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Introduction

Enhancing the luminescence intensity of Eu>*-
activated NaYb(MoO,), phosphors through
bismuth doping: Judd—-Ofelt analysis, lighting, and
temperature-sensing applicationst

Yosra Bahrouni,? Ikhlas Kachou,? Kamel Saidi, )¢ Tarak Kallel,?
Mohamed Dammak, ) *? [rene Mediavilla® and Juan Jiménez®

In this work, we investigate the impact of Bi** doping on the luminescence properties of Eu**-activated
NaYb(MoOy,), phosphors synthesized via the conventional solid-state reaction method. Rietveld
refinement of X-ray diffraction data confirmed the tetragonal crystal structure (space group /44/a) for all
samples. UV-visible absorption spectroscopy revealed an indirect bandgap of approximately 3.25 eV for
the 5% Bi**-doped sample. Under UV excitation, intense red emissions originating from the °Dq — ’F
transitions of Eu®* ions were observed at 589 nm, 613 nm, 652 nm, and 700 nm, along with near-
infrared emission from Yb®* at 997 nm, sensitized by the MoO4>~ group. Photoluminescence (PL)
analysis demonstrated an enhancement in the Eu®* emission intensity with increasing Bi®*
concentration, reaching an optimum at 5% Bi** doping. Chromaticity coordinates confirmed a significant
enhancement in the red emission intensity upon Bi** incorporation. Judd—Ofelt parameters and crystal
field parameters were determined, revealing that Bi®* doping influences the local environment of Eu®*
ions, impacting the luminescence properties. Furthermore, we explored the potential of Bi**/Eu®*
codoped NaYb(MoOy,), for optical thermometry based on the fluorescence intensity ratio (FIR)
technique, achieving a high relative sensitivity (S, = 1.14% K™3). This work demonstrates the influence of
Bi** doping on the luminescence properties of Eu®* in NaYb(MoQ,), and explores its potential for
applications in temperature sensing and other optoelectronic devices.

miniaturization should make it possible to bring new nanoscale
thermal probes to the market. Although the recently developed

The field of luminescence thermometry is experiencing intense
growth, with significant advances in detection, imaging, diag-
nostics, and therapy, among others. This interest has been
stimulated mainly by the fact that many of today’s technological
requirements in fields such as micro- and nanoelectronics,
photonics, nanomedicine, and nanofluidics' have
reached a point where the use of traditional contact thermal
probes is unable to provide reliable measurements when the
spatial resolution enters the submicron range. This limitation of
conventional thermometers for small systems has stimulated the
development of luminescent micro- and nano-thermometers.
Moreover, from an industrial point of view, this expected
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luminescent nanothermometers are radically more sophisticated
and involve complex synthesis procedures, the fundamental
problems and applications addressed are similar to those
reported at the beginning of the field: understanding heat and
energy transfer mechanisms, optimizing temperature readout,
and developing efficient cost-effective sensors for advanced
medical and engineering tools. Among the various emitting
centers used in luminescence thermometry, one can include
proteins, nucleic acids and other biomolecules, thermosensitive
polymers,>* organic dyes and QDs.” Systems include molecular
complexes, MOFs, organic-inorganic polymers and hybrids,
multifunctional thermometer nanoplatforms, and UC, DC, and
DS materials. This article describes the use of Ln** lanthanide
and transition-metal ion co-doped phosphors as luminescent
ratiometric thermometers aiming for the use of luminescence
thermometry for thermal imaging.® Lanthanide ions (Ln**) (such
as Eu*", Tb*", Dy**, and Sm>") are used as the reference signals,
while transition-metal ions (such as Mn*" and Bi*") are chosen
for detection signals due to their different thermal quenching
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mechanisms”’° for early tumor detection, but also as a tool to
unveil the properties of the thermometers themselves or their
local environment.'* Numerous applications in lighting devices
have been found when doped with rare-earths.'? The Eu®" ion,
which generally exhibits intense red fluorescence corresponding
to the °D, — “F, emission transition at around 620 nm, is often
used as the active center in red phosphors in many industrial
applications. Spectroscopy of the Eu®" ion is also of particular
interest because of its extreme sensitivity to the crystalline
environment, enabling it to be used as a point probe in many
materials, especially those containing rare-earth cations whose
ionic radii are close to that of Eu**."*"> Bismuth is a non-rare-
earth metal ion. It is considered the least toxic of the heavy
metals, which has been the subject of intensive research in
recent years due to its special optical characteristics."®

