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Bi**-sensitized up-conversion luminescence
and non-contact optical thermometry
in NaCaYV.,Og:Er®*/Yb** phosphors
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Tri-doped NaCaYV,QOg phosphors incorporating Er**, Yb**, and variable Bi** concentrations (0—-0.15 mol%)
were synthesized via a sol-gel route. Phase purity and particle morphology were verified through X-ray
diffraction (XRD) and Transmission electron microscopy (TEM). Optical spectroscopy revealed that Bi**
incorporation mediates defect-state-induced band gap contraction (from 3.2 to 3.05 eV), facilitating
enhanced energy transfer coupling within the Er®*/Yb®* system. Under 980 nm excitation, pronounced
green up conversion signals emerged at 525 and 552 nm, attributed to the Hyy, — 152 and #Sz — *lis
transitions of Er®*. Photoluminescence intensity scaled monotonically with Bi** content up to an optimum
at 0.07 mol, beyond which non-radiative losses dominated. Temperature-dependent up conversion
spectroscopy (298-513 K) demonstrated that fluorescence intensity ratios (FIR) derived from the thermally
coupled ZHM/Z and 453/2 manifolds enabled reliable ratiometric thermometry independent of excitation fluc-
tuations. The 7 mol% Bi**-doped composition exhibited the highest absolute (S,) and relative (S,) thermal
sensitivities, establishing this composition as optimal for simultaneous up conversion brightness and
temperature-sensing performance. The findings underscore the strategic value of bismuth co-doping in

rsc.li/materials-advances

1. Introduction

Lanthanide-doped up conversion (UC) materials have garnered
significant attention in recent years due to their versatility in
frontier applications ranging from photothermal therapy and
bioimaging to contactless temperature sensing.'™ The distinct
optical signatures of these phosphors arise from the rich
electronic structure of trivalent rare-earth (RE**) ions, which
possess abundant metastable energy levels that facilitate effi-
cient photon absorption and emission.>® Among these applica-
tions, optical thermometry based on thermally coupled levels
(TCLs) is scientifically paramount as it allows for precise
thermal reading without physical contact. This mechanism is
particularly effective in Er’* ions, where the *Hy,,, and *S;,
excited states are separated by an energy gap of approximately
800 cm ™, allowing for population redistribution governed by

Boltzmann statistics and mediated by host lattice phonons.” ™
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vanadate hosts for synergistic enhancement of both luminescence efficiency and metrological precision.

Despite the promise of these materials, enhancing their
emission efficiency remains a critical challenge. One effective
strategy involves modifying the local crystal field by introducing
metal cations (e.g., Li*, Zn**, Mg®"), which has been shown to
modulate the host environment and improve UC performance.'®
More recently, the incorporation of Bismuth (Bi**) as a sensitizer
has emerged as a powerful approach. Optimal Bi** doping can
significantly amplify UC emission intensity of RE*" systems
through defect engineering and energy transfer modification."®
While the benefits of Bi** are known in other hosts, the specific
impact of Bi** co-doping on the optical and thermal properties of
the NaCaYV,Og:Er’"/Yb®* system remains unexplored. This
investigation is vital because the Fluorescence Intensity Ratio
(FIR) technique relies heavily on optimizing host-dopant
interactions to achieve the high accuracy and resolution
required for practical non-contact thermometry.'”'® Conse-
quently, maximizing the thermal sensitivity of Er*'/Yb**
codoped phosphors continues to be a priority in contactless
thermometry research.'®°

In this work, we report the synthesis of NaCaYV,03 (NCYVO)
phosphors co-doped with Er**/Yb*’, with varying concentra-
tions of Bi** via a sol-gel method. Structural and morphological
properties were characterized using X-ray diffraction (XRD),
while the role of Bi** in modulating the UC emission intensity
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was systematically investigated. Furthermore, detailed temperature-
dependent luminescence measurements were conducted to eval-
uate the UC mechanism and determine the suitability of these
phosphors for high-sensitivity optical thermometry applications.

