-
cence properties, as documented in prior studies.”"** Specifically,
binary NaLn (WO,), compounds, when doped with rare-earth
ions, display a tetragonal phase with the I,;/a space group, falling
under the broader classification of scheelite-type structures. This
phase is frequently utilized to facilitate the partial substitution of
trivalent rare-earth ions (Ln*") by Ho®" and Yb** ions, introducing
disorder in the tetragonal phase at the lanthanide site of Ln**.>*°

To date, a single report on ternary tungstates with a general
composition of NaMLn(WQO,); has been documented, where M
represents Ca>*, Sr** and Ba®", and Ln represents La>*, Gd*" and
Y** ,with Ho>"/Yb*" codopage.”®*” In this article, we will explore
LiSrYW;0;, doped with Sm** for thermometry applications. This
paper explores the synthesis of LSYW:Sm>®" materials through
the solid-state reaction method. The down-conversion lumines-
cence characteristics of LSYW:Sm®* were assessed at room
temperature using a 405 nm laser. Furthermore, the temperature
dependence of LSYW doped with 5% Sm** was comprehensively
investigated over the range of 301 to 583 K.

2. Experimental procedure

2.1. Synthesis

LSYW microcrystalline samples doped with Sm** ions were
synthesized using a high-temperature solid-state reaction tech-
nique. The starting materials, with a high purity of 99.999%,
included Li,CO3, SrCO3, Y,03, WO; and Sm,0; (Sigma-Aldrich).

Various doping concentrations of Sm** (0.03, 0.05, 0.07, 0.1,
and 0.15 relative to Y** ions) were employed. Stoichiometric
amounts of the high-purity chemicals were meticulously mixed
and ground using an agate mortar. Subsequently, the mixture
was gradually heated to 350 °C for 16 hours to eliminate gases.
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The resulting powder was then compressed into cylindrical
pellets and heated at 900 °C for 10 hours.

2.2. Characterization

The X-ray diffraction (XRD) patterns of the phosphors were
measured in the 26 range of 5-60° using an X-ray diffractometer
(Bruker D8, Germany) equipped with Cu Ko radiation (4 =
1.5405 A), operating at 40 kv and 30 mA for phase identifi-
cation. UV-vis-NIR absorption was analyzed utilizing a UV-vis-
NIR spectrometer (PerkinElmer Lambda 950). Morphological
characteristics of the samples were investigated via scanning
electron microscopy (SEM) (JEOL, JSM 6510LV). Temperature-
dependent emissions were studied using a JOBIN YVON HR 320
spectrometer with a 405 nm laser excitation source. The tem-
perature of the sample was varied from room temperature to
588 K with the interval of 10 K.

3. Results and discussions

3.1. Characterization of crystalline phase

The XRD patterns were employed to investigate the crystal
structure and phase purity of the materials. Fig. 1. displays
the X-ray diffraction patterns of microcrystals LSYW:xSm>" with
x = 0.03, 0.05, 0.07, 0.1, and 0.15, registered in the range of
5-65°. According to the XRD patterns of LSYW (JCPDS No. 96-
154-6037), the samples exhibit a tetragonal structure with space
group I,;/a (88), which is isomorphic to StWO,, and the peaks
are accurately indexed. The produced phosphors are observed
to form in a single phase, as no additional peaks are evident in
the X-ray diffraction pattern. This confirmation suggests the
successful occupation of the Y** site by Sm** ions. Notably, a
shift of the XRD peak at 27.9° to lower angles is observed with
increasing Sm®" concentrations, As show in Fig. 1b. This shift
can be explained by the substitution of Y** ions by Sm** ions
and the difference in their ionic radii, leading to an increase in
lattice parameters and cell volumes.
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Fig. 1 XRD patterns of the obtained products LSYW:xSm** (x = 0.03, 0.05, 0.07, 0.1, 0.15).
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The SEM pictures of the LSYW:0.05Sm>" phosphors are
displayed in Fig. 2. The micrographs that were gathered show
that the particles were aggregated and that their sizes fell within
1 um, it is significant to keep in mind that solid-state chemical
processes frequently exhibit this aggregation phenomena.

4. Optical characterization

4.1. UV-visible spectra

Diffuse reflectance spectra are collected over the wavelength
range 200-1100 nm as seen in Fig. 3. In order to find the optical
band gaps for the powder samples.

According to previously reported literatures, we can see
that the energy band gap (E,) and absorption coefficient (o) are
related in the way shown below (eqn (1)):

28,29

()" = A(hv — Eg) (1

where iv denotes the energy, A presents constant and the values
of m can be 1/2, 2, 3/2 and 3, respectively, when the semicon-
ductor belongs to the allowed direct, allowed indirect, forbid-
den direct, and forbidden indirect electronic transitions. For
LSYW, which is a direct semiconductor, the m number is 1/2.