As a typical non-rare earth activator, Bi** emits light via the
*p, — 'S, transition.'” This emission is highly dependent on
the crystal field environment and structural symmetries. Therefore,
phosphors doped with Bi** can emit luminescence at different
wavelengths, such as ultraviolet (UV), visible, and infrared light.'® It
can also be used as a sensitizer in order to efficiently transfer the
absorbed NUV or UV energy to Eu*" or Sm*" ions. Besides, the
selection of appropriate host materials is important as the host has
a significant influence on the emission of the Ln** ions. Some of
the hosts that have been used as a part of the Ln** doped red
emitting phosphors are fluorides, germanates, vanadates, tung-
states and molybdates.'®*® According to the existing literature,
many reports have been devoted to synthesizing and characterizing
the luminescence properties of lanthanide doped molybdate micro-
crystals or phosphors. Moreover, molybdates have been extensively
studied for their remarkable properties such as high chemical
stability, brilliance, high melting point, low chemical toxicity and
long persistence without radioactive irradiation.>* >

However, molybdate phosphors present several problems.
For example, SrZnMoOy and NaY(MoO,), phosphors have low
efficiencies of self-activating emission, which is not suitable for
solid-state lighting.>* In addition, some molybdate phosphors
such as NaY(MoO,),:Eu’" have low energy transfer (ET) efficiency
from MoO,>~ groups to rare earth ions,”” therefore, tunable
luminescence is difficult to achieve. In contrast to these MoO,>~
weaknesses, SrZnMoOs vanadate presents high luminescence
efficiency and a high ET efficiency. Many reports show that
codoping with Bi** permits to enhance the luminescence per-
formance of phosphors, such as CaMoO,:Bi*'/Eu®*, CaY,(-
S$i04);0:Bi**/Eu®" and BaLa,Siz0;,:Eu®*/Bi*" phosphors,®”
because of the sensitizer role of Bi** ions. While this progress
is promising, a need remains for materials with improved
thermal stability, improved luminescence, and precise tempera-
ture sensitivity for a broader range of applications.

Many research groups are constantly searching for new ratio-
metric thermometers with improved thermometric performance.
Conventional FIR analysis requires expensive equipment, time-
consuming measurements followed by complicated data proces-
sing, and considering a variety of rare earth ions and potential
hosts. However, it is difficult to control all these materials from a
thermometric point of view using a traditional approach. In order
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to solve this problem, Ciric et al. developed an extension of the
Judd-Ofelt theory to the field of lanthanide thermometry, which
allows calculation of the thermometric performances from the
single emission spectrum measured at room temperature.*® The
theoretically calculated parameters may differ slightly from those
obtained experimentally due to imperfections in the Judd-Ofelt
theory and in the acquisition and treatment of spectroscopic data.
However, Ciric et al. demonstrated the applicability of the model
for the difficult case of Eu** doped Y,0; samples, which have the
largest discrepancy between theoretical and experimental para-
meters due to the largest energy gap among rare earth ions.'?

We aim here to investigate the effects of Bi** on the structural,
optical and thermometric properties of Bi**-codoped Eu’*-
activated NaYb(MoO,),: (NYMO) phosphors, in order to optimize
its performance for optoelectronic and temperature sensing
applications.

Experimental section
Materials and preparation

A series of NYMO compounds doped with Eu*" and codoped
with Bi*" (NYMO:0.05Eu’"/yBi*", where y = 0, 0.05, 0.15, 0.2)
were successfully synthesized via a solid-state reaction. The
precursors Na,CO3, M0Oj3, Bi,03, Y,03, and Eu,0; were weighed
in stoichiometric ratios and thoroughly mixed in an agate mortar
for 15 minutes. The resulting mixture was dried in a furnace at
350 °C. After regrinding for 1 hour, the precursor powder was
placed in alumina crucibles and sintered at 600 °C for 12 hours
in an air atmosphere. Then, they undergo post-calcination under
an oxygen flow to ensure appropriate oxygen stoichiometry. The
annealing duration was sufficient for grain formation and
growth, ensuring the structural integrity of the final product.

Characterization

X-ray diffraction radiation (XRD) was used to check the crystal-
line structure and phase purity of the samples. The morphology
and microstructures of the phosphors were analyzed by scanning
electron microscopy (SEM) images which were photographed on
a Hitachi SU-4800 field-emission SEM. UV-Vis-NIR absorption
measurements are carried out with a UV-Vis-NIR spectrometer
(PerkinElmer Lambda 950). Added to this, the photolumines-
cence excitation (PLE) and photoluminescence (PL) spectra as a
function of temperature were recorded by using a Fluoromax-4P
fluorometer (HORIBA) spectrophotometer.

