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Dual-mode light-emitting phosphors play a vital role in advanced technologies and functions as they
constitute optical thermometers for a wide range of temperature environments. This study presents a novel
Er¥*/Yb** co-doped NaCaY(MoO,)s (NCYM) phosphor synthesized via the sol-gel method for precise optical
thermometry across a broad temperature range (300-510 K). The research includes an in-depth analysis of
the crystal structure, morphology, optical properties, and decay kinetics. The luminescence mechanism and
energy transfer processes were elucidated, with NCYM:Er*/Yb®" phosphors efficiently activated under
980 nm and 325 nm laser excitation. These excitations produced 2H11/2/483/2 — %1355 transitions via up-
conversion (UC) and down-conversion (DC) mechanisms, respectively. A dual-mode optical thermometry
system was developed, combining DC and UC approaches for simultaneous evaluation. At 300 K, the
maximum relative sensitivities (S,-max) Were 1.2% K= (DC) and 1.045% K1 (UC), while at 510 K, the maximum
absolute sensitivities (S,-max) reached 1517 x 1073 K (DC) and 1215 x 1073 K (UC). The system
demonstrated exceptional temperature resolution, with uncertainties (87) below 0.313 K, covering the full
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range of 300 to 510 K. This work positions NCYM:Er**/Yb®* phosphors as highly promising materials for

rsc.li/materials-advances precise optical temperature sensing in a variety of advanced applications.

remote temperature monitoring, in contrast to the limitations of
direct-contact thermometers.

Luminescent materials capable of both down-conversion
(DC) and up-conversion (UC) processes have garnered significant
interest due to their wide-range of applications. In DC processes,
high-energy photons are absorbed and re-emitted as lower-

1. Introduction

Temperature is a necessary parameter that affects many aspects of
daily life, including industry, aerospace, bioengineering, infrared
detectors, scientific research activities, and other areas.'” Initially,
traditional contact-based temperature measurement methods were

employed, relying on the expansion and contraction of liquids
(typically mercury) in response to temperature changes.* However,
these techniques have limitations, especially in challenging envir-
onments such as fastmoving objects, high-temperature reactors,
and underground mines.®® Consequently, traditional methods are
becoming increasingly inadequate for the needs of evolving tech-
nologies, driving a transition toward non-contact temperature
measurement techniques. These innovative approaches allow
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energy photons, whereas UC processes involve the absorption
of multiple low-energy photons to emit a higher-energy photon.
Rare-earth (RE) luminescent materials, particularly Er**/Yb** co-
doped hosts, are frequently explored for their ability to facilitate
these processes through efficient energy transfer between Yb**
and Er*" ions.

In recent studies, we have systematically investigated the
potential of Yb/Ln** ion couples across various applications,
with a special focus on their utility in optical thermometry.
Notably, our first series of articles®* explored the broad
applicability and versatility of these couples in diverse material
systems. Building on this foundation, the second ensemble of
our work specifically delved into the exceptional performance
and unique advantages of the Er/Yb pair in advanced optical
sensing and high-precision thermometry applications.’*!
Together, these investigations underscore the critical role of
Yb/Ln*" dopant combinations in advancing functional materi-
als for next-generation technologies.
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The photoluminescence behavior of RE elements is primar-
ily determined by intra-4f electronic transitions. Er’* ions are
especially desirable for UC and DC luminescence due to their
multiple metastable energy states and wide emission spectra,
including visible emissions at 550 nm and 670 nm, as well as
near-infrared (NIR) emissions at 800 nm. Nonetheless, the
inherently low absorption cross-section of Er*" ions poses a
challenge, limiting the efficiency of direct photon absorption in
both UC and DC processes.

Yb** ions are commonly selected as sensitizers for UC
processes due to their high absorption cross-section at
980 nm. This choice enhances the efficiency of detecting the
green emission from Er’* ions when excited at this wavelength.
The energy states of Er’", particularly *Hy;,, and *S,,, are
separated by approximately 700 to 800 cm ', facilitating
efficient non-radiative transitions and contributing to their distinct
luminescence properties,”** leading to a Boltzmann-type distribu-
tion of these states. This makes the *H,,, — “Iis and %Sz, — *Iisp
transitions ideal for luminescent ratiometric thermal detection.

