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Abstract 15 
In this study, neodymium-doped Li3Ba2Gd3(WO4)8 (LBGW:x Nd3+) phosphors 16 
were synthesized via a conventional solid-state method and investigated for optical 17 
sensing of temperature. Upon near-infrared (NIR) excitation at 808 nm, three 18 
prominent infrared emission bands were observed, corresponding to the 19 
4F3/2 → 4I9/2, 4F5/2 → 4I11/2, and 4F3/2 → 4I11/2 transitions of Nd³⁺ ions, falling within 20 
the first and second biological windows (I-BW and II-BW), and thus enabling 21 
biologically compatible optical thermometry. Temperature-dependent fluorescence 22 
intensity ratio (FIR) analysis was carried out in the 303–473 K range using three 23 
emission band pairs derived from five emission lines: P1 and P2 from 4F3/2→ 4I9/2, 24 
P3 from 4F5/2→ 4I11/2 transition, and P4 and P5 from 4F3/2 → 4I11/2. The three 25 
evaluated FIR schemes (P2/P1, P3/P1, and P5/P4) demonstrated distinct thermal 26 
responses, with FIR(P3/P1) exhibiting the highest relative sensitivity of 1.53 % K⁻¹ 27 
and a thermal resolution of 8.86 × 10⁻⁵ K at 303 K. The phosphors also 28 
demonstrated excellent repeatability, photostability, and thermal reversibility over 29 
multiple heating–cooling cycles, confirming their robustness for non-contact, high-30 
resolution temperature sensing. These results position LBGW:Nd³⁺ phosphors as a 31 
promising candidate for advanced optical thermometry, especially within I-BW and 32 
II-BW, where NIR emission enables compatibility with biomedical applications. 33 

Keywords:  Quaternary tungstate, Neodymium, Fluorescence intensity ratio, 34 
Optical thermometry, Biological application. 35 
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1. Introduction 42 

Temperature is a fundamental physical parameter, and its precise and reliable measurement 43 
is essential for a wide range of industrial and scientific applications. The capability to monitor 44 
and regulate temperature with accuracy is crucial for ensuring efficiency, safety, and optimal 45 
performance in various processes [1,2]. Currently, conventional thermometers encompass 46 
various types, including liquid-filled glass thermometers that operate on the principle of thermal 47 
expansion, thermocouples that rely on the Seebeck effect, optical sensors, and other 48 
mechanisms [1]. However, in certain conditions – such as exposure to strong electromagnetic 49 
fields, operation in extreme environments, or applications involving dimensions smaller than 50 
10 μm  – conventional temperature sensors become impractical or ineffective [1,3]. To address 51 
these limitations, various research groups have focused on developing miniaturized luminescent 52 
temperature sensors. These sensors leverage different phosphors, including quantum dots, 53 
organic dyes, semiconductors and lanthanide-doped particles, to enable precise temperature 54 
measurements in challenging environments [1,3,4]. Among numerous proposed approaches, 55 
luminescent thermometers utilizing solid-state hosts doped with trivalent lanthanide ions (Ln³⁺) 56 
have garnered significant research interest since the 1970s [3,5,6]. These luminescent probes 57 
are synthesized through different fabrication techniques, enabling their application in advanced 58 
optical sensing technologies [1,3].  59 

Various techniques have been explored for temperature measurement using Ln³⁺-doped 60 
phosphors [7–10]. Among these, ratiometric methodologies have received significant attention 61 
and have been extensively investigated [2,11–16]. These methods are based on the relative 62 
variation in emission intensity associated with transitions from two excited states to lower-63 
energy levels in Ln3+. The sensitivity and overall performance of these optical sensors are 64 
governed by a variety of factors, including the energy separation between emission levels, the 65 
degree of thermal coupling, the concentration and selection of dopant ions, and the chemical 66 
composition and structural properties of the host matrix.  67 