Results and discussion
Structural study and morphology

The synthesized particles were subjected to extensive analysis
to confirm their composition and morphology. The structure
and phase purity of the NYMO:0.05Eu*"/yBi** (y = 0, 0.05, 0.15
and 0.2) were determined by XRD analysis (Fig. 1). The particles
exhibited high crystallinity and an ordered tetragonal phase,
according to the NaYb(MoO,), reference model in JCPDS
No. 04005-9926.%° Furthermore, the crystal structure of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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resulting samples using Rietveld structure refinements of
NYMO:0.05Eu®" with different Bi** fractions (y = 0, 0.05, 0.15
and 0.2), was obtained, Fig. S1 (ESI{). The Yb** and Mo®" ions are
coordinated with six and four oxygen atoms respectively. The Yb**
radius is 0.0985 nm (0.985 A, CN = 8), the Bi*" radius is 0.117 nm
(1.17 A, CN = 8), and the Eu®" radius is 0.1066 nm (1.066 A, CN =
8).>° Additionally, the crystallographic structure of the NYMO unit
cell along with the coordination geometry of oxygen ions sur-
rounding the Yb**, Eu*" and Bi*" ions is drawn and presented in
Fig. 1. The refined lattice parameters, cell volume as well as
structural parameters are given in Table S1 (ESIt). However, as
indicated in Table S2 (ESIt), the length of the Mo — O*~ bond
changes slightly with the increase of Bi*".*' Meanwhile, the
percentage differences between the dopants and the substituted
ions are obtained using the following equation:*

D=5 R 00y o)
RS
where D, is the percentage difference in radius. R; and Rq denote
substituted ion and dopant ionic radii respectively. The dopants
(Eu*" and Bi*") are expected to occupy the sites of the Yb** ions in
the NYMO host lattice, given the effective ionic radii and the
charge balance of the cations. Using eqn (1), the D, values of Yb**/
Eu®* and Yb*'/Bi** were estimated to be ~7.59% and 15.81%,
respectively. These calculated D, values indicate that Eu** and Bi**
ions can easily enter into the NYMO host lattice by substituting
Yb** jons, as the D, values are much smaller than 30%. It is worth
noting that the cell volume increases when the small-radius ions
are replaced by the large-radius ions. According to the results of
the refinements, the cell volume gradually increases with the
doping with Bi*" ions. This is mainly due to the greater electro-
negativity of Bi*" ions with respect to the Yb®>" ions. When Bi*"*
ions are incorporated, the average bond length becomes larger,
resulting in both the increase of the interplanar space and the cell
volume. As the bond length changes a concomitant distortion of
the lattice takes place inducing strain. The degree of distortion
can be determined using the following expression:*?

D(TO) = 1o, @)

(a)
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where TO; is the individual cation to ligand anion distances, and
TO,, is the average bond length.

The results are illustrated in Fig. S2 (ESIt). The distortion of
the samples decreases with the Bi** doping concentration, which
can lead to the crystal field splitting. Furthermore, the lattice
distortion is inversely proportional to the variation of the volume.

The morphology of the samples doped with Eu** and
codoped Eu**/Bi** in NYMO phosphors was observed by SEM.
Fig. 2 illustrates the SEM images of NYMO:0.05Eu®* (a), and
NYMO:0.05Eu®*/0.05Bi** (b). Moreover, it can be concluded
from the SEM images that the grain conglomeration is not
obvious. The particle sizes in sample NYMO:0.05Eu**/0.05Bi*"
are smaller than those shown in Fig. 2(a), with both being well
below 10 pm.

Optical characterization

UV-Visible. The diffuse reflectance spectra of the NYMO:5%
Eu*'/yBi** samples are depicted in Fig. S3 (ESIt), revealing
interesting features that reflect the chemical composition and
optical properties of these materials. The absorption peaks
characteristic of Yb*" ion transition from the ground state
%F,,, to the excited state *Fs,,, along with the f-f transitions of
the Eu’*ion, are observed in the infrared and visible regions,
respectively, indicating the effective presence of these dopant
ions. These peaks are accompanied by a broad absorption band
in the near-ultraviolet region, attributed to the 6s*> — 6p*
transition of bismuth (Bi*"). In addition, two distinct absorp-
tion bands in the blue and violet region are attributed to the
ligand-to-metal (LMCT) and charge-transfer (CT) transitions of
the MoO,>~ group.

It is worth pointing out that another factor can influence the
luminescence emission of lanthanide ions, particularly in
systems doped with Eu®*". Due to its 4f° electronic configu-
ration, the Eu®" ion must absorb an extra electron to reach the
more stable 4f” configuration. When Eu®" is bound to 0>~
ligands, electron transfer can occur from the 2p oxygen orbital
to the 4f” orbitals. Two intense bands peaking at 212 and
253 nm are assigned to the charge transfer band (CTB), which
can then be transferred non-radiatively to energy levels

(b)

Intensity(a.u)