Optical temperature parameters are determined using
Boltzmann’s distribution law and the fluorescence intensity
ratio (LIR) technique, applied to two thermally coupled energy
levels (TCL) with an energy gap of less than 2000 cm™*.>*7>°

The choice of a host material is also important, as it
influences the emission color through the varying lattice envir-
onments. The UC process is strongly affected by the host lattice
properties and its interaction with doped rare-earth ions.>”>°
Molybdate compounds have garnered interest as fluorescent
media due to their broad and intense absorption bands, high
emission intensity, and excellent dispersibility of RE ions.***!
Recently, NCYM has gained attention as a host material for
RE-ion-doped phosphors, offering good physical and chemical
stability, low cutoff phonon energy, and high solubility for RE
ions, making it ideal for solid-state applications.

We selected NCYM as the host material in our study due to
its potential for enhanced detection performance, tunable
optical properties, and the opportunity to explore a novel
material system. The incorporation of supplementary elements,
specifically sodium (Na), calcium (Ca), and yttrium (Y), intro-
duces additional energy levels and modifies the host lattice’s
properties. This enables finer control over luminescence
behavior and improves detection capabilities. When compared
to existing systems (e.g., SrTiO;:Er’*/Yb***> SrTiO;:Er***?
CaTiO5:Er*'/Yb*" ?*  CaTiO;:Er’*,*® Ca;Y,Ge;0,,:Er**/Yb** 3°
Sr,YTaOg:Er*", Yb*" 37 and SrWO,:Er**/Yb*" ), the Er*'/yb*'-
co-doped NCYM material system emerges as a promising
candidate for precise optical temperature sensing applications.

In this study, NCYM:Er**/Yb®" phosphors were excited using
both 980 nm and 325 nm lasers. The green emission from Er**
ions, corresponding to the *Hyy;, — “Iyspn and Sz — “Iisps
transitions, was observed for both excitation wavelengths. These
emissions resulted from up-conversion and down-conversion
processes, respectively. The thermometric properties of the
NCYM:Er**/Yb** phosphors were systematically evaluated under
both excitation conditions, with key temperature sensor para-
meters, such as relative sensitivity and temperature resolution,
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being compared. This study emphasizes the development of
advanced luminescent thermometers with outstanding relative
sensitivity, leveraging the unique properties of Er**/Yb*" co-
doped NCYM materials.

2. Experimental section
2.1 Materials

The starting materials used for the synthesis of NCYM:0.02Er**/
0.2Yb>" phosphors included sodium nitrate (NaNO;, 99.0%),
calcium nitrate tetrahydrate (Ca(NO,),-4H,0, 99.0%), yttrium(im)
nitrate hexahydrate (Y(NO;);-6H,0, 99.9%), erbium nitrate penta-
hydrate (Er(NO;);-5H,0, 99.9%), ytterbium nitrate pentahydrate
(Yb(NO3)3-5H,0, 99.9%), ammonium molybdate tetrahydrate
((NH4)6Mo0,0,,4-4H,0, 99.9%), and citric acid (CcHgO;, 99.0%).
All chemical reagents were obtained from Sigma-Aldrich and used
as received, without further purification.

2.2 Sample synthesis

The sol-gel method was employed to synthesize Er’*/Yb*" co-
doped NaCaY(MoO,); (NCYM). Initially, stoichiometric amounts
of sodium nitrate, calcium nitrate tetrahydrate, yttrium nitrate
hexahydrate, erbium nitrate pentahydrate, ytterbium nitrate pen-
tahydrate, and ammonium molybdate tetrahydrate were dissolved
in 200 mL of deionized water. To facilitate complexation, 5 mol of
citric acid was added as a chelating agent, maintaining a citric
acid to metal ion ratio of 1:2. The resulting mixture was stirred
for one hour at room temperature, producing a solution that
changed color from transparent to blue as it was heated. As the
reaction progressed, a blue wet gel began to form. The stopper
was then removed, allowing the liquid to evaporate. The gel was
dried in an oven at 423 K for 12 hours, resulting in a stable,
porous xerogel. This xerogel was subsequently annealed at 673 K
for 3 hours, yielding black particles. Finally, the sample was
sintered in air at 973 K for 3 hours, resulting in the formation
of pure-phase crystalline particles. This technique was utilized to
make NCYM structures doped with the following doping ion
concentrations: 20%Yb**/2%Er*". To prevent UC luminescence
quenching, we utilized certain quantities of dopant ions based on
our experience and general understanding. Indeed, for UC sys-
tems, 20% sensitizer (Yb*>") and low concentrations of emitters
(around 2%) are commonly employed, since they are appropriate
conditions that typically result in strong UC for strong
emission.'”%3%10