Ln3+-based luminescent thermometers have found widespread use across various scientific 68 
and technological domains [1,3,4,17–20]. Notably, their application in biological systems has 69 
been extensively explored in recent years, demonstrating significant potential for biomedical 70 
and biophysical research [17,19,21,22]. For an effective sensing system, several key 71 
requirements must be met. First, it should operate with excitation and emission wavelengths in 72 
the infrared region of the electromagnetic spectrum, specifically within the biological windows 73 
(BWs), to ensure deep tissue penetration with minimal scattering. Additionally, the system must 74 
be capable of producing strong luminescence at low excitation power, optimizing energy 75 
efficiency and reducing potential photodamage. Another crucial factor is biocompatibility, 76 
meaning the materials used should exhibit low toxicity to ensure safe application within living 77 
organisms. Lastly, the sensor must demonstrate high sensitivity to detect even slight 78 
temperature variations with precision. This can be accomplished by employing sensing schemes 79 
where both the excitation source and emitted light are selected within specific wavelength 80 
ranges, known as BWs: the first (I-BW, 700–950 nm), second (II-BW, 1000–1350 nm), and 81 
third (III-BW, 1500–1750 nm). Furthermore, luminescent probes with high absorption and 82 
emission efficiency are essential to minimize the adverse effects associated with prolonged 83 
tissue exposure to intense excitation power. A well-balanced integration of these requirements 84 
would result in temperature sensors capable of detecting minute variations in temperature, even 85 
at great depths in biological tissue or at the cellular level [1,17]. These materials intrinsically 86 
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possess high absorption and emission cross sections in the I-BW and II-BW, a feature attributed 87 
to the structured intra-4f energy scale of Nd³⁺ ions. Additionally, the small energy separations 88 
between the levels and Stark sublevels of Nd3+ (< 2000 cm⁻¹) enable strong thermal coupling 89 
between various level pairs. This characteristic can be leveraged for temperature measurement 90 
using ratiometric techniques, offering high sensitivity within the physiological temperature 91 
range (293–333 K), which is critical for monitoring most biological and physiological processes 92 
[2,13,15]. In this approach, infrared light sources tuned around 800 nm were employed to excite 93 
Nd3+ ions, while temperature was determined by analyzing the luminescence corresponding to 94 
transitions from the Stark sublevels of the 4F3/2 excited state to the 4I9/2 and 4I11/2 levels. Notably, 95 
relative sensitivities as high as 0.1 %K⁻¹ have been reported using this technique [13,23–26]. 96 
However, Nd³⁺-based temperature sensing is not limited to the I-BW. Recent studies have 97 
demonstrated that by exploiting emissions around 1060 nm, it is possible to operate within II-98 
BW, achieving deeper tissue penetration and reduced light scattering [27][28]. 99 

In 2014, Tian et al. [2] demonstrated FIR-based temperature sensing using NaYF4:Nd³⁺ 100 
microcrystals. Their method exploited emission bands associated with transitions from various 101 
thermally coupled level pairs to the 4I9/2 state, specifically 4F5/2 / 4F3/2, 4F7/2/4F5/2, and 4F7/2/4F3/2, 102 
enhancing sensitivity and measurement accuracy. In addition, Kalinichev et al. [29] and 103 
Balabhadra et al. [15] have effectively implemented comparable strategies. In addition, other 104 
studies have explored infrared excitation beyond biological windows, in particular at 980 nm 105 
[27,28,30–32]. Therefore, the development of alternative high-sensitivity optical temperature 106 
sensing techniques based on Nd3+-doped solid-state hosts, where both excitation and emission 107 
wavelengths reside within a biological window, represents a significant scientific and 108 
technological challenge. Among luminescent hosts, recent studies have demonstrated that 109 
quaternary tungstate compounds, particularly Li3Ba2Gd3(WO4)8 (LBGW), exhibit highly 110 
efficient luminescence when doped with Ln3+ ions such as Pr3+ [33], Tb3+ [34], Sm3+ [35], Dy3+ 111 
[36], and Eu3+ [37]. These phosphors have garnered significant interest for LED applications 112 
and long-lasting luminescent materials. However, the potential of Ln³⁺-doped LBGW for optical 113 
temperature sensing remains largely unexplored, necessitating further investigation. 114 

In this study, we successfully synthesized Nd3+-doped LBGW phosphors via the solid-state 115 
method for optical temperature sensing. Their structural, morphological, and 116 
photoluminescence properties were systematically characterized. Various FIR sensing schemes 117 
were evaluated, and their thermal sensitivities were estimated. Leveraging these properties, we 118 
propose a novel ratiometric thermometric approach based on Nd3+-doped LBGW phosphors, 119 
using infrared excitation and emissions entirely within the I-BW and II-BW. 120 

2. Materials and methods  121 

2.1. Synthesis and Materials 122 

LBGW:xNd3+ samples were synthesized using the conventional solid-state reaction 123 
method. The raw materials employed were of high purity: Li2CO3 (>99%, Alfa Aesar), BaCO3 124 
(99.9%, chemPUR), Gd2O3 (99.99%, Treibacher AG), Nd2O3 (99.99%, Treibacher AG), and 125 
WO₃ (99.9%, Honeywell Fluka). These reagents were accurately weighed according to their 126 
stoichiometric ratios and carefully mixed in an agate mortar to ensure homogeneity. The 127 
resulting powder mixture underwent a preliminary calcination at 650°C for 7 hours, favouring 128 
the decomposition of the carbonate, the elimination of volatile substances and the initiation of 129 
the reaction in the solid state. After cooling to room-temperature (RT) and fine grinding of the 130 
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calcined powder, the material was pressed into pellets to improve densification and reaction 131 
kinetics. These pellets were then subjected to a second calcination at 800°C for 14 hours in an 132 
oxygen-rich atmosphere to ensure complete phase formation and remove residual CO₂ from 133 
carbonate decomposition. To avoid structural defects and undesirable phase transitions, the 134 
samples were gradually cooled to RT. Finally, the powders were stored in a desiccator to protect 135 
them from moisture before characterization. 136 