NYMO:0.05 Eu*/0.2 Bi**

NYMO:0.05 Eu*70.15 Bi**

NYMO:0.05 Eu*70.05 Bi**

NYMO:0.05 Eu’*

L f il AN

JCPDS card 04-005-9926

® o* aQ_n

Mo®* -
1 e
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%
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(| III A ‘.‘
20 30 40 50 60

70

Fig. 1 (a) XRD powder patterns of NYMO:0.05Eu®*/yBi** samples. The standard data for NaYb(MoQ,), (JCPDS card 04-005-9926) are also presented
for comparison and (b) the view of the structure of NYMO:0.05Eu®*/0.05Bi%.
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Fig. 2 SEM images of (a) NYMO:0.05Eu®*, and (b) NYMO:0.05Eu®*/0.05Bi*.

associated with Eu*". The corresponding band in the excitation
spectrum is known as the Eu-O charge transfer band (CTB).>*
Furthermore, the band detected at 360 nm is attributed to the
'Sy — 'P; Bi*" transition.'” Doping with Bi*" ions leads to the
emergence of additional energy levels in the form of a contin-
uous band. In addition, this doping process generates extra
valence electrons from the 6s” state.'® One observes that the
optical band gap increases with respect to the host, and it is
estimated to vary from 3.02 eV to 3.25 eV when the concen-
tration of Bi*" ions increase from 0% up to 20%.

Photoluminescence properties

To examine the sensitizing effect of Bi** ions on NYMO:
0.05Eu’* samples, a series of NYMO samples co-doped with Bi**
and Eu*" ions were successfully synthesized. Fig. 3a illustrates the
PL excitation spectra of the host NYMO monitored at 615 nm
emission wavelength. The spectrum displays a broad band in the
range of 285 to 350 nm and a sequence of sharp bands in the
range of 350 to 500 nm. The broadband with a maximum at
330 nm is related to the charge transfer from 0>~ — Eu®, Mo®"
ions. There is a marked improvement in the charge transfer
band when different concentrations of bismuth are added.***®

Moreover the sharp peaks located at 363 nm ('F, — °L,), 382 nm
('Fy — °Dy), 394 nm ('F, — °Lg), 416 nm ('F, — °Dj;), 464 nm
('Fy — °D,) and 535 nm ("F, — °D,) are attributed to the 4f-4f
transitions of Eu®" ions.*”*® Based on the excitation spectra, the
two peaks centered at 464 and 535 nm exhibit stronger intensities,
suggesting that NYMO:Eu®* phosphors can be efficiently pumped
by UV light. On the other hand, Fig. 3b shows the photolumines-
cence emission spectra of NYMO:0.05Eu**/yBi*" microcrystals
under excitation with UV light at 325 nm from a He-Cd laser.
Emission bands at 702 nm (°D, —’F,), 654 nm (°D, —’F;),
613 nm (°Dy —’F,), 589 nm (°D, — ’F;) and 533 nm (°D; —
’F,) are associated with Eu** transitions.*>*° To understand these
luminescence transitions, it is important to consider the crystal
field splitting of the energy levels. The most intense transitions
occur from the °Dj, level onwards, which remains non-degenerate
(J = 0) by the crystal field. According to Judd-Ofelt theory,
transitions to even-numbered J levels are considerably more
intense than those to their odd-numbered counterparts. Thus,
the dominant red peak at around 614 nm is attributed to the
hypersensitive °D, — ’F, transition with AJ = 2.*"**> Additionally,
one emission peak at 993 nm is associated with transitions related
to Yb®>".** No discernible peaks corresponding to the presence
of Bi*" ions were observed.>® Moreover, the emission intensity is

(a (b)
NYMO:0.05Eu’ —0Bi* NYMO: 0.05 Eu” ——0Bi"
i )
- 5 g"l)i :' A , ——0.05 B’
o, ——015Bi 5
e ——0.2Bi* Dy =72 0.15Bi"
—02Bi"
£l 3
s Aem=613 nm L Aex=325 nm
2 2
5 &
£ 4
o [}
2
£ £

Wavelength(nm)

T T
800 1000

Wavelength (nm)

Fig. 3 Excitation and emission spectra of the NYMO:0.05Eu®*/yBi** phosphors monitored at Jem = 615 nm, and e, = 325 nm respectively.
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gradually enhanced with the doping Bi*" ions, which gives sup-
port to the successful incorporation of Bi** ions into the NYMO
lattice. The Bi** ion concentration was y = 0, 5, 15, 20%, and it
appears that the optimal emission corresponds to 5% Bi*".