The E, values are calculated by plotting (¢hv)* against the
photon energy ho (eV), as illustrated in Fig. 4. when the
absorption coefficient () is projected to zero, the band gaps
of the LSYW:xSm>*" samples decrease with an increase of the
“x” value and vary between 3.31 and 3.19 eV.

4.2. PL and PLE characterizations

The excitation (PLE) and emission (PL) spectra of Sm**-activated
LSYW phosphors are shown in Fig. 5. In PLE spectra, a broad
charge transfer band from 220 to 350 nm and a number of sharp
peaks are observed in the 360-550 nm range. The broad charge
transfer band (CTB) was assigned to the O~ — W°' transition.
The sharp peaks are assigned to the 4f-4f electronic transition of
Sm®" ions. Which are located at 345, 362, 377, 405, 418, 439, and
462 nm, corresponding to the transitions *Hs, — “Hys,°Hs —
4D3/2, 6Hs/2 - 6P7/2, 6H5/2 - 4F5/2 6Hs/z - 6Ps/z, 6Hs/z - 669/2 and
®Hs, = "Toj2,11/2,1312), Tespectively.'>* Since the absorption peak
at 405 nm is more intense than the other absorption peaks, the
Near UV LED chip can effectively excite the synthesized phosphor,

Fig. 2 Scanning electron microscopy images of LSYW doped 0.055m>*.
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Fig. 3 Diffuse reflectance spectra of LSYW:xSm**(x = 0.03, 0.05, 0.07, 0.1
and 0.15).

which is essential for the commercial use of WLEDs. PL emission
spectra measured at 405 nm excitation, reveals a variety of peaks in
the 550-725 nm wavelength region. A total of five emission bands
exists: the band emitted by the *F5,, — °Hj, transition at 523-543,
which is weak at room temperature, and the bands emitted by
6H(5/2,7,2, o2,11/2) transitions whose wavelength ranges are 543-
581 nm, 581-634 nm, 634-685 nm, and 685-735 nm, respectively.
The Commission International de I'Eclairage (CIE) 1931 chroma-
ticity diagram of the LSYW doped Sm®" at 405 nm is shown in the
inset of Fig. 5. The obtained color coordinates are x = 0.60, y = 0.39,
and are located in the reddish-orange area of the spectrum.

In order to interpret the energy transfer mechanism, the
critical distance (R.) between two adjacent Sm** ions in the
lattice must be calculated using the Blasse equation (eqn (2)):**

kY4 1/3
Re=2 (4nNXc) 2)

V is the volume of the unit cell, R, is the critical distance, X, is the
critical concentration, and N is the number of vacant cationic sites
in the unit cell that can be occupied by activators.*® For Sm*", the
open cationic sites are N = 4, and V is taken to be 326.3 cm =, X, =
0.05 (as shown in Fig. 6(a) and (b)). A concentration at which the
internal decay rate (radiative rate) equals the nonradiative transfer

rate is called a concentration quenching concentration.*® The
critical distance of our current system is R. ~14.6 A declares that
the exchange interaction has been canceled out (R. > 5 A), As a
result, the only viable approach for non-radiative energy transfer is
multipolar interaction. Using Van Uitert’s theory, we can explain
the concentration quenching. The relationship between luminous
intensity and doping concentration is described by the following
equation (eqn (3))**

ék(w@)l ®)

The activator concentration denotes the multipolar interaction
constant equal to 6, 8, or 10, which, respectively, correspond to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Plot of [xhi? versus (hv) of LSYW doped with x = 0.03, 0.05, 0.07, 0.1 and 0.155m>*.
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Fig. 5 PLE and PL spectra of the LSYW:5%Sm>* phosphor (inset CIE of the
phosphor under 405 nm).

dipole-dipole(d-d), dipole-quadrupole(d-q), and quadrupole-
quadrupole(q—q) interactions. Equivalence to Eqn (4) might also

be written as:
I 0
log (E) =— (g) log(C) + 4 4)

wherein A is a constant value.

Fig. 6(c) shows the linear relationship between the log C and
log(1/C) values of the LSYW doped xSm** (x = 0.03, 0.05,0.10 and
0.15) phosphors. The slope (—0/3) was determined using linear
fitting to be —1.03, (i.e., 0 = 3). It is made clear by the estimated
slope value and its value that energy is being transferred