2. Experimental section

2.1. Synthesis

A series of Bi*" co-doped NCYV0:0.02Er**/0.10Yb*>" phosphors
with Bi** concentrations (x =0, 5, 7, 10 and 15) were prepared via
a citrate-assisted sol-gel route. High-purity reagents were used as
received from Sigma-Aldrich without further purification. The
precursor materials comprised calcium nitrate [Ca(NOjs),,
99.9%], ammonium metavanadate [NH,VO3, 99.96%], and the
rare-earth/metal nitrates: Y(NO;);-6H,0 (99.9%), Yb(NO3)5-5H,0
(99.9%), Er(NO,);-5H,0 (99.9%), and Bi(NO;);-5H,0 (99.9%).
Citric acid [C¢HgO5, 99.0%)] served as the chelating agent. In a
typical synthesis, stoichiometric amounts of the metal precur-
sors were dissolved in 120 mL of deionized water in a 250 mL
beaker. The mixture was stirred continuously at ambient tem-
perature until a transparent, homogeneous solution was
achieved. Citric acid was then added in a 1:1 molar ratio to
the total metal ions, and the pH was adjusted to ~7 using
ammonium hydroxide under vigorous stirring to form the
citrate-metal complexes. The solution was evaporated at 80 °C
on a hotplate with continuous stirring until a viscous gel formed,
followed by drying in an oven at 120 °C for 12 h to obtain a dry
xerogel. The xerogel was ground into a fine powder and pre-
calcined at 500 °C for 4 h in air to decompose organic residues.
Finally, the powder was pelletized, annealed at 900 °C for 6 h in
air using a muffle furnace with a heating rate of 5 °C min~", and
slowly cooled to room temperature to yield the crystalline
phosphor samples.
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2.2. Characterization

The crystal structure and phase purity of the synthesized
phosphors were characterized by powder X-ray diffraction
(XRD) using a Rigaku D-Max 2500 diffractometer equipped with
graphite-monochromatized Cu Ko radiation (A = 1.5406 A).
Diffraction patterns were collected over a 26 range of 10°-80° at
a scanning speed of 15° min~'. Photoluminescence (PL) spectra
were recorded using a PerkinElmer spectrophotometer to evaluate
the up-conversion emission properties of the phosphors.

3. Results and discussions

3.1. XRD

The phase purity and structural evolution of NaCaY-
V,0g:0.02Er**/0.10Yb**/xBi** phosphors (x = 0, 0.05, 0.07,
0.10, 0.15 mol%) were examined using X-ray diffraction, as
shown in Fig. 1(a). All diffraction patterns exhibit well-defined
peaks that can be fully indexed to the standard monoclinic
NaCaYV,0g phase (JCPDS No. 96-152-7822), confirming the
formation of a single-phase material across the entire Bi**
doping range. No additional diffraction peaks corresponding
to secondary phases or impurity compounds are detected,
indicating that Bi*" ions are successfully incorporated into
the NaCaYV,Og host lattice without altering its crystal struc-
ture. The mean crystallite size (Dw-x) and lattice strain () of all
samples were determined from the Bragg peak positions and
their full width at half maximum (f) by applying the William-
son-Hall method.*"
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W-H
here, 0 represents the diffraction angle corresponding to the
most intense peak, K is the shape factor taken as 0.9, and 4
denotes the wavelength of the Cu Ko radiation (4 = 0.154 nm).
The variation observed in the Williamson-Hall plots presented
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Fig. 1 (a) X-ray diffraction (XRD) patterns of the synthesized NaCaYV,QOg:0.02Er**/0.10Yb>* phosphors doped with varying concentrations of Bi** (x = 0,
0.05,0.07, 0.10, 0.15 mol%) and (b)Williamson—Hall plots of NaCaYV,Qg:0.02Er**/0.10Yb>* phosphors doped with varying concentrations of Bi** (x = 0,

0.05,0.07, 0.10, 0.15 mol%).
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in Fig. 1(b) allows the determination of the crystallite size
(Dw-n) and lattice strain (¢) for the synthesized samples, as
summarized in Table S1. Based on the Williamson-Hall analy-
sis, the 0.07 mol% Bi*'-doped phosphor exhibits the lowest
lattice strain, indicating superior structural quality compared
to the other compositions.