Photometric characterization (CIE)

Based on the detected PL emission spectra, the phosphor’s
emission color can be mathematically expressed using the
Commission International de I'Eclairage (CIE) chromaticity
coordinates,** and the CIE coordinates for Eu**/yBi** codoped
NaYb(MoO,), phosphors were evaluated from the respective
emission spectra monitored at 325 nm excitation. The CIE
chromaticity diagram is illustrated in Fig. 4. The color coordi-
nates of Eu**/yBi*" codoped NaYb(MoO,), phosphors are sum-
marized in Table S3 (ESIT). It is seen that the CIE coordinates are
close to each other. They all fall within the red region. The
phosphor exhibits excellent light-color conversion efficiency.

The correlated color temperature (CCT), which characterizes
the color appearance of the light emitted by a light source, is
another essential measure for evaluating the overall emission
of phosphors. The CCT value of the phosphor can be deter-
mined from the CIE color coordinates (x, y) using the McCamy
relationship.*®

It should be noted that phosphors with CCT values above
4000 K are generally considered to be cold light sources, while
those with CCT values below 3200 K are regarded as warm light
sources in appearance.*® NYMO phosphors doped with 0.05Eu®"/
yBi*" have CCT ranging from 1977 to 2262 K. The CCT values
obtained are all below 3200 K, indicating that the NYMO:Eu®*/
yBi** phosphors fall within the warm light category.

The color purity of the phosphors is crucial for enhancing
light sources in LED applications. The concept is particularly
beneficial for light sources that emit light within a narrow
range of wavelengths. For light sources that emit in a wide
range of wavelengths (such as white light), the CCT is more
advantageous. Therefore, it is essential to determine the color
purity of the emitted red light.*”

CIE 1931

520

NYMO:5%Eu’"/xBi*"

0.8

Fig. 4 CIE 1931 chromaticity diagram of NYMO phosphors codoped with
0.05Eu®*/yBi®* excited at Aex = 325 nm.
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The calculated CCT values for all as-synthesized samples
range from 1977 K to 2262 K as illustrated in Table S3 (ESIt).
Furthermore, the addition of different concentrations of Bi**
leads to an improvement in both color purity and CCT values.
A pronounced red shift is thus observed. The purity of the color
peaks is 87.21% for a Bi*" concentration of 5%. The results of
the chromaticity study confirm that the NYMO:Eu®*/yBi** com-
pound has significant potential application in white LEDs as a
red-emitting phosphor.

Judd-Ofelt analysis

To further investigate the local environment around the Eu**
ions in the NYMO host, the Judd-Ofelt (JO) analysis is a
practical tool for understanding the detailed site symmetry
and luminescence of rare earth ions in a specific coordination
environment. Judd-Ofelt parameters are generally derived from
absorption spectra, but can be determined from emission
spectra for the Eu®* ion, as it has a simple energy diagram.*’

In this study, it was possible to calculate the parameters J-O,
Q, and Q, from the emission spectra because the Eu** ion has a
special energy structure under 325 nm excitation. However, the
intensity parameter Q¢ was not determined because the °Dy —
7F¢ transition was not detected in the PL spectra.*® Indeed, Q, is
strongly influenced by the environment in which Eu®" ions are
found. Thus, the maximum value of 2, may be associated with
variations in the environment structure of the Eu** ion due to
its high sensitivity to the °D, — ’F, transition.*® A higher value
of Q, often indicates that the symmetry of sites containing Eu**
ions is altered. As for Q, (°D, — "F,), it is linked to the strength
and stability of the matrix surrounding the rare earth ions."’
In this case, the JO parameters for Eu*"-doped NYMO were
calculated using JOES software.>® The value of the refractive
index used was reported in the literature (n = 1.99).”" The values
obtained are listed in Table S4 (ESIf). For europium doping
with different Bi*" concentrations, the trend observed in the J-
O parameters (Q, > Q,) confirms that the bond is covalent.>?
These theoretical calculations are in good agreement with the
experimental results obtained from the XRD profile and photo-
luminescence spectra.

The analysis of J-O intensity parameters in NYMO phos-
phors co-doped with varying concentrations of Bi*" provides
insightful conclusions regarding the luminescent properties of
the material. Table S4 (ESI{) summarizes the average J-O
intensity parameters, specifically ©, and Q,, for different Bi**
concentrations. As the Bi*" concentration increases from 0 to
0.05, the Q, parameter rises to 15.182 x 10 2° ecm?, indicating
enhanced electric-dipole transition probability associated with
the Eu®" ions. However, at higher concentrations (0.15 and
0.2Bi*"), Q, stabilizes around 14.729 and 14.858 x 10 >° cm?,
respectively, suggesting that the positive influence of Bi** on
the local symmetry and transition strength reaches saturation.
Conversely, the Q, parameter shows a decline from 4.186 X
102° ecm? at OBi*" t0 3.351 x 10~ 2° em? at 0.05Bi*", followed by
a slight increase at 0.15Bi*" (3.515 x 107>° ¢cm?) and a subse-
quent decrease again at 0.2Bi*" (3.204 x 10~>° cm?®). This trend
indicates that the higher Bi** concentration may negatively
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impact the parity of the transitions, reducing the associated
transition probability for the transitions governed by €.