3. Characterization techniques

X-ray powder diffraction (PXRD) patterns were obtained at
room temperature using a Bruker D8-Advance X-ray powder
diffractometer, with monochromatic CuKal copper radiation
(1.5406 A) in the range of 5-70 degrees 20. The morphology of
the samples was examined using a Zeiss Supra55VP FEG-SEM
field emission scanning electron microscope and a Bruker
XFlash 5030 detector. The photoluminescence (PL) spectra were
recorded using a He-Cd laser (325 nm) with a Labram UV-HR

© 2025 The Author(s). Published by the Royal Society of Chemistry
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800 Raman spectrometer (Horiba-Jobin Yvon) equipped with a
low-dispersion 150 g mm " grating. Emission spectra were also
obtained under excitation with a diode laser (980 nm) at a
constant pump power of 30 mW. These measurements were
carried out using a monochromator (Horiba Jobin Yvon,
iHR320) equipped with an 1800 g mm ' grating blazed at
500 nm and a photomultiplier tube (Hamamatsu, R928) to
detect luminescence in the green-red spectral window. The
chemicals and equipment used for this study were sourced
through the facilities of the University of Valladolid, Spain, and
the University of Sfax, Tunisia.

4. Result and discussion
4.1 X-ray diffraction analysis

X-ray diffraction (XRD) patterns were used to study the crystal
structure and phase purity of the samples. Fig. 1 shows XRD
patterns of NCYM:Er**/Yb*" nanocrystals in the 5-70 20° range.
All diffraction peaks in the XRD curves are easily indexed to a
pure tetragonal phase with a scheelite structure. Its powder
X-ray diffraction (PXRD) pattern matches the standard Joint
Committee on Powder Diffraction Standards (JCPDS 25-0828).
There are no impurity diffraction peaks observed, which sug-
gests that Er**/Yb®" ions were successfully incorporated at the
Y*" sites and the obtained sample is composed of the pure
molybdate structure. The Rietveld refinement was used to
check the phase purity (Fig. S1, ESIT) and determine the unit
cell parameters, which are listed in Table S1 (ESIt), confirming
the phase purity of the synthesized material. X-ray powder
diffraction (XRPD) was employed for structural analysis.
Considering the similar ionic radii of Y** (1.019 A, C.N. = 8),
Er** (1.004 A, C.N. = 8) and Yb*" (0.985 A, C.N. = 8),">*? Er** and
Yb** ions are most likely to replace Y** ions and enter the Er**
and Yb* positions. As known, for a new solid-state solution,
the radius percentage difference (D,) between the potential
substituted ions and dopants should be less than 30% by using

——NCYM: Er*yp3*

Intensity (a.u)

JCPDS 25-0828
I TN
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20(°)
Fig. 1 The XRD pattern of the NCYM:Er®*/Yb>* phosphor.
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Fig. 2 (a)—(d) SEM images of the NCYM:Er**/Yb®* sample.

eqn (1):*

Rs — Rp

D. =
r Rs

x 100 (1)

where Rg and Ry, refer to the effective ionic radii of substituted
cations and dopants, respectively. Using eqn (1), the D, values of
Y*'/Er*" and Y*'/Yb*" were estimated to be ~1.47% and 3.33%,
respectively. These calculated D, values indicate that Er*" and Yb**
ions can easily enter into the NCYM host lattice by substituting
Y*" ions, as the D, values are much smaller than 30%.

The morphology of the phosphors was also investigated by
SEM, as shown in Fig. 2(a)-(d). It can be seen clearly from the
images that the particles are well formed, with a homogeneous
morphology and a size of about 1-2 pm. In general, the tightly
packed particles contribute to a reduction in light scattering,
which ultimately results in a high luminous efficiency. During
the calcination process, the crystallites are of nanoscale size
and therefore they have high surface energy. This causes the
particles to agglomerate into larger structures and, finally, bulk
materials.”***>

4.2 Photoluminescence properties

4.2.1 UV-visible spectroscopy and photoluminescence exci-
tation (PLE) analysis. Fig. 3(a) displays the UV-vis-NIR diffuse
reflectance spectra of NCYM:Er**/Yb*". The NCYM:Er**/Yb**
sample exhibits strong host absorption in the UV region,
centered at 313 nm, which is attributed to the charge transfer
band (CTB) of Mo-O. In addition to these broad CTB bands,
several peaks are observed at 522 nm, 654 nm, and 800 nm,
corresponding to the transitions from the ground state *I,5, to
various excited states, namely *Hy, , “Fo/,, and “I,,, of Er** ions,
respectively, as shown in Fig. 3(a). The absorption peak around
976 nm is assigned to the °F,, — ’Fs, transition of the
Yb** jon.