Rietveld refinement was performed on the representative
diffraction profiles in order to quantify the structural para-
meters (Fig. S1). The refined crystallographic data, including
lattice constants and reliability factors, are compiled in Table
S1. The low residual values (Ryp, and R?) accounts for the high
quality of the fit and the purity of the as-synthesized samples.
The unit cell volume exhibits a consistent increase with rising
Bi*" content, as shown in Table S1, which serves as direct
confirmation of the substitution of Y** by the larger Bi** ion.
This expansion aligns with Vegard’s law, thereby supporting
the notion of Bi*" occupancy at the Y** site; the ionic radius of
Bi** (117 pm, CN = 8) is approximately 15% larger than that of
Y?* (101.9 pm, CN = 8). While Na* (118 pm) and Ca*" (112 pm)
possess similar radii, substitution at these sites would necessi-
tate charge compensation due to the trivalent character of Bi*",
a process that is energetically unfavorable in the absence of co-
dopants or vacancies. Conversely, the isovalent substitution of
Y*" with Bi** circumvents these issues, thereby designating the
Y-site as the most likely location for incorporation. This obser-
vation supports the effective integration of Bi*" within the
cationic sublattice of the NaCaYV,0Og host material.

3.2. TEM analysis

The microstructural evolution of the NCYV0:0.02Er**/0.10Yb*"/
¥Bi** phosphors (x = 0 and 0.07 mol) was examined by Trans-
mission electron microscopy TEM, as shown in Fig. 2(a and b)
and TEM micrographs of Bi**-doped samples with higher dopant
concentrations: (a) 0.05 Bi*", (b) 0.1 Bi**, and (c) 0.15 Bi*" are
provided in the Fig. S2.

All samples exhibit increased particle agglomeration and
irregular morphologies compared to the undoped material,
consistent with the trend observed for the 7% Bi**-doped
sample in the main text. The scale bar in all images is
200 nm. Fig. 2(a) shows well-defined, faceted nanoparticles
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corresponding to the undoped sample (0 Bi*'), where the
particles are relatively uniform in size and loosely aggregated,
indicating good dispersion and stable crystal growth. In contrast,
Fig. 2(b) represents the sample doped with 0.07 Bi**, which
exhibits a more compact and irregular morphology with pro-
nounced agglomeration and less distinguishable particle bound-
aries. The increased aggregation and morphological distortion
observed in the Bi*’-doped sample suggest that higher Bi**
incorporation affects the crystal growth process, likely by intro-
ducing lattice distortion and enhanced interparticle interactions.
Overall, Bi*" doping at 0.07 leads to reduced particle uniformity
and increased agglomeration compared to the undoped material.

3.3. Optical studies

3.3.1. Band gap value calculations. The ultraviolet-visible
(UV-vis) absorption spectrum of NCYVO was obtained using
diffuse reflectance measurements and analyzed through the
Kubelka-Munk function to elucidate the compound’s semicon-
ductor characteristics.”*?*

(1-R)?

F(R) =" 1)

R represents the reflectance.
The optical band gap (E,) of the compound was determined
using the Tauc relation.

(F(R) x h9)" = B(h9 — Ey) 2

where the absorption coefficient () is related to a proportion-
ality constant (B), and E, represents the optical band gap
energy. The exponent n can take values of 0.5, 1.5, 2, or 3,
corresponding to different types of optical transitions (direct
allowed, direct forbidden, indirect allowed, and indirect for-
bidden, respectively).

The diffuse reflectance spectra (DRS) of the Bi*" co-doped
NCYVO:Er’*/Yb** phosphors were recorded in the 200-1100 nm
range, as presented in Fig. 3. The spectra are dominated by a
strong ultraviolet absorption band between 200-350 nm,
corresponding to the O~ to V** charge transfer (CT) transition
within the VO, tetrahedral groups. Superimposed on this
host absorption are sharp, discrete peaks in the visible and

(b)

200 _nm

Fig. 2 Transmission electron microscopy (TEM) images illustrating the surface morphology of NaCaYV,0g:0.02Er**/0.10Yb>* phosphors with different

Bi**concentrations: (a) 0 mol, (b) 0.07 mol%.
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Fig. 3 UV-vis diffuse reflectance spectra (DRS) of the NCYVO:0.02Er**/
0.10Yb>* phosphors co-doped with varying concentrations of Bi** (x = 0—
0.15 mol).