These results suggest that a low concentration of Bi** (y = 0.05)
optimizes the J-O parameters, enhancing the luminescence
of the Eu®* ions due to improved electric-dipole transitions.
However, for further increase in Bi** concentration, the effective-
ness diminishes, indicating the need for a careful optimization of
Bi*" doping in order to maximize the optical response of the
phosphors for applications in optoelectronic devices.

Crystal-field calculation

The second-order crystal field (CF) parameters, B,, and By,
characterize the interaction between the magnetic moment of
the Eu®" ion and the electric crystal field generated by its local
environment. These parameters are key to understanding the
spectroscopic and luminescent properties of lanthanide-doped
materials.

In the present case, the CF parameters B,, and B,, have been
calculated from the Stark levels of the Eu** “F; ground level in
the S, symmetry crystal structure.”® This analysis provides
precise information on the nature of the crystal field and its
influence on the 4f orbitals of the Eu*" ion.>

In addition to parameters B,, and B,,, it is also important
to calculate the parameter S,, which represents the strength
of the spin-orbit interaction. This parameter is important
for understanding the splitting of Eu®" f-f energy levels due
to the interaction between its spin and orbital moment, and we
calculate the values of B, B,, and S,.°° The evolution of the
crystal field (CF) parameters B,, and B,, as a function of Bi**
concentration highlights the influence of this dopant on the
crystal structure and luminescent properties as shown in
Fig. S4 and Table S5 (ESIt). Since our study focuses on the
effect of bismuth, we carried out a comparison with other
matrices, Table S6 (ESIT). These results imply that moderate
Bi** doping (around 5-15%) enhances the crystal field strength,
potentially optimizing its luminescence performance. However,
high concentrations (20% Bi**) lead to a more substantial
alteration in the crystal field, which seems to affect the lumi-
nescence mechanisms and thermometric sensitivity. The varia-
tion of these parameters highlights the critical role played by
Bi** doping in modulating the crystal environment and opti-
mizing the optical properties of the material.

From the above analysis, the value of B,, was estimated at
55 cm™ ' and gradually decreases down to an optimal Bi
concentration. This decrease suggests that the introduction of
Bi** into the crystal structure modifies the local symmetry
around the Eu*" ion, resulting in a reduction in the CF
interaction between the crystal field and the Eu®* 4f orbitals.
On the other hand, the value of B,, increases up to a concen-
tration of 5% Bi®* decreasing thereafter. This observation
indicates that the effect of Bi*" on the crystal field is more
complex and depends on the dopant concentration. It is
possible that the initial increase in B,, is linked to a Bi*'-
induced distortion of the crystal structure, while the subse-
quent decrease reflects a stabilization of the structure.
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The overall analysis of the evolution of the CF parameters
B, and B,, suggests that the effect of Bi** on the luminescent
properties of the material is linked to modification of CF around
the Eu®" ion. This modification may influence the relaxation
processes of excited electrons and, consequently, the intensity
and efficiency of the luminescence emission. In accordance with
the structural results, which confirm that the addition of bis-
muth reduces the distortion modifying the structure. Therefore,
the results obtained can be explained in terms of the distortion
of the tetragonal structure, which lifts the local symmetry of the
ion. This symmetry reduction splits the triply orbital degeneracy
of the F, state into three non-degenerate A + E states. Such a
change in point symmetry must increase the probability of
radiative transitions of the Eu*" excited state. This is consistent
with the results shown in Table S7 (ESIf).

It is important to note that the interpretation of CF para-
meter variations requires a detailed analysis of the crystal
structure and electronic properties of the material. Theoretical
simulations and additional experiments may be required to
unveil the underlying mechanisms and establish a precise
correlation between Bi** concentration, CF parameters, and
the luminescent properties of the material.

Temperature sensing

Since the PL peaks of the °D,, levels for Eu®** and the *Fs,
transition for Yb®" are the most intense in NYMO:0.05Eu®"/
yBi*", it was the sample of choice for thermometric measure-
ments. Its temperature dependent PL spectra are presented in
Fig. 5. The temperature was varied over a wide range from 298
to 525 K. It can be seen that temperature affects the intensity of
the different emission bands in a different way. Specifically, the
intensities of the photoluminescence (PL) bands peaking
at 534, 589, 614, 702 and 993 nm all decrease significantly
with increasing temperature over the entire temperature range
studied. This decrease in PL intensity at relatively high tem-
peratures can be attributed to a thermal extinction
phenomenon.*® This phenomenon is linked to an increase in
the probability of non-radiative transitions between the excited
energy levels of the Eu®" ion and the crystal lattice as tempera-
ture increases.