2.2. Measurements 137 

The crystal structure of the synthesized LBGW:xNd3+ powders was examined using X-ray 138 
powder diffraction (XRD). The diffraction data were collected with a Bruker-AXS D8-Advance 139 
diffractometer, equipped with a vertical θ–θ goniometer and operating with Cu Kα radiation (λ 140 
= 1.5406 Å). To detect the diffracted X-rays, a LynxEye-XE-T position-sensitive detector with 141 
an opening angle of 2.94° was utilized, ensuring high precision and resolution in the 142 
measurements. For Rietveld refinement, the diffraction data were recorded with a step size of 143 
0.02° and a step time of 2 seconds, covering a 2θ range from 10° to 80°. The sample was 144 
supported on Si(510), chosen for its low background interference. The refinement process was 145 
carried out using the Match crystal impact (Version 4) software to ensure accurate structural 146 
analysis. The elemental composition of the samples was analyzed using energy-dispersive X-147 
ray spectroscopy (EDX). The measurements were carried out with a FEI Quanta 600 148 
environmental scanning electron microscope (ESEM) equipped with an Oxford Inca 3.0 149 
microanalyzer. Raman spectra were acquired using a Renishaw InVia confocal Raman 150 
microscope, which was equipped with an edge filter, a 50× objective, and an Ar⁺ ion laser as 151 
excitation source (λₑₓ= 514 nm). A Varian Cary 5000 UV-Vis-NIR spectrophotometer, equipped 152 
with an integrating sphere, was used to measure the reflectance spectra at RT. The 153 
measurements were performed on 12 mm diameter pellet samples over a spectral range of 200–154 
850 nm, with a data interval of 0.5 nm and an integration time of 1 second. To carry out the 155 
luminescence measurements, we used a custom-built system comprising an optical spectrum 156 
analyzer (OSA AQ6373E- Yokogawa Electric Corporation) connected to a detector and 157 
equipped with an AlGaAs diode laser (Ostech) emitting at 808 nm in continuous-wave (CW) 158 
mode, with a maximum output power of 15 W. The excitation power density at the sample 159 
surface was approximately 101.9 W/cm2. Luminescence lifetime measurements were 160 
performed using a cooled photomultiplier tube (R928P, Hamamatsu) and a dual monochromator 161 
(DTMS300, Bentham) to select the emission wavelength. In addition, a temperature-controlled 162 
device in which high-resolution thermocouple sensor was used for temperature monitoring, was 163 
specially configured to record sample emission spectra as a function of temperature between 164 
303 and 473 K. 165 

3. Results and discussion  166 

3.1. Structural properties 167 

The series of quaternary tungstate samples, LBGW:x Nd3+ (x = 0, 1, 2, 3, 4, and 5 at.%), 168 
were analyzed using XRD to confirm their phase purity. Fig.1(a) presents the XRD patterns of 169 
all synthesized samples, confirming their crystalline nature and their association with the 170 
quaternary tungstate LBGW-type structure. The diffraction patterns align with the JCPDS (Joint 171 
Committee on Powder Diffraction Standards) #7211787, corresponding to the 172 
Nd:Li3Ba2Y3(WO4)8 crystal, as illustrated in Fig.1(b). The XRD analysis revealed no evidence 173 
of secondary phases in the samples with the investigated Nd concentrations, confirming their 174 
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homogeneous single-phase composition. LBGW:x at.% Nd3+ phosphors crystallise in the 175 
monoclinic class with the C2/c space group and the 2/m point group. The sharpness and 176 
intensity of the observed diffraction peaks indicate the high crystallinity of the samples, which 177 
is a key factor in improving the optical efficiency of the phosphors. 178 

According to Shannon’s reference, the ionic radii of Nd³⁺, Gd³⁺, Li⁺, and Ba²⁺ in eightfold 179 
coordination are as follows: Nd³⁺ (1.109 Å), Li⁺ (0.92 Å), Ba²⁺ (1.42 Å), and Gd³⁺ (1.053 Å) 180 
[38]. Among them, Gd³⁺ has the closest ionic radius to Nd³⁺ while preserving the same charge 181 
state, making it a favorable candidate for substitution within the crystal lattice. In LBGW, Nd³⁺ 182 
ions are expected to replace the trivalent host cations, Gd³⁺, primarily at the 8f crystallographic 183 
sites. This substitution is anticipated to increase the lattice constants, resulting in structural 184 
modifications within the crystal lattice. The substitution of Gd³⁺ ions in the lattice by Nd³⁺ is 185 
confirmed by the percentage difference in ionic radii (Δr) between the Nd³⁺ activator and the 186 
Gd³⁺ host ion, calculated using Equation (1) [38]: 187 

∆𝑟𝑟 = �𝑅𝑅ℎ−𝑅𝑅𝑑𝑑
𝑅𝑅ℎ

�× 100%  ,                                           (1) 188 

where Rd represents that of the activator ion (Nd³⁺), and Rh denotes the ionic radius of the host 189 
ion (Gd³⁺). The calculated Δr is approximately 5.3%. For effective integration, the difference in 190 
ionic diameters between the dopant and host ions must remain below 30% [39]. This value of 191 
∆𝑟𝑟 is sufficiently small to facilitate the substitution of Gd³⁺ by Nd³⁺ in the crystal lattice, 192 
suggesting that Nd³⁺ ions can be successfully incorporated into the LBGW host without 193 
inducing significant structural distortion, which is consistent with the phase purity observed in 194 
XRD patterns. 195 

 196 
Figure 1. (a) XRD patterns of LBGW:x Nd3+ phosphors with x= 0, 1, 2, 3, 4, and 5 197 
at.%, (b) Standard powder diffraction pattern of Nd:Li3Ba2Y3(WO4)8. 198 