near infrared regions, which are assigned to the characteristic
4f-4f intra-configurational transitions of Er’*" ions.>* Notably,
the broad absorption centered at 980 nm arises from the *F,,
to 2Fs,, transition of Yb®", which is critical for efficient photon
harvesting and subsequent energy transfer to Er’" activators.>>
Upon Bi** doping, a new absorption feature emerges at 353 nm,
attributed to the 1S0 to 3P1 transition of Bi*" ions, confirming
their successful incorporation into the lattice.”” Furthermore, the
absorption edge exhibits a progressive redshift with increasing
Bi*" concentration. As shown in Fig. S3, the optical band gap (E,)
narrows monotonically from 3.2 eV for the Bi-free sample to
3.05 eV for the 0.15 mol Bi*" sample. This band gap contraction is
ascribed to the hybridization of the Bi** 6s” orbitals with the O-2p
valence bands, which elevates the valence band maximum and
introduces localized defect states within the forbidden gap.'®®
These intermediate states effectively broaden the absorption
cross-section and may serve as bridges for energy transfer, thereby
modulating the optical performance of the phosphor.>'*>

3.3.2. Luminescence properties. The influence of Bi** sen-
sitization on the up conversion (UC) performance was evalu-
ated by recording the emission spectra of NCYVO:0.02Er**/
0.10Yb>*/xBi** phosphors under 980 nm diode laser excitation
(Fig. 4). All the samples display the characteristic green emis-
sion bands centered at 525 nm and 552 nm. These bands are
assigned to thermally coupled *Hyq/, — *Li5; and Sz — 1152
transitions of Er®" respectively.”® It should be noted that no
emissions directly attributable to Bi*" were detected in the
visible range, confirming its role as sensitizer or host modifier
rather than a direct activator in this spectral window.

As illustrated in Fig. 4, the UC emission intensity exhibits a
strong dependence on Bi*" concentration. The integrated green
luminescence intensity enhances monotonically with increasing
Bi** content, reaching a maximum at 7 mol%. This enhance-
ment is attributed to the Bi*"-induced modification of the local
crystal field symmetry around the Er**/Yb®* ions, which relaxes
the selection rules for 4f-4f transitions, and the defect-mediated
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Fig. 4 Up conversion (UC) emission spectra of the NCYVO:0.02Er**/0.10

Yb** phosphors doped with various Bi** concentrations (x = 0-0.15 mol)
under 980 nm excitation.

580

energy transfer pathways established by the narrowed band gap.
However, for doping levels exceeding 0.07 mol a systematic
decline in intensity is observed.

The emission spectra for each sample at different pump
powers are studied without saturation at high powers. The
emission intensity vs. the pump power will follow the relation:

1o () 3)

where I, P, and n stand for the up-conversion intensity, pump
power, and the exponent, that represents the number of
photons absorbed per emitted photon, respectively.**>* To
elucidate the photon absorption mechanism governing the
up-conversion process, the dependence of emission intensity
Ion pump power P was investigated for all Bi**-doped samples.
According to the relation I oc (P)" the slope of the linear fit in a
log-log plot (Fig. S3(a—e)) provides the n value. For all phosphor
compositions, the calculated slopes lie in the range of 1.57-
1.97. These values are close to the theoretical limit of n = 2
confirming that a two-photon absorption process is the domi-
nant mechanism responsible for the observed green up con-
version emission.

Based on these results and the simplified energy level
diagram (Fig. S3(f)), the proposed UC mechanism involves a
synergistic interplay of Ground State Absorption (GSA), Energy
Transfer Up conversion (ETU), and Cooperative Energy Transfer
(CET). Upon 980 nm excitation, Yb*" ions (sensitizers) effi-
ciently absorb incident photons via the *F,,, — *Fs, transition
due to their large absorption cross-section. Subsequently,
excited Yb?" transfers energy to a proximal Er** ion, promoting
it from the ground state “I;5,, to the intermediate “I,y,, level. A
second energy transfer event from another excited Yb** ion (or
the absorption of a second photon by an already excited Er**
ion via GSA/ESA) further excites the Er’" population to the
higher-lying *F,,, manifold. Additionally, Cooperative Energy

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Temperature-dependent up conversion (UC) emission spectra of (a) NCYVO:Er*/Yb**/0Bi** and (b) NCYVO:Er**/Yb®*/0.05 Bi** under 980 nm excitation.