Further analysis of the emission spectra reveals an interest-
ing relationship between the FIR (integrated fluorescence ratio)
value of the areas under the emission bands at 589 and 614 nm
and temperature. These two emission bands correspond to the
Do — 'F; (MD) and °D, — 'F, (ED) transitions of the Eu®*" ion,
respectively. The ground state “F, is excited to the L level and
subsequently relaxes non-radiatively to the lower energy state
5D,. Radiative transitions then occur to the “F; and 'F, levels,
resulting in red emission. The FIR can be expressed as the ratio
of the emission intensity of D, —’F; to that of *Dy— F,.
According to the Boltzmann distribution, the populations of
these energy levels follow an inverse exponential distribution
with temperature®”>%:

FIR = 4 x exp (ﬁ) (3)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Temperature-dependent PL of the NYMO phosphor (a) doped 0.05Eu®* and (b) codoped 0.05Eu**/0.05Bi** excited at 325 nm.

where A is a constant pre-exponential factor. AE is the energy
difference between the °D, — “F, and D, — ’F, transitions. K
is Boltzmann’s constant (k = 8617 x 107> eV K ).
Furthermore, as the temperature increases from 298 K to
523 K, an increase in the FIR ratio is observed, and this increase
could be attributed to lattice expansion during heating. The FIR

(2), 46

ratio is sensitive to the covalent nature of the Eu** — 0*>~ bond
and the asymmetric nature of the Eu®" site. Lattice expansion
upon heating increases the bond distance of the Eu®*" — 0>~
bond, leading to an increase in covalency and consequently an
increase in FIR.*° Also, this confirms that the populations
of the “F; and “F, energy levels follow a Boltzmann distribution,
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Fig. 6 FIR vs. temperature variations for NYMO:0.05Eu®* and NYMO:0.05Eu**/0.05Bi%*.
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and that thermal extinction is the primary mechanism responsible
for the decrease in PL intensity at high temperatures. The FIR is
correctly fitted and plotted as a function of temperature in Fig. 6.

The emission intensity ratio of Yb** (993 nm) and Eu’®*
(614 nm) ions, defined as FIR (993/614), is adopted to study
the temperature-dependent photoluminescence property. The
FIR (IYb/IEu) can be fitted as:*>*

FIR=A+BXxT+CxT°+Dx T (4)

Absolute sensitivity (S,) and relative sensitivity (S,) are two key
factors in assessing the performance of optical thermometry. S,
and S, are defined respectively as the rate of change and the
relative rate of change of the FIR as a function of temperature,
which can be calculated according to the following equations:®>

SFIR
Sa = ’W’ (5)
_ 1 [SFIR ©)
"7 FIR| 8T

The value of S, for the FIR (589/614) ratio, at a maximum at
0.0016 K, increases monotonically with temperature, while
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that of S;, at a maximum at 0.68 K™, exhibits an approximate
parabolic variation with temperature. S, and S, reach a max-
imum at 495 K. For uncoupled levels, we observe an increase in
S, peaking at 0.0014 K. While S, has a maximum at 0.7 K™ *
which shows an approximately parabolic variation with tempera-
ture, as shown in Fig. 7. Furthermore, for NYMO:0.05Eu>"/
0.05Bi*", the sensitivities for the FIR ratio increase with increas-
ing temperature. The S, sensitivity peaks at 495 K, at approxi-
mately 0.72% K. High Q,, as estimated here, occurs in the case
of a high covalence of the Eu-O bond for an optimal concen-
tration of 5% Bi’*. S, is directly related to the Judd-Ofelt
parameter, and this value has the same variation as that of
Q,.%% With the addition of bismuth, there is an increase in the
thermometric values (S,), by relating it to AE, which express the
energy of the intersection point between the ground and excited
state parabolas, which can be directly determined based on the
emission intensity measurement vs temperature. In the case of
the analyzed phosphors, AE decreases as follows: 2761.29 cm ™
and 2022.93 cm™' for NYMO:0.05Eu®>" and NYMO:0.05Eu*’/
0.05Bi*" respectively.