To gain a deeper insight into the structure of LBGW:x Nd³⁺ phosphors and the incorporation 199 
behavior of Nd³⁺ ions within the LBGW host matrix, a Rietveld refinement was performed for 200 
the LBGW:3 at% Nd³⁺ sample. The fitted diffraction pattern is presented in Fig. 2(a), while the 201 
corresponding refinement parameters are summarized in Table 1. The Nd:Li3Ba2Y3(WO4)8  202 
structure served as the reference model for the Rietveld refinement process [40]. The calculated 203 
profiles exhibit a strong correlation with the experimental data. The refined lattice parameters 204 
for the LBGW: 3 at.% Nd³⁺ sample are as follows: a = 5.217(5) Å, b = 12.747(4) Å, and c = 205 
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19.203(7) Å, with a calculated unit cell volume of V = 1276.591(1) Å³. The monoclinic structure 206 
is defined by an angle β = 91.84(8) Å, while the theoretical crystal density is ρcalc = 7.155 g/cm3. 207 
The unit cell comprises two formula units (Z=2). Refinement resulted in a reduced chi-square 208 
value (Chi2) of 1.44 and an 𝑅𝑅𝑤𝑤p factor of 8.00%, indicating a well-convergent fit with a high 209 
degree of reliability. 210 

The atomic coordinates, crystallographic sites, isotropic displacement parameters and 211 
occupancy factors determined for sample LBGW:3 at.% Nd³⁺ are presented in Table 2. 212 
Additionally, based on the results of Rietveld refinement, a structural fragment of LBGW:Nd³⁺ 213 
was visualised along the b-c crystallographic plane, as shown in Fig.2(b).  214 

Li⁺ ions occupy two distinct crystallographic sites. The first, Li1, is statistically distributed 215 
with Gd³⁺ and Nd³⁺ ions in the structure. The second site, labelled Li2, corresponds to a special 216 
crystallographic position with the 4th Wyckoff symbol, where the atoms are coordinated by six 217 
oxygen atoms. While Ba²⁺ ions are surrounded by ten oxygen atoms, forming distorted [Ba]O10 218 
polyhedra. Each [Gd|Li1∣Nd] site is surrounded by eight oxygen atoms, forming a distorted 219 
polyhedral structure. The polyhedra [Li2]O6, [Ba]O10, and [Gd|Li1∣Nd]O8 are interconnected 220 
by shared oxygen atoms, forming a cohesive structural framework. The [Gd|Li1∣Nd]O8 221 
polyhedra arrange themselves into a two-dimensional layered structure parallel to the (b–c) 222 
plane. At the same time, [Ba]O10 polyhedra connect adjacent layers of [Gd|Li1|Nd]O8-223 
[Gd|Li1|Nd]O8, creating a three-dimensional network that ultimately gives rise to a single-layer 224 
polyhedral structure. 225 

 226 
Figure 2. (a) Rietveld refinement plots and (b) fragment structure in projection on the 227 
b-c crystallographic plane for LBGW:3 at.% Nd3+. 228 

 229 

 230 

 231 

 232 

 233 

 234 
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Table 1. Crystallographic data and Rietveld refinement details for LBGW:3 at.% 235 
Nd3+ sample 236 

 237 
 238 

 239 

 240 

Table 2. Atomic coordinates, sites, occupancy factors (O.F) and isotropic  241 
displacement parameters Biso (Å2) LBGW:3 at.% Nd3+ sample. 242 
 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

Fig. 3(a) displays an ESEM micrograph of LBGW doped with 3 at.% Nd³⁺ and annealed at 252 
900°C, revealing particles that predominantly exhibit spherical and blocky morphologies. 253 
These particles have irregular shapes and a broad size distribution ranging from 0.5 to 3 μm. 254 
The micrometric size of the powdered samples does not pose a limitation for their potential use 255 
in biological applications. In fact, dispersed microparticles within the 0.5–10 μm range are 256 
suitable for various biomedical applications, including drug delivery in cancer immunotherapy 257 
[41] and treatments for infectious diseases [42]. Unlike nanoparticles, which are internalized 258 
by cells through endocytosis, microparticles are primarily taken up via phagocytosis [41]. 259 

These particles exhibit a tendency to grow and agglomerate, forming large aggregates 260 
exceeding 5 μm in size, likely driven by Van der Waals interactions between the particles [43]. 261 
The sample composition was characterized using line-scan EDX and elemental mapping. 262 
Representative EDX spectra for LBGW:3 at.% Nd3+sample are depicted in Fig. 3(b), while the 263 
corresponding elemental mapping is shown in Fig. 3(c). For the Nd3+-doped sample, the 264 
presence of Nd as an additional dopant is distinctly evident. Elemental mapping of Nd and Gd 265 