Mater. Adv., 2025, 6, 2385-2396 | 2387
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Fig. 3 (a) Diffuse reflectance spectra and (b) the plot of [F(R)hu? versus (hv) of NCYM:Er*/Yb3*.

The plots of [F(R..)hv]* versus photon energy (hv) for NCY-
M:Er**/Yb*" are shown in Fig. 3(b). The direct optical bandgap
values (Eg) can be determined using the Kubelka-Munk (K-M)
function and Tauc’s relationship:***

(1-R) K
F(Rx) = TR. S (2)
[F(R.. )] = B(hv — Eg)" 3)

where R, is the ratio of the light scattered from the sample and
F(R..) is the K-M function; S is the scattering coefficient; X is
the absorption coefficient; hv is the the photon energy, E, is the
bandgap energy and n is a parameter that defines the nature of
the band transition. The value of n is 1/2 for direct allowed
transitions and 2 for indirect allowed transitions. Previous
studies have confirmed that NCYM is a direct bandgap
material. The optical bandgap values for the NCYM:Er**/Yb®*
samples were determined to be 3.46 eV, indicating that the
incorporation of Er**/Yb*" ions has a minimal influence on the
bandgap value.

Fig. S2 (ESIt) shows the photoluminescence excitation (PLE)
spectrum of NSGM:Er**/Yb*" microcrystals, measured by mon-
itoring the emission at 550 nm. This spectrum reveals a broad
excitation band along with several narrow peaks. The broad
band, ranging from 250 to 348 nm with a maximum centered
around 300 nm, is attributed to the charge transfer band (CTB).
The narrow peaks observed at approximately 365, 378, 406, 451,
and 488 nm correspond to the 4f-4f transitions of Er*" ions,
from the ground state “I;5/, to the excited states *Ggs, “Gy1/s,
*Ho)3, “Fs/2, and *F;,, respectively. This novel phosphor can be
excited well by using a UV source (250-348 nm).

4.2.2 Down/up-conversion emission studies of Er’*/Yb**
co-doped NCYM. To examine the down-conversion (DC) emis-
sion behavior of the synthesized phosphorescent material, the
emission spectrum was recorded at an excitation wavelength of
Aex = 325 nm, covering the range of 475-850 nm, as shown in
Fig. 4(a). The down-conversion spectrum exhibits two distinct
bands: a green emission peaking at 533 nm and 553 nm, which

2388 | Mater. Adv, 2025, 6, 2385-2396

corresponds to the mixed transition *Hyy, + Sz, — *I;5/, and
a relatively weaker red band centered at 657 nm, indicating
energy transfer from the NCYM crystals to the Er’* ions.”®*’
The UC emission spectra of the sample was measured under
laser excitation at 980 nm in the 475-850 nm wavelength
regions (Fig. 4(b)). The UC spectra showed two distinct
emission bands corresponding to the green and red emission
of Er’" ions. The green bands were centered on 533 and
553 nm, corresponding to the *Hyy;, — *Lisp and S, —
1,5/, transitions respectively. The red emission, located around
657 nm, is associated with the *Fq;, — I;5), transition of Er’*
ions. In addition to these peaks, there is also an emission
around 800 nm, attributed to the I, — *I;5/, transition of the
Er*" jon.*®

The color coordinates of the phosphors were calculated
using the CIE chromaticity diagram,*®° which is shown in
Fig. 4(c) and (d). In addition, under both 325 nm and 980 nm
laser excitations, the final color is green, with CIE chromaticity
coordinates: (x = 0.2339, y = 0.7414) and (x = 0.2736, y = 0.6947)
for DC and UC, respectively. These coordinates are calculated
based on the corresponding DC and UC emission spectra
measured under ambient conditions (Fig. 3a and b). The CCT
of the phosphor material is equal to the temperature of an ideal
body radiator that emits light of the same chromaticity as the
phosphor does. The McCamy formula is followed to determine
the CCT of the light emitted from the synthesized material:**

CCT = —4497n° + 3525n” — 6823n + 5520.33 4)

where n = (x — x)/(y — Ye) and x. = 0.3320 and y. = 0.1858. The
computed values for color coordinates and correlated color
temperature (CCT) are determined to be approximately x =
0.2339, y = 0.7414, and CCT = 6832 K for DC, and x = 0.2736,
y = 0.6947, and CCT = 6344 K for UC. The fact that the CCT
values exceed 5000 K indicates that the suggested material
has the potential to be a green phosphor suitable for cold
white-LEDs.