However, for the FIR ratio (993/614), the sensitivities
increase up to 350 K (Symax = 1.14% K™ '). After this temperature
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Fig.7 S, absolute and S, relative sensitivity variations with temperature of NYMO:0.05Eu** (a) and (b) and NYMO:0.05Eu**/0.05Bi** (c) and (d) under

325 nm excitation.
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Table 1 Sensitivities and temperature range for the temperature-sensing luminescence materials

Materials Temperature range (K) Samax (K1) Srmax (K™ Ref.
SrLu,0,:Eu’'/Bi** 313-543 0.011 0.87 66
Ca,Y5(S10,)60,:Eu* /Bi** 298-523 0.0717 0.96 67
NaCaPO,:Tb**/Eu® 293-573 — 0.66 68
Ba,TiGe,04:Eu*" 358-548 — 0.93 69
La,LiNbOg:Eu*"/Bi** 298-498 0.0247 0.9 70
Gd,Zr,05:Eu** 300-700 — 0.92 71
NaEuF, 395 — 0.24 72
Gd,Ti,0,:Eu® 303-423 0.015 0.95 73
CagZnLa(PO,),:Tb* /Eu®* 298-448 0.0025 0.53 74
KBaGd(WO,);:Dy* /Eu** 298-478 0.033 0.64 75
NaYb(MoO,),:Eu**/Bi** 298-503 0.002 1.14 This work
the S, decreases. When examining the absolute and relative Conclusion

sensitivity trends between NYMO doped with 0.05Eu®" and
NYMO doped with 0.05Eu/0.05Bi**, we observe a clear S,
and S, value increase with the addition of bismuth. As a result,
NYMO codoped with Eu*" and Bi** seems highly suitable for
temperature sensing applications.

Thermal resolution is determined by the actual temperature
measured by the sensor and the precision of the experimental
detection device, as shown below:®*%°

_ 1 3FIR )
" Sg FIR

where SFIR/FIR is estimated from the integrated area of the
transitions.

FIR uncertainty (3FIR) was determined as the standard deviation
of the statistical distribution for each method. Using eqn (7), it is
clear that these values are less than 0.5 K for FIR (589/613) and
0.25 K for FIR (993/613), indicating high accuracy for both FIR
techniques over the entire temperature range studied. Fig. S5 (ESIT)
shows the calculated values of temperature resolution. Note that
the 8T value shows a decreasing trend with increasing Bi*" con-
centrations and all 87 values are below 0.35 K for FIR (589/613) and
0.12 K for FIR (993/613), indicating that the designed phosphors
have excellent temperature resolution.

Table 1 evidences a sensitivity of our samples higher than
the previously reported values in other host materials. From the
comparative analysis presented in Table 1, it is evident that the
NaYb(MoO,),:Eu**/Bi** phosphor synthesized in this work
shows unique thermometric properties within the temperature
range of 298-503 K. Specifically, although its maximum abso-
lute sensitivity (Samax) Of 0.002 K™' is lower than that of other
materials, such as Ca,Yg(Si04)s0,:Eu*"/Bi*" (0.0717 K™ ') and
KBaGd(WO,);*"/Eu’®" (0.033 K ), it exhibits an exceptionally
high relative sensitivity (Symax) Of 1.14 K~ '. This Symax value
surpasses that of all other materials in the comparison, making
it particularly promising for applications requiring high tem-
perature resolution and accuracy. The combination of moder-
ate temperature range, improved relative sensitivity, and stable
luminescence intensity positions NYMO:0.05Eu”*/0.05Bi*" as a
competitive candidate for advanced optical thermometry appli-
cations, where high precision is critical.

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

A series of Eu*"-activated NYMO phosphors co-doped with Bi** were
synthesized via solid-state reaction, confirming a tetragonal crystal
structure. Under UV excitation, strong emissions from Eu®" (589,
613, 652, 700 nm) and Yb>* (997 nm), sensitized by MoO,>", were
observed. The introduction of Bi** not only increased the energy gap
(~3.25 eV for 5% Bi*") but also significantly enhanced the lumines-
cence emission, particularly, the red emissions from Eu**. Chroma-
ticity analysis revealed a shift in CIE coordinates with increasing Bi**
content, confirming intensified red emission and improved color
purity, with the highest purity (87.21%) observed at 5% Bi*".
Additionally, Judd-Ofelt parameters showed that the introduction
of Bi** affects the electric-dipole transitions of Eu*" ions, with the Q,
parameter increasing for low Bi*" concentrations (up to 0.05) before
stabilizing, while Q, decreased with increasing Bi*', suggesting that
moderate doping optimizes luminescence. The calculated crystal
field parameters demonstrated that moderate Bi** doping, espe-
cially at 5%, optimizes the crystal field strength, enhancing the
luminescence performance. However, higher concentrations (20%)
lead to significant alterations of the crystal field, potentially affecting
luminescence negatively. Furthermore, the incorporation of Bi**
also improved the material’s optical thermometry performance by
increasing Eu*" emission and temperature sensitivity, with a max-
imum absolute sensitivity (Samay) of 0.002 K~ " and a notable relative
sensitivity (Symay) Of 1.14 K%, enabling superior temperature resolu-
tion. In summary, Bi** doping significantly enhances the optical,
structural, chromatic, and thermometric properties of the phos-
phors, making them highly suitable for advanced optoelectronic
devices and temperature sensing applications.
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