Transfer (CET) may occur, where two excited Yb*" ions simulta-
neously transfer energy to a single Er** ion, directly bridging
the gap to the *F, state. Following rapid non-radiative relaxa-
tion to the metastable *Hy,,, and *S), levels, the ions decay
radiatively to the ground state, generating the characteristic
green emissions at 525 nm and 552 nm, respectively.*’

3.3.3. Temperature sensing behavior. To evaluate the suit-
ability of the Bi**-sensitized NCYVO:Er**/Yb*" phosphors for
non-contact thermometry, temperature-dependent up conver-
sion spectra were recorded in the range of 298-513 K, under
980 nm excitation, as shown in Fig. 5(a and b) NCYVO:Er**/Yb**
doped 0 and 0.07 respectively and Fig. S4(a-c) for Er/Yb/XBi (X =
0.05,0.1,0.15). The thermometric performance relies on the
thermally coupled levels (TCLs) of the Er** ion: the *H,4,, state

(a) (b)

(emitting at 525 nm) and the S, state (emitting at 552 nm).
Given the relatively small energy gap (AE < 2000 cm )
between these manifolds, the population redistribution
is governed by quasi-thermal equilibrium. As the temper-
ature rises, electrons are promoted from the lower *S;, level
to the higher *H,,), level, resulting in a characteristic increase
in the 525 nm emission intensity relative to the 552 nm
emission.

This redistribution follows Boltzmann statistics, allowing
the fluorescence intensity ratio (FIR) to be defined as a function
of absolute temperature T according to eqn (4):****

j{ —AE
FIR:I—H:BxExp( ) (4)

S KgT
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Fig. 6 The variation of FIR with temperature for (@) NCYVO:Er**/Yb**/0 Bi**, (b) NCYVO:Er**/Yb**/0.05 Bi**, (c) NCYVO:Er**/Yb**/0.7 Bi**, (d)

NCYVO:Er*t/Yb3*/0.1Bi**, and (e) NCYVO:Er®*/Yb>*/0.15Bi%*.
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Table 1 AE/Kg, S, S. SFIR/FIR values of NCYVO:Er**/Yb**/xBi** (x =
0,0.05,0.07,0.10 and 0.15)

Bi3+

concentration AE/Kg (K) Samax Sy (300 K) o = SFIR/FIR
0 858.35 0.00540 (430 K) 0.75% 0.0012

0.05 875.01 0.004 (440 K) 0.48% 0.0013

0.07 980.244  0.005 (480 K) 0.65% 0.0034

0.1 987.02 0.00515 (470 K)  0.63% 0.0551

0.15 1008.818  0.005 (513 K) 0.5% 0.0065

where Iy and Ig represent the integrated intensities of the
*Hyyp — *Iisp (525 nm) and *Sz, — I35/, (552 nm) emission
bands, respectively. The pre-exponential factor B is a constant
determined by the spontaneous emission rates, degeneracies,
and angular frequencies of the transitions, Ky is the Boltzmann
constant, and AE is the effective energy gap. A crucial advan-
tage of this ratiometric method is that the FIR value is inde-
pendent of fluctuations of the excitation power, or losses in the
optical path, ensuring high measurement precision and stabi-
lity for practical sensing applications.

Fig. 6(a-e) show that the fluorescence intensity ratios (FIR)
between the thermally coupled *Hy,,, and S/, levels increase
non-linearly for the Er**/Yb**/xBi** tri-doped NCYVO phosphor
samples (x = 0, 0.05, 0.07, 0.10, and 0.15) from 298 to 513 K. The
(AE/Kg) values obtained from the fitting results for all samples
are summarized in Table 1. The temperature sensitivity of the
phosphor samples is a critical factor in the development of
highly responsive optical temperature sensors. Among the key
indicators used to evaluate and compare sensor performance
are the absolute sensitivity (S,) and relative sensitivity (S,).
These parameters offer meaningful insights into the sensing

(a) )
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efficiency of the material and can be calculated using the

following equations eqn (5) and (6), respectively.*>”
dFIR
S =Tar ©)
_ 1 dFIR ©
" FIR dT

Fig. 7(a—e) present the temperature-dependent evolution of
the absolute sensitivity S, for the different Bi** concentrations
in NCYVO:Er**/Yb*'/xBi**. The values of S, were obtained from
the FIR-temperature relationship using eqn (5). S, increases
steadily with temperature and reaches a maximum at a char-
acteristic temperature Tp,.x specific to each composition. These
maximum values are listed in Table 2. A clear decline in the
peak S, is observed as the Bi*" concentration increases, indicat-
ing that the sample without Bi** (x = 0) exhibits the highest
absolute sensitivity, approximately 5.4 x 107° K at 430 K.