Data LBGW:3 at.% Nd3+ 
Chemical formula Li3Ba2Gd2.91Nd0.09(WO4)8 
Crystal System monoclinic 
Space group (IT number, Z) C2/c (15, 2) 
Laue Class 2/m 
Calculated density (g/cm3) 7.155 
Lattice constant a,b,c(Å) 5.217(5), 12.747(4), 19.203 (7) 
α,β,γ(deg.) 90, 91.84 (8), 90 
Volume(Å3) 1276.591 (1) 
2θ range (deg.) 10-80 
2θ step 0.02 
Radiations Cu-Kα1 (λ= 1.5418 Å) 
Refinement software Match crystal impact (Version 4) 
Reliability factors  Rp = 6.01 %; Rwp = 8.00 %; Rexp = 6.67; Chi2 = 

1.44;  Bragg R-factor= 1.83 

Atoms sites x/a y/b z/c O.F Biso(Å2) 
W1 8f 0.4873(3) 0.4412(3) 0.4055(0) 1.000 1.256(1) 
W2 8f 0.5001(7) 0.7523(6) 0.3513(3) 1.000 0.833(1) 
Ba 4e 1.0000(0) 0.5335(6) 0.2500(0) 1.000 1.584(6) 
Gd|Li1|Nd 8f 1.0045(0) 0.6546(8) 0.4695(8) 0.728|0.250|0.022 0.779(2) 
Li2 4e 0.5000(0) 0.3253(0) 0.2500(0) 1.000 1.795(4) 
O1 8f 0.6423(0) 0.4148(0) 0.3263(0) 1.000 2.921(1) 
O2 8f 0.2565(5) 0.5433(9) 0.4039(0) 1.000 2.843(7) 
O3 8f 0.7726(9) 0.4613(1) 0.4459(1) 1.000 2.468(4) 
O4 8f 0.3025(3) 0.3361(1) 0.4520(9) 1.000 2.134(8) 
O5 8f 0.2245(6) 0.7156(9) 0.2898(8) 1.000 2.665(7) 
O6 8f 0.7395(9) 0.6502(1) 0.3600(0) 1.000 2.987(1) 
O7 8f 0.6685(0) 0.8441(7) 0.3299(8) 1.000 2.331(5) 
O8 8f 0.2955(5) 0.7405(0) 0.4201(5) 1.000 2.438(4) 
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confirms a uniform distribution of the dopant within the host matrix, aligning with the findings 266 
from the XRD analysis. 267 

 268 
Figure 3. (a) ESEM image (b) Energy-dispersive X-ray (EDX) spectra (c) elemental 269 
mapping for the LBGW:3 at.% Nd3+. 270 

The Raman spectra of LBGW:x Nd³⁺ (with x=1, 2, 3, 4, and 5 at.%) were recorded under 271 
ambient conditions, corresponding to RT and normal atmospheric pressure, using a 514 nm 272 
excitation source. The spectra, shown in Fig. 4, cover the range of 100–1200 cm−1 and reveal 273 
several characteristic vibrational modes. Consistent with observations reported in prior research 274 
[36,44], the modes centered at 913 cm−1 and 888 cm−1 are assigned to the symmetric stretching 275 
vibrations of the (WO4)2− tetrahedra, while the modes at 840 cm−1 , 794 cm−1 , and 748 cm−1 276 
correspond to asymmetric stretching vibrations. The band observed at 396 cm−1 is attributed to 277 
the asymmetric bending of (WO4)2−, while the band at 325 cm−1 is associated with its symmetric 278 
bending. Additionally, the bands at 123 cm−1 and 213 cm−1 are linked to lattice vibrations, as 279 
previously reported. At 640 cm-1, the band is attributed to an oxygen stretching vibration 280 
associated with a long bridge, coupled with a bending vibration (δ(O-W-O)). 281 

 282 
Figure 4. Raman spectra of the LBGW:x at.% Nd3+ samples for x= 1, 2, 3, 4, and 5. 283 
 284 
3.2. Optical properties 285 
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Fig. 5 displays the UV-visible diffuse reflectance spectra recorded for LBGW samples with 286 
different concentrations of Nd3+ (denoted as x at.% Nd3+ and ranging from x=1 to 5) at RT. The 287 
spectra cover a wavelength range from 200 to 840 nm. Within these spectra, noticeable UV 288 
absorption is observed at approximately 256 nm, attributed to the charge transfer band (CTB) 289 
arising from O2-→W6+ and O2-→Nd3+ interactions. Several optical bands were detected in the 290 
diffuse reflectance spectra of LBGW:Nd3+ phosphors above 300 nm. These distinct absorption 291 
bands correspond to  transitions of Nd3+ ions from the ground state 4I9/2 to various excited states, 292 
namely 2P1/2 + 2D3/2, 4G11/2, 2K13/2 + 4G9/2, 4G7/2, 4G5/2, 2H11/2, 4F9/2, 4F7/2 + 4S3/2, and 4F5/2 + 2H9/2, 293 
located approximately at 337, 374, 516, 529, 586, 630, 685, 751, and 804 nm, respectively 294 
[45,46]. Hence, near-ultraviolet LEDs can serve as the excitation source for LBGW:Nd3+ 295 
phosphors.  296 

 297 
Figure 5. UV-visible diffuse reflectance spectra of LBGW:x at.% Nd3+ phosphors 298 
with x= 1, 2, 3, 4 and 5. 299 
 300 
The optical energy bandgap of prepared phosphors LBGW:xNd3+ (where x=1, 2, 3, 4, and 301 

5 at.%) was estimated from reflectance spectra using the following equation [47]: 302 