To investigate the UC mechanisms involved, a pump
power-dependent UC analysis was performed on phosphorus

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) and (b) Emission spectra of NCYM:Er**/Yb®* under 325 nm and 980 nm excitation, respectively. (c) and (d) CIE chromaticity coordinates of the

phosphors.

NCYM:Er**/Yb**, as shown in Fig. 5. The UC emission intensity

is related to the excitation power according to the following

equation:>*>?

Ioc P! (5)
@ 533n=1.62
2 553n=1.64
@ 657 n=1.18
= 2 800n=1.30
)
31000 E
2
[72]
c
]
=
‘S 100 4
L)
10 T T T T
10 15 20 25 30

log[P(mW)]

Fig. 5 Dependence of log(/yc) on log(P) for 531, 553, 657 and 800 nm
emissions of Er**.

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

In this context, I represents the integrated intensity of the up-
conversion (UC) emission, P is the laser excitation power, and n
is the number of excitation photons absorbed to emit the UC
radiation. The slope of the fitted line in a log-log plot of I versus
P provides the number of absorbed photons required for the UC
process. For a two-photon process, the value of n typically
ranges between 1 and 2. The slopes of the fitted lines corres-
ponding to the integrated intensities of the green and red
emissions for Er**/Yb*" co-doped NCYM are 1.62, 1.64, 1.18,
and 1.30, respectively. The n values indicate that all of the UC
emission bands arise due to the cumulative absorption of the
two photons. However, the values deviate from the exact value
of 2 because of other processes like nonradiative relaxation
(NRR) and energy transfer.

To gain a better understanding of the mechanism involved
in light emission via UC emission modes, a study of the lifetime
was carried out. The decay time was estimated by fitting the
observed emission decay profiles with the simple exponential
function mentioned below:>*>°

1) = A + Iet" (6)
where I(¢) represents the emission intensity at time ¢, I, refers to
the initial emission intensity, A is a constant, and 7 is the decay

Mater. Adv,, 2025, 6, 2385-2396 | 2389
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lifetime. The temporal dependence of the green up-conversion
(UC) emission under pulsed irradiation at 980 nm is shown in
Fig. S3 (ESIt). The observed rise time of the curve indicates that
energy transfer processes are required to populate the green-
emitting levels. The decay time (t = 0.18 ps) was determined
using eqn (6).

Based on the photoluminescence properties observed in the
visible and red regions, and the analysis of the UC emission
process, a proposed energy level diagram for NCYM co-doped
with Er**/Yb** was built up, as shown in Fig. 6. Therein
the emission mechanisms for both UC and DC processes are
described in detail.

Under 325 nm excitation (DC), the molybdate ion in its
ground state A, can be excited to the 'T, state, and then relaxes
non-radiatively to the 'T; state. The excited energy level 'T; of
the molybdate is nearly aligned with the excitable *Gy,/, state of
Er*', leading to a non-radiative resonance energy transfer from
the molybdate to the Er’* ions. The excited “Gy,, state of Er’*
undergoes non-radiative relaxation to the emitting *H,,, *S;/,
and “Fy, states of Er’", resulting in green and red emissions at
533, 553, and 657 nm, respectively, thus explaining the DC
mechanism.>*™>°

The UC mechanisms of the green and red emissions of Er**
ions in the co-doped Er**/Yb*" NCYM follow the absorption of
two photons. This result is similar to that of Er**/Yb** doping in
various other media, such as NaYF, glass ceramic,®® NaYF,,*!
Y,0;,%> Sn0,,* Ti0,,** and so on. Green light is emitted from
the excited states *Hy;, and *Ss,. First, the electrons transit
from the “I;5, ground state to the *I,y,, state via ground state
absorption (GSA), followed by excited state absorption (ESA1) to
the ?F-, state. Then, by multi-phonon relaxation, they reach the
*Hy,), and *S;), states, and emit green light by decaying to the
115/, ground state. Simultaneously, the red emission is linked
to the population of the *Fy, state. NCYM co-doped Er**/Yb**
and Yb** ions are excited from the ground state to the *Fs5/, level
under excitation with 980 nm by GSA (°F,;, — °Fs;). As Yb**