This behavior indicates that the variation of S, is primarily
governed by the pre-exponential factor B in the FIR expression,
whereas the energy gap AE between the thermally coupled
levels mainly determines the optimal operating temperature
range. Within the Judd-Ofelt formalism, the parameter B can
be expressed in terms of the intensity parameters Q; (1 = 2,4,6),
which reflect the local crystal-field symmetry and the degree of
covalency surrounding the Er*" ions. In practice, these Q;
values and thus B can be derived from room-temperature
absorption or emission spectra, or extracted from literature
for Er*" in structurally similar hosts, providing a predictive
framework for estimating S, without time consuming
temperature-dependent measurements.
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Fig. 7 The variations of absolute sensitivity (S,) and relative sensitivity (S,) with temperature for (a) NCYVO:Er**/Yb3*/0%Bi**, (b) NCYVO:Er**/Yb3*/
5%Bi**, (c) NCYVO:Er**/Yb**/7% Bi**, (d) NCYVO:Er**/Yb**/10%Bi**, and (e) NCYVO:Er**/Yb**/15% Bi** under 980 nm excitation, (f) the variations of
temperature resolution (87) with temperature for NCYVO:Er®*/Yb®*/X Bi** (X = 0,0.05,0.07,0.1 and 0.15) under 980 nm excitation.
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Table 2 Temperature sensitivity comparison of phosphors

Sensing materials Temperature range (K) Excitation (nm) Samax (K1) S (%K) Ref.
NaErF,@NaYF,@NaYbF,:Tm@NaYF, NPs 293-413 980 — 0.71 (315 K) 43
GdPVO,:2%Er*'/15%Yb’" 300-440 980 0.00507 (320 K) 0.63 (300 K) 44
LaNbO,:1%Er**/10%Yb>" 10-300 980 — 0.749 (300 K) 45
CaLa,ZnOs:Er**/Yb®" 298-513 980 — 0.59 (513 K) 46
Tellurite glass:Yb**, Er** 298-473 980 — 0.53 (298 K) 47
K3Y(PO,),:Yb**/Ho™ 303-523 980 — 0.2 (303 K) 48
NaCaYV,04:Er**/Yb**/0.07Bi** 298-513 980 0.0051 (430 K) 0.65 (300 K) This work

For the FIR involving the transitions *Hy1» — 'Lisp and
S5/, — 1155, B is approximated using eqn (7), which relates it
to Q,, Q4, Q6, and the corresponding reduced matrix elements.
Among these parameters, Q, is particularly sensitive to local
structural modifications and bonding characteristics, while Q,
and Q¢ remain comparatively stable and are primarily dictated
by the host lattice. Therefore, in the NCYVO system, Q, appears
to be the dominant Judd-Ofelt parameter influencing the
evolution of B, and consequently the absolute sensitivity S,.**

= o

)

The variation of relative sensitivity (S,), a critical figure of
merit for comparing sensors across different temperature
ranges, was calculated using eqn (6) and is presented in
Fig. 7. Unlike absolute sensitivity, S, typically follows a 1/T>
dependence. The maximum S, values, obtained at 300 K, are
listed in Table 1. Remarkably, while Bi** doping modulates the
absolute sensitivity, the relative sensitivity remains robust,
ensuring high precision for physiological temperature sensing.

To benchmark the performance of the NCYVO:Er**/Yb>'/
xBi*" system, the obtained S, and S, values were compared with
those of other Er**-based optical thermometers reported in the

(a) (b)

literature (Table 2). The sensitivity values achieved in this work
even for the Bi-doped samples exceed those of many estab-
lished hosts (e.g., fluorides, oxides, and other vanadates). This
superior performance, combined with the significant enhance-
ment in emission intensity provided by Bi** sensitization,
positions the 0.07 Bi**-doped NCYVO phosphor as a highly
promising candidate for practical, high-sensitivity optical ther-
mometry applications.