[𝐹𝐹(𝑅𝑅∞)ℎ𝜐𝜐]ⁿ = 𝐴𝐴�ℎ𝜐𝜐 − 𝐸𝐸𝑔𝑔� ,                                        (2) 303 

where, Eg denotes the optical bandgap value, ℎ𝜈𝜈 represents the energy of a photon, A is a 304 
constant, and F(R∞) refers to the Kubelka-Munk function, defined as:  305 

𝐹𝐹(𝑅𝑅∞) = (1−𝑅𝑅)2

2𝑅𝑅
= 𝐾𝐾

𝑆𝑆
 .                                             (3) 306 

In this expression, K, S, and R stand for the absorption, scattering, and reflection coefficients, 307 
respectively.  The bandgap of the prepared phosphors was determined through the analysis of 308 
diffuse reflection spectra utilizing Kubelka-Munk theory [48]. The relationship between the Eg 309 
and the linear absorption coefficient K of a material is established by the well-known Tauc 310 
relation [49]. By examining the graph of [F(R∞)hν]² against hν, the Eg value was derived by 311 
extending the linearly fitted sections to [F(R∞)hν]² = 0, as illustrated in Fig. 6.  312 

The calculated Eg values for LBGW:xNd³⁺ phosphors were found to be 2.82 eV, 2.84 eV, 313 
2.86 eV, 2.87 eV, and 2.89 eV for x = 1, 2, 3, 4, and 5 at.%, respectively. Among all samples, 314 
LBGW:5 at.% Nd3+ phosphors exhibit the highest bandgap energy. As shown in Fig. 6, the 315 
bandgap energy gradually increases with increasing Nd³⁺ concentration, ranging from 2.82 to 316 
2.89 eV as the doping level rises from 1 to 5 at.%, indicating a systematic shift in the optical 317 
properties of the host matrix with dopant incorporation. 318 
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Furthermore, in our previous study carried out in our laboratory, we determined that the 319 
experimental optical bandgap of the LBGW host was 2.79 eV [36], showing that the 320 
incorporation of Nd3+ ions into this host lattice leads to a slight increase in the bandgap value. 321 
This can be attributed to the structural disruption that occurs in the host lattice due to the 322 
incorporation of dopant Nd3+ ions [37]. 323 

 324 
Figure 6. Calculated Eg of LBGW:x Nd3+ phosphors (x=1, 2, 3, 4, and 5 at.%) from 325 
the diffuse reflectance spectra. 326 
 327 
The photoluminescence (PL) properties of LBGW:x at.% Nd³⁺ samples (x=1, 2, 3, 4, and 328 

5) were analyzed at RT using an 808 nm CW laser as the excitation source. The NIR emission 329 
spectra, presented in Fig. 7(a), reveal three prominent emission features characteristic of Nd³⁺-330 
doped materials  [50,51]. The first is a broad emission band with Stark sublevels, spanning 872–331 
912 nm with a maximum at 872 nm, corresponding to the 4F3/2→4I9/2 transition. The second is 332 
a distinct band centered at 1060 nm, covering the range from 976 to 1060 nm, attributed to the 333 
4F3/2→4I11/2 transition. The third is a weak emission band observed between 948 and 976 nm, 334 
peaking at 950 nm, associated with the 4F5/2→4I11/2 transition. These findings confirm the 335 
characteristic emission behavior of Nd³⁺ in the synthesized samples. Apart from variations in 336 
peak intensity, all spectra show identical features, indicating that the observed excitation peaks 337 
arise exclusively from f→f transitions of Nd³⁺. This observation aligns with the fact that the 338 
ionic radii of Gd³⁺ and Nd³⁺ are similar and that they share the same trivalent charge (³⁺), 339 
allowing for more efficient substitution of Nd³⁺ into the host lattice compared to other cations 340 
in the LBGW matrix [46]. 341 

The LBGW:Nd³⁺ phosphor exhibits excitation and emission wavelengths that align with 342 
the I-BW and the II-BW. Notably, the emission at 1060 nm from the Nd³⁺ ion has been widely 343 
utilized in producing NIR lasers, with materials such as YVO₄:Nd³⁺ and YAG:Nd³⁺ serving as 344 
prominent examples of Nd-based lasers. This unique combination of properties highlights the 345 
material's significant potential as a versatile candidate for a wide range of imaging, biomedical, 346 
and laser applications [46,52–54]. 347 
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To elucidate the mechanism of luminescence of the LBGW:Nd³⁺ luminophore in the NIR 348 
region under 808 nm excitation, a simplified diagram of the energy levels of Nd³⁺ ions is shown 349 
in Fig. 7(b). When excited at 808 nm, Nd³⁺ ions in the ground state (4I9/2) are promoted to the 350 
higher energy level (4F5/2). These ions rapidly relax non-radiatively to the metastable state 351 
(4F3/2), which is the main source of radiative emissions. From the (4F3/2) state, two dominant 352 
emissions are observed: one at 872 nm, corresponding to the 4F3/2→4I9/2 transition, and the other 353 
at 1060 nm, associated with the 4F3/2→4I11/2 transition. In addition, weaker emission at 950 nm 354 
is attributed to the direct 4F5/2→4I11/2 transition.  355 