1T,
lTl
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£
=
w
o
- ¥,
i 1132 =
A1 E|E|E|E g
™ ~ (=]
2|[2]8 |8
% ‘ L s Y *F,p
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Fig. 6 Energy level diagram and the proposed DC and UC mechanism for
the Er¥*/Yb**-co-doped NCYM.
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ions have a much larger absorption cross section than Er*" ions
in the 980 nm spectral range, the ET process becomes domi-
nant over GSA for excitation of the Er** “I,;,, level. A second
Yb** ion transfers its energy to the “I,y,, level to populate the
F,,, Er*" level, which then de-excites to the *H;y,5, *Ss/2, ‘Foy»
and “Io/, levels.®>®° At the end of these UC processes, green and
red emissions are obtained by up-conversion. Yb** acts as a
sensitizer and enriches the population of all emitting levels by
transferring their absorbed energy to the activating ion.

4.3 Temperature sensing properties of NCYM:Er**/Yb** (DC)

To evaluate the potential application of the Er**/Yb*" co-doped
NCYM phosphor in optical thermometry, the temperature-
dependent luminescence behavior of the sample was studied in
detail under 325 nm excitation. Fig. 7 illustrates the temperature-
dependent emission spectra in the range of 450-850 nm for the
NCYM:Er’*/Yb*" phosphor excited at 325 nm. The obtained
spectra show two peaks attributed to the Er’" ion transitions,
located in the green visible region: 533 nm (*Hyy, — ‘I35,) and
553 nm (*Sz;, — “Iis), along with a relatively weaker red band
centered at 657 nm, attributed to the *Fo,, — “I;5, transition of
Er*" ions. Compared to the *S;;, — 1,5, transition, the emission
intensity of the *Hyy;, — “Iy5, transition exhibits a monotonic
increase with no apparent shift in the band position as the
temperature rises. This indicates that the *H;,, level can be
effectively populated from the *Ss;, level through a thermal
excitation process.®” Furthermore, the increase in temperature is
also beneficial in reducing structural defects and surface ligands.
Therefore, the thermally coupled levels (TCLs) method is assumed
to be applicable for optical thermometry.

Among the various techniques used to study temperature-
sensing behavior, the luminescence intensity ratio (LIR) tech-
nique is widely recognized. Several studies have investigated
the temperature sensing behavior of different rare-earth doped
materials using the LIR technique. As the temperature
increases, the peak positions of the emission bands remain

NCYM: Er3*/yb3+
rex =325 nm

Intensity (a.u)

500 550 600 650 700 750 800 850
Wavelength (nm)
Fig.7 DC emission spectra of the Er**/Yb®* co-doped NCYM

sample measured under 325 nm laser irradiation in the 300 to 510 K
temperature range.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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unchanged; however, the intensities of the bands change,
resulting in variations in the luminescence intensity ratio
(LIR) between the 533 nm and 553 nm bands. The LIR varies
according to the following relationship:®%°°

In —AE
LIR=—=4 —
I X exp(kBT)

where Ij; and I are the integrated intensities corresponding to the
two green bands, 533 nm and 553 nm, respectively. A is a constant
of proportionality, AE is the energy difference between the ther-
mally coupled “Sy, and *Hyy, levels, and ks = 0.695 cm ™ is the
Boltzmann constant. The linear fitting of the experimental data
yields a slope value of approximately 1086.25, which corresponds to
the AE/kg value. From this value, the calculated AE is approximately
754.94 cm™ . The LIR of the 533 nm and 553 nm emission bands
as a function of temperature in the 300-510 K temperature range is
plotted in Fig. 8(a). The LIR varies from 0.81 to 3.55 within this
temperature range. The data exhibit an excellent fit to the model,
with a high correlation coefficient (R*> = 0.993). It is important to
assess the sensitivity (S, and S,) of the material, which quantifies
the rate at which the LIR changes with temperature. Absolute
thermal sensitivity demonstrates the absolute change in LIR as a
function of temperature, and is defined as follows:”®”*

)

_dLIR

Se =91 ®)

It is clear that the absolute thermal sensitivity (S,) depends on the
absolute magnitude of the LIR, which can be easily modified by
manipulating the methodology for calculating the LIR (such as
widening the spectral limits for calculating the integral intensity).
The concept of relative thermal sensitivity was introduced to ensure
a fair assessment of the performance of thermometers, irrespective
of their inherent characteristics and detection parameters. The
normalized change in LIR as a function of temperature variation is

View Article Online
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NCYM: Er3*/yp3*
)\,ex =980 nm
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Fig. 9 UC emission spectra of the Er**/Yb**-co-doped NCYM sample
measured under 980 nm laser irradiation in the temperature range from
300 to 510 K.