Thermal resolution (37) is another parameter used to eval-
uate the performance of the proposed high-temperature sensor.
It quantifies the minimum temperature difference that the
sensor can reliably detect, thus reflecting its ability to discern
small changes in temperature with precision. A lower 37 value
indicates a higher sensitivity of the sensor to temperature
variations. This parameter was calculated using the following

equation, as presented in eqn (8).>**°
1 J8FIR

0T = — —— 8

S, FIR (8)

The parameter SFIR defines the experimental uncertainty of
the thermometric signal, effectively setting the threshold for
the smallest detectable change in the fluorescence ratio. While
this limit is intrinsic to the sensor’s performance, it is also
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Fig. 8 Repeatability assessment (R) (a) Er/Yb/0 Bi (b) Er/Yb/0.05 B, (c) Er/Yb/0.07Bi, (d) Er/Yb/0.1 Bi and (e) Er/Yb/0.15 Bi for NCYVO phosphors.
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heavily dependent on the instrumentation and environmental
conditions. To minimize this uncertainty and enhance the
resolution, we optimized the data acquisition protocol by
increasing the signal integration time and averaging consecu-
tive spectral scans to suppress random experimental noise.

To quantify the detection limit, a statistical analysis was
performed using 50 consecutive measurements taken at room
temperature for the NCYVO:Er/Yb/x%Bi samples (x = 0, 5, 7, 10,
15). The distribution of these measurements is visualized in the
histograms in Fig. S4(a-e). The relative uncertainty of the
signal, defined as OFIR/FIR, was derived from the standard
deviation of these distributions. The calculated values for all
doping concentrations are cataloged in Table 2. This metric
serves as a direct indicator of measurement precision and
system stability.

Furthermore, Fig. 7(f) illustrates the evolution of the thermal
resolution 87 as a function of temperature for the NCYVO:Er/
Yb/xBi samples (x = 0, 0.05, 0.07, 0.10, 0.15). The calculated max
values 0Ty for all the doping concentrations are listed in
Table 2. The data indicate that the thermal resolution improved
with doping, yielding smaller 8T as the temperature increased.
This trend underscores the sensor’s enhanced capability to
discriminate minute temperature fluctuations in the higher
temperature regimes across the investigated samples.

The estimated thermometric parameters (FIR values) were
carefully measured during multiple cycles of the sample
between ambient temperature (298 K) and increased tempera-
tures (513 K), as shown in Fig. 8, in order to verify the accuracy
of the used temperature sensing methods. The following for-
mula was used to determine the repeatability(R):*"*>

max M;(T), x M(T),

1 —
FIR,

x 100

Ry(100%) =

where M(T). across 10 cycles and M,(T), for the measured
parameter (FIR) in the ith cycle are represented. The calculated
FIR values show reversible temperature changes; within the
measured temperature range, the FIR values for Er/Yb/xBi
(x = 0,0.05,0.07,0.1 and0.15) are 94%, 96%, 95%, 97% and
95% respectively. This demonstrates how are highly reliable
and repeatable the thermometric techniques used.

4. Conclusions

In summary, Bi*"-sensitized NaCaYV,Og:Er**/Yb*" up conver-
sion phosphors were successfully synthesized via a sol-gel
method, their structural, optical, and thermometric properties
were systematically investigated. Structural analysis confirmed
the formation of a single-phase solid solution, where Bi*"
incorporation induces a controlled reduction in the optical
band gap (from 3.2 to 3.05 eV) via spin-orbit hybridization.
This electronic structure modulation, combined with local
symmetry distortion, facilitates efficient energy transfer and
relaxes the selection rules for 4f-4f transitions, leading to a
significant enhancement in the green up conversion emission
intensity.
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The optimal doping concentration was identified as 0.07
mol Bi**, which balances the emission brightness with concen-
tration quenching effects. Temperature-dependent lumines-
cence studies (298-513 K) demonstrated that the fluorescence
intensity ratio (FIR) of the thermally coupled Er*" levels
Hyy, — “S;), enables reliable non-contact thermometry. Although
Bi*" doping resulted in a trade-off with absolute sensitivity (S), the
optimized phosphor retained high relative sensitivity (S,) and
excellent thermal resolution &7, superior to many existing
vanadate-based sensors. These results establish the 0.02Er*'/
0.10Yb>*/0.07Bi*" tri-doped NCYVO phosphor as a robust, multi-
functional material suitable for advanced applications in optical
thermometry, photonic sensing, and optoelectronics.
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