© 2024 The Author(s). Published by the Royal Society of Chemistry

between the Sm** ions in the LSYW phosphors. LSYW doped with
0.05Sm*" was used for investigating the optical temperature sen-
sing properties. Fig. 6d illustrates the down-conversion lumines-
cence mechanism of Sm** ions.***® By absorbing photon energy
at 405 nm (24 691 cm ™ '), Sm** ions in the ®H/, level (ground state)
are excited to the °Py, level (excited state). The Sm®* ions in the
excited state continuously proceed via NR processes to the “Fj,
level. The population of *Gs), level increases when the majority of
Sm®" ions at “F3, level non-radiatively relax to “Gs, level. Though
the radiative transition process, the Sm** ions at the *F;, and *Gs,,
levels relax to the °Hs, level, producing two emission bands with
peak wavelengths at 531 nm (~18832 cm ') and 568 nm
(~17605 cm™ "), respectively. Additionally, the Sm®" ions in the
Gs), level have the ability to relax to the 6H7/2, o2, 112 levels,
emitting bands of light that are orangered in color with peak
wavelengths of 616 nm (~16234 cm™ ), 651 nm (~15361 cm ™ %),
and 710 nm (~14 084 cm™ '), respectively. Regarding nearby Sm>*
ions, there could be four additional cross-relaxation processes as
shown in the diagram below.

5. Temperature sensing behavior

For the objective of digging out the optical thermometry features
of the manufactured products, the typical temperature-
dependent emission spectra of the examined samples with the
optimal dopant concentration were determined. Fig. 7a displays
down-conversion luminescence for LSYW:0.05Sm>" measured
under laser excitation 405 nm at 303-588 K temperature range.
The integrated intensities of various emission bands are repre-
sented by Iy, Ig1, I, Ig2—1, lea—2, Igs and Ig, to assist the
research of the optical temperature sensing properties because

Mater. Adv,, 2024, 5, 6162-6169 | 6165
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the luminescence spectra of LSYW:0.05Sm>" contain several
emissions peaks.

The integrated intensities of the *F3,, — ®Hs), transition are
represented by the band Iy, whereas those of the Gy, —
6H(5/27 7/2,9/2,and 11/2) transitions are represented by Igq, Is2, Igs,
and Ig4, respectively as shown in Fig. 7b. The integrated
intensities of two emission sub-bands from the ‘G, — °H,
transition, with peak wavelengths of 598 nm and 607 nm,
respectively, are represented by I, ; and Ig, , at 303-588 K
temperature range. As illustrated in Fig. 7b, the intensity of the
fluorescence of the ‘F;, — °Hs,, transition is weak at low
temperature; nevertheless, there is a monotonic increase in
intensity as the temperature increases. Because of the thermal
quenching effect, fluorescence intensities of the transitions
*Gs;a = °H(s)a,712,9/2,11/2) decrease as temperature increases.

The temperature dependence of FIR of Iy/Ig, could be
expressed by the Boltzmann’s distribution rule as follows

(eqn (5)):"

AE
FIR = 4 x exp(—kB—T> (5)

where the variables A is a constant, AE represents the energy gap
between different energy levels, kg is Boltzmann constant and 7'
is the absolute temperature. The FIR as function of temperature
of Iy/Ig, is demonstrated in Fig. 7c. The experimental values
indicated in the figure was generally in agreement with the
fitting curves. Ig/lg, increase monotonically with the tempera-
ture, suggesting that the optical detection of temperature can be
performed by measuring fluorescence intensity ratio.

The rate at which the FIR changes in response to changes in
temperature is known as the absolute sensitivity (S,). Conse-
quently, the S, can be written as (eqn (6)).**™*3

d(FIR) AE AE )
ar e T2 P\ ThaT

For the purpose of comparing the sensitivities of various
materials, the following relation has been used to calculate
relative sensitivity (eqn (7)).***°

_ 1 d(FIR)
""FIR dT

S, = =4

AE
=kt 7)

Fig. 7d illustrates the S, and S, of Ig/Ig, as a function of
temperature using eqn (6) and eqn (7), respectively. The curves
shown in this figure show that S, and S, grow monotonically
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from 303 K and then decline monotonically after reaching their
maximum values. The optical temperature sensor characteristics
linked to Iz/Ig, is detailed in Table 1. As illustrated in Table 1,
LSYW:0.05Sm>" exhibits a lower maximum absolute sensitivity
compared to other materials. However, it demonstrates higher
maximum relative sensitivities. Furthermore, temperature reso-
lutions (37) were estimated using eqn (8), where OFIR/FIR
represents the uncertainty in the FIR measurement.*®*’

1 JFIR
BT—EA—FIR (8)

where FIR is the thermometric parameter’s limit of resolution,
that is, the smallest ratio changes that can be observed experi-
mentally. The resolution limit is related to the performance of
the thermometer, but it is also controlled by the experimental set
up.”® As a result, enhancing acquisition methods and measure-
ment performance, such as extending integration time and
using the average of subsequent measurements to decrease
experimental noise, may be one option for increasing the
resolution limit. To figure out the limit of detection, 15 measure-
ments were taken at room temperature under similar conditions
for Sm®*" doped LSYW, and the outcomes are shown in the
histograms in Fig. 8a. and the limit of detection (LIR) was
determined as the statistical distribution’s standard deviation
for each method, with values of 0.159 for the Iy/Ig,. Fig. 8b
display the temperature resolution values 6T obtained for It/Ig,
using Eqn (8). It’s significant that all of the 87 values are less
than 1 K at room temperature, which is extremely useful for a
wide range of thermometric applications. Therefore, these
results obtained using the ratio of emission indicate the decent
potential of the LSYW:0.05Sm>" phosphor for temperature sen-
sing applications.