Fig. 7(c) illustrates that, under 808 nm excitation at RT, the emission intensity of Nd³⁺ ions 356 
increases progressively with rising dopant concentration, reaching a maximum at x=3 at.%. 357 
However, beyond this threshold, the emission intensity declines as the Nd³⁺ concentration 358 
continues to increase. This decline is attributed to the concentration quenching phenomenon, 359 
driven by Nd³⁺-Nd³⁺ interactions. As the Nd³⁺ concentration increases, energy transfer between 360 
neighboring ions becomes more pronounced, facilitating non-radiative relaxation pathways. 361 
The nature of the interaction is determined by evaluating the critical distance (Rc). When Rc 362 
exceeds 5 Å, the interaction is predominantly governed by electric multipolar mechanisms. 363 
Conversely, if Rc is below 5 Å, exchange interactions become the dominant energy transfer 364 
process. Equation (4), as formulated by Blasse [55], provides a means to calculate the Rc: 365 

𝑅𝑅𝑅𝑅 = [ 3𝑉𝑉
4𝜋𝜋𝑥𝑥𝑐𝑐𝑍𝑍

]1 3�  ,                                               (4) 366 

where Z represents the number of cationic sites occupied by activator ions within a single unit 367 
cell, 𝑉𝑉 corresponds to the unit cell volume, and x𝑐𝑐 denotes the critical concentration. In our 368 
study, the specific parameters for LBGW:Nd3+ phosphors are V=1276.591 Å³,  Z=2, and 369 
x𝑐𝑐=0.03. The calculated 𝑅𝑅𝑅𝑅 is 17.19 Å, which significantly exceeds the threshold value (𝑅𝑅𝑅𝑅≥5 370 
Å). This suggests that the energy transfer mechanism in LBGW:Nd³⁺ is likely governed by 371 
electric multipolar interactions. 372 

According to Dexter's theory [56], this type of interaction between neighboring Nd³⁺ ions 373 
can be further analyzed using the provided Equation (5): 374 

𝐼𝐼
𝑥𝑥

= 𝐾𝐾[1 + 𝛽𝛽(𝑥𝑥)
𝜃𝜃
3]−1                                             (5) 375 

In the rearrangement of Equation (5): 376 

𝐿𝐿𝐿𝐿 �I
𝑥𝑥
� = 𝐾𝐾′ − (𝜃𝜃

3
𝑙𝑙𝑙𝑙𝑙𝑙) ,                                        (6) 377 

where I denotes the emission intensity, 𝐾𝐾′ and β are constants specific to a given host 378 
lattice, while θ defines the type of interaction between the emitting ions. Additionally, x 379 
represents the activator concentration. When θ takes values of 6, 8, and 10, it signifies dipole-380 
dipole, dipole-quadrupole, and quadrupole-quadrupole interactions, respectively.  381 

The inset of Fig. 7(c) displays a plot of ln(I/x) versus ln(x) for the emission at 1060 nm, 382 
corresponding to the 4F3/2→4I11/2 transition in LBGW:Nd³⁺ phosphors. The linear fitting was 383 
performed over the full concentration range (x = 1–5 at.%), and the data exhibit a clear linear 384 
trend with a high correlation coefficient (R² = 0.99). The slope of the fitted line is (−θ/3) = 385 
−1.89, resulting in a calculated θ value of 5.67. This value, being close to 6, indicates that energy 386 
transfer among Nd³⁺ ions in LBGW primarily occurs via dipole–dipole interactions. 387 
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 388 
Figure 7. (a) Emission spectra of LBGW:x at.% Nd3+ phosphors with x= 1, 2, 3, 4, and 389 
5 under 808 nm excitation. (b) Simplified energy level diagram of Nd3+ ion in LBGW 390 
matrix (NR = non-radiative transitions). (c) Variation of the integral intensity of the 391 
4F3/2 → 4I11/2 emission band as a function of Nd3+ concentration; (inset: analysis of the 392 
type of interaction using the Dexter equation; x- Nd3+ concentration, I - luminescence 393 
intensity). 394 

The luminescence decay curves of LBGW: x at.% Nd³⁺ phosphors, with doping levels x=1,  395 
2,  3, 4, and 5, measured at RT, are presented in Fig. 8(a). These measurements were performed 396 
under excitation at λexc=808 nm, with emission monitored at λlum=1060 nm, corresponding to 397 
the decay from the metastable 4F3/2 excited state. The decay profiles are accurately described 398 
by a single-exponential function, as given by the Equation (7): 399 

                                                            𝐼𝐼(𝑡𝑡) = 𝐼𝐼0exp(− 𝑡𝑡
𝜏𝜏𝑙𝑙𝑙𝑙𝑙𝑙

) ,                                                 (7) 400 

where I(t) is the PL intensity at time t, I0 is the initial intensity, and τlum represents the 401 
luminescence lifetime. Fig. 8(b) demonstrates the excellent agreement of the mono-exponential 402 
fit with the decay curve measured for the sample doped with x=3 at.% Nd³⁺. For the 4F3/2  level 403 
of Nd³⁺ in LBGW samples doped with x at.% Nd³⁺ (x=1, 2, 3, 4, and 5), the corresponding 404 
luminescence lifetimes are 0.193, 0.192, 0.184, 0.176, and 0.161 ms, respectively. The observed 405 
reduction in lifetime at higher doping concentrations provides strong evidence of non-radiative 406 
energy transfer processes occurring between Nd³⁺ ions within the LBGW matrix. As the Nd³⁺ 407 
doping concentration increases from 1 to 5 at.%, the luminescence lifetime τlum gradually 408 
decreases from 0.193 to 0.161 ms. Fig. 8(c) clearly illustrates this inverse relationship between 409 
the decay time and the Nd³⁺ doping concentration. 410 