Fig. 8(b) shows the temperature-dependent changes in S, and
S, values over the temperature range from 300 to 510 K for LIR.
The maximum value of relative sensitivity (S,) is observed to be
1.2% K" at 300 K, while the absolute sensitivity (S,) is estimated to
be 15.17 x 10 ° K ' at 510 K.

4.4 Temperature sensing properties of NCYM:Er**/Yb** (UC)

The optical temperature sensing capability was also investi-
gated in this case by measuring the temperature-dependent UC
emission spectra of NCYM:Er**/Yb*" in the 450-850 nm range.
Fig. 9 shows the UC emission spectra of the Er’**/Yb*" co-doped
NCYM material at different temperatures. Luminescence emis-
sion intensity is highly dependent on temperature.

To minimize the potential effects of temperature increase
during high power density excitations, appropriate measures

indicated by the relative sensitivity.”*”* . ) . D .
must be implemented. It is essential to maintain relatively low
1 o dLIR ©) power levels in LIR thermometry to mitigate self-heating
"TLIR” dT effects. Consequently, the spectra were acquired at different
(a) (b)
40 16
% LIR1 (533/553) DC LIR1 .,
3.5 ——Fitting line 15 4 ’
3.0 14 4 L 1.0
254 < =%
- X 13- P
% 201 g L0.8 o
== < 12 =
3] (7]
1.5 4 *n
11 0.6
01 R2 = 0.993 0.
0.5 LIR1 = 30.57exp(-1086.25/T) [04
T T T T T 9 T r T T T
300 350 400 450 500 550 300 350 400 450 500 550

Wavelength (nm)

Temperature (K)

Fig. 8 (a) and (b) Temperature dependence of the LIR1 value between 2Hy4/» and 4S3/» TCL of Er¥* ions, and (b) the calculated S, and S, by LIR1 from TCL

based on down-conversion.
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Fig. 10 (a) and (b) Temperature dependence of the LIR2 value between 2Hy4/» and 4Ss,, TCL of Er®* ions, and (b) the calculated S, and S, by LIR2 from

TCL based on up-conversion.

powers of the excitation laser, selecting the maximum power at
which there are no spectral changes, thus the measurements
were carried out with a pump power of 30 mW, corresponding
to a power density of 0.2 W cm™ >,

It was observed that most of the emissions from the sample,
except for the emissions at 533 nm, decreased with increasing
temperature. As the temperature rises, the lattice vibrations are
enhanced and accelerate the rate of non-radiative relaxation between
closely spaced energy levels. This process leads to thermal equili-
brium between the energy levels, suggesting that the *H,,/, and *Sz/,
states are thermally coupled. The relative population of the two
thermally coupled electronic states can be mathematically described
using the Boltzmann-distribution law, as defined previously.

The calculated LIR values, as shown in Fig. 10(a), are in good
agreement with the Boltzmann-distribution. The LIR was cal-
culated using eqn (7). LIR values for the thermally coupled
levels Hyq, — “Iis and *Sz — *Iys;, (LIR2 = 533/553 nm)
were determined and presented in Fig. 10(a). The LIR data fit
very well, with a high degree of correlation (R* = 0.996).

The performance of the thermometer was further assessed
using both the absolute and relative thermal sensitivity,
as previously defined (eqn (8) and (9)). Fig. 10(b) displays

the temperature-dependent variations in the values of S,
and S, over the range from 300 to 510 K for LIR2. The observed
data reveal contrasting trends for the absolute and relative
sensitivities as a function of temperature. The study indicated
that the highest absolute sensitivities occurred at different
temperatures, with a maximum value of 12.15 x 10> K *
observed at room temperature for LIR2. In contrast, the
relative sensitivity (S,) decreases with increasing temperature,
reaching its maximum value of 1.045% K ' at 300 K
(Fig. 10(b)).

Finally, aiming to provide the reader with an understanding
of the current state of the art, a summary of various lumines-
cent thermometers based on up/down conversion is presented
in Table 1. It can be concluded that, in comparison with the
detection sensitivity of other phosphors based on TCLs (*Hyy,
2/*S35), our phosphor demonstrates superior performance
using both methods.