The Commission International de I'Eclairage (CIE) coordi-
nates of phosphors (303-583 K) were obtained in order to more
clearly see the change in luminescence color in the phosphors.
Fig. 9 shows the sample’s CIE chromaticity points at different
temperature values. From 203 K to 583 K, there is a change in
the colour coordinate from x = 0.45,y = 0.36 to x = 0.39, y = 0.35.
This phenomenon results from the fact that when temperatures
rise, the intensity of the red emission increases. According to
these findings, Sm>* doped LiSrYW;0,, phosphor may be a
good option to replace the orange component in an orange
light-emitting diode.

Table 1 Thermal sensitivities S, and S, of optical inorganic temperature sensors single doped with Sm** ion

Materials Ratio Temperature range (K) Samax (K™ Srmax (%K) Ref.
YNbO,:Sm>* *Fy2, *Gsp = Hs)p 303-773 — 0.43 (500 K) 49
Lu,Og:Sm** 4G5 = “Hs)p, ®Hopn 293-873 — 0.36 (580 K) 50
Ca,LaNb0g:0.05Sm>* 1Gsn = (Hspay *Hyp) 313-573 — 0.23 (353 K) 51
G5z = (*Hspzy *Hop) — 0.22 (313 K)

GdVO,:Sm** *F30/'Gspp = °Hspp (Ieflg1) 293-823 4.5 x 10°* (750 K) — 52
TZPN:0.5Sm>" Gsj, — °Hgp/*Gs, — °Hopp 300-725 — 0.31 (700 K) 53
YVO,:Sm** — 299-466 — 0.36 (466 K) 54
YAG:Sm** I/l 303-1178 3.046 x 10~ (1129 K) 0.5033 (500 K) 55
YAG:Sm** Igr1/Iga— 303-1028 5.017 x 10 (300 K) 0.1567 (303 K) 55
LSYW:0.055m** Iellg, 301-583 1.32 x 107° (583 K) 1.58 (301 K) This work

© 2024 The Author(s). Published by the Royal Society of Chemistry
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6. Conclusions

LiSTYW;0,, (LSYW):xSm** (x = 0.03, 0.05, 0.07, 0.1, and 0.15)
phosphors were synthesized through a high-temperature solid-
state reaction, yielding samples with a tetragonal crystal struc-
ture, as validated by X-ray diffraction (XRD) analysis. The band
gaps of the LSYW:xSm>" samples decrease with increasing Sm**
doping concentrations, ranging from 3.31 to 3.19 eV. Analysis
based on the enhanced Van Uitert model and Dexter’s theory
revealed that D-D interactions primarily contribute to the
concentration-dependent luminescence quenching of Sm®*
ions, particularly for doping concentrations exceeding 5%.
Exploration of the optical temperature sensing properties
within the range of 301-583 K revealed notable trends: the
fluorescence intensity of the *Fs,, — °Hs), transition exhibited
a significant increase with rising temperature, while the
fluorescence intensities of the *Gs,, — °Hj,, transition gradu-
ally diminished. Maximum sensitivity ratio values (S,) were
determined to be 1.58% K ' (301 K) for *F5, — °Hsp/'Gsp —
®H,,, (Is/l,). The precision of luminescence thermometry is

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Fig. 9 CIE coordinates changes of LSYW:Sm>* with respect to tempera-
ture from 303 to 583 K under 405 nm excitation.
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(a) Standard deviations at RT for FIR (/¢/Ig,) obtained using 15 measurements at 300 K. (b) Temperature resolution values 3T obtained for I¢/lg,.

highlighted by the calculated temperature uncertainty (87) of
less than 1 K, with a minimum at 0.03 K for the Iy/Ig, ratio
corresponding to the “F;;, — ®Hs,5/'Gsj, — °Hypp (Is/lg) transi-
tions, underscoring its accuracy and potential as a high-
precision optical sensing technique. These findings suggest that
Sm*" ions hold promise as optically active centers for lumines-
cence thermometry applications, particularly employing FIR
techniques. These results pave the way for the development of
luminescent thermometric materials capable of delivering pre-
cise temperature information across a broad range of condi-
tions, including demanding and complex scenarios.
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