Temperature resolution, also known as uncertainty (87), is
another key parameter that determines the smallest temperature
change that can be detected by an optical thermometer. It also
describes the possible error in temperature readings. The tem-
perature uncertainty (87) using luminescent thermometry can be

Tablel Comparison of the observed temperature-sensing performance parameter with other phosphor samples for temperature-sensing applications

Samples Temperature range (K) Srmax (% K1) Excitation (nm) Ref.
Ca,MgWOg:Yb* /Er* 300-600 0.92 (at 303 K) 980 74
La,05:Er’/Yb** 303-600 0.91 (at 303 K) 980 75
BiVO,:Er**/Yb*" 283-483 1.39 (at 283 K) 980 76
KYb,F:Er* 300-480 0.45 (at 300 K) 980 77
Sr2YbF7:Er** 300-500 0.62 (at 300 K) 980 78
SrMoO,:Er**/Yb** 300-543 1.18 (at 300 K) 980 79
LaGdOz:Er**/Yb** 283-393 1.27 (at 283 K) 980 80
NaBiF,:Er**/Yb** 248-498 0.40 (at 498 K) 980 81
B-NaYF4:Er**/Yb** 303-678 0.30 (at 580 K) 980 82
YOF:Er**/Yb** 260-490 0.60 (at 490 K) 980 83
LaGdO;:Er*" 298-873 0.43 (at 300 K) 488 84
La,MoOg:Er** 303-463 0.97 (at 480 K) 379 85
NCYM:Er*'/Yb** 300-510 1.20 (at 300 K) 325 This Work
NCYM:Er*'/Yb** 300-510 1.04 (at 300 K) 980 This Work
2392 | Mater. Adv., 2025, 6, 2385-2396 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a)-(d) Temperature resolution values, 8T, corresponding to (a) LIR1 (DC) and (b) LIR2 (UC) for NCYM:Er**/Yb*.

calculated using the equation as follows:**"%%¢

_ 1 §FIR

6T_§ FIR

(10)
In this study, the LIR uncertainty (3LIR) was calculated using the
standard deviation of multiple measurements at a fixed tempera-
ture, with the LIR being the mean value of these measurements.
To determine the detection limit, 50 measurements were taken at
room temperature under consistent conditions. The results are
shown in the histograms in Fig. S4(a) and (b) (ESIf). The LIR
uncertainty (SLIR) for the NCYM:Er**/Yb>" phosphor was found to
be 0.001 and 0.003 for LIR1 and LIR2, respectively. By applying
eqn (10), the uncertainty in temperature (87), as shown in
Fig. 11(a) and (b), was found to be below 0.313 K. These findings
demonstrate that the NCYM-based phosphor exhibits excellent
temperature resolution within its operational range, surpassing
the performance of NaYF.:Yb*'/Er’’, YPO,:Yb*'/Er*" phosphors,
and tellurite glass ceramics doped with Yb*"/Er*".

Overall, our results suggest that NCYM materials, which
utilize both up-conversion and down-conversion processes,
exhibit high thermal sensitivity and low measurement uncer-
tainty, making them highly promising for optical thermometry
applications using the LIR approach.

5. Conclusions

NCYM phosphors co-doped with Er**/Yb®", emitting in dual
modes, were successfully synthesized using the sol-gel method.
X-ray diffraction (XRD) and Rietveld refinement confirm that all
prepared phosphors exhibit a pure phase with a tetragonal
scheelite structure (space group I4,/a). The phosphors show
intense green and red light emissions due to the electronic
transitions of Er’* ions, including *Hy1/, = “Iy5/2, *S3/2 = *Lisa,
*Fo;, = *Liss2, and “Ig;, — “Iy5,, under both near UV (325 nm)
and NIR (980 nm) excitation. The chromaticity coordinates are
in the green region, with CIE coordinates (x = 0.2339; y =
0.7414) for down-conversion (DC) and (x = 0.2736; y = 0.6947)
for up-conversion (UC). The power-dependent UC emission

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

analysis reveals that two photons are involved in the UC emis-
sion process. The luminescence intensity ratio (LIR) of the green
bands corresponding to the *Hyy, — “Iis;p and *Ss;;p — 4lys),
transitions were studied as a function of temperature to assess
their potential for temperature sensing. Maximum sensitivity
values were found to be 1.2% K ' and 1.045% K ' at 300 K for
DC and UC, respectively. The luminescence thermometry results
demonstrated excellent temperature accuracy, with a calculated
temperature uncertainty (87) of less than 0.313 K. These findings
underscore the remarkable potential of NCYM:Yb*"/Er*" phos-
phors as optical temperature sensors, offering high sensitivity
and a broad temperature detection range in both DC and
UC modes.
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