- 13 - 
 

 411 
Figure 8. (a) RT luminescence decay curves for LBGW:x at.% Nd³⁺ phosphors under 412 
excitation at λexc=808nm and emission at λlum=1060nm; (b) mono-exponential fit of the 413 
decay curve for  LBGW:3 at.% Nd3+ sample; (c) luminescence decay time τlum as a 414 
function of Nd³⁺ doping concentration. 415 

3.3. Optical sensing of temperature 416 

The effect of environmental temperature on the Nd³⁺ emission lines in LBGW was 417 
investigated to assess its potential as an optical temperature sensor. 418 
Figs. 9(a), 9(b), and 9(c) display the temperature-dependent PL spectra of LBGW:3 at.% Nd³⁺ 419 
microparticles, recorded across the wavelength ranges of 850–1000 nm and 1000–1150 nm. 420 
These spectra, collected from 303 K to 473 K in 10 K intervals, reveal clear temperature-421 
induced variations in the intensity of five emission lines: P1 (872 nm) and P2 (885 nm) from 422 
the ⁴F3/2 → ⁴I9/2 transition, P3 (950 nm) from the ⁴F5/2 → ⁴I11/2 transition, and P4 (1060 nm) and 423 
P5 (1077 nm) from the ⁴F3/2 → ⁴I11/2 transition. P1, P2, and P3 lie within the first biological 424 
window (I-BW), while P4 and P5 fall into the second biological window (II-BW), supporting 425 
their potential for bio-imaging and therapeutic applications. 426 

Under 808 nm excitation, the luminescence intensities corresponding to the 4F3/2→4I9/2 and 427 
4F3/2→4I11/2 transitions decrease as the environmental temperature increases. In contrast, the 428 
emission intensity associated with the 4F5/2→4I11/2 transition exhibits a different trend compared 429 
to 4F3/2 excited state, as its emission increases with rising temperature. This behavior is closely 430 
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related to the excitation and emission mechanisms of Nd³⁺ ions in the host material. The 431 
excitation of Nd³⁺ occurs through a phonon-assisted laser photon absorption process [57], in 432 
which lattice vibrations play a role in promoting electronic transitions. Due to the thermal 433 
coupling between the 4F5/2 and 4F3/2 levels, a temperature increase enhances the population of 434 
the higher-energy 4F5/2 level at the expense of the 4F3/2 state, leading to a progressive decrease 435 
in the emission intensity of 4F3/2. Under NIR excitation, the luminescence intensity of the 436 
4F5/2→4I11/2 transition is observed to increase with temperature, confirming the influence of 437 
thermal redistribution on the emission properties of Nd³⁺-doped LBGW phosphors. 438 

These spectral features enabled the calculation of three distinct FIR ratios: P2/P1, P3/P1, 439 
and P5/P4. A detailed description of the FIR methodology and sensitivity calculations is 440 
provided in the Supporting Information file. The thermal coupling between the 4F5/2 and 4F3/2 441 
levels of Nd³⁺ is a well-documented phenomenon and has been widely explored for its 442 
application in temperature sensing [58–60]. Among the analyzed transitions, the FIR 443 
configuration based on the P5/P4 emission band ratio, originating from the 4F3/2→4I11/2 444 
transition, has not previously been identified as a practical thermometric parameter. To the best 445 
of our knowledge, this study presents the first evaluation of its temperature-dependent behavior 446 
and thermometric performance in Nd³⁺-doped LBGW phosphors. This novel approach 447 
contributes to expand the available FIR-based schemes, particularly those operating within II-448 
BW, and offers promising sensitivity for biomedical sensing applications. 449 

In agreement with the thermal coupling theory, the FIR between two thermally coupled 450 
excited states follows an exponential temperature dependence, as detailed in the supplementary 451 
material. Therefore, when the FIR is plotted on a semi-logarithmic scale, it should exhibit a 452 
linear trend, confirming the applicability of the Boltzmann distribution to describe population 453 
redistribution [61]. 454 
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 455 
Figure 9. Temperature-dependent PL spectra of LBGW:3 at.% Nd³⁺ phosphors under 456 
808 nm excitation: (a) Emission lines in the 850–1000 nm range, showing P1 (872 nm), 457 
P2 (885 nm), and the onset of P3. (b) Zoom in on the 939–1000 nm region highlighting 458 
P3 (950 nm) from the 4F5/2→ 4I11/2 transition. (c) Emission lines from 1000–1150 nm 459 
showing P4 (1060 nm) and P5 (1077 nm) from the 4F3/2→ 4I11/2 transition. 460 

As shown in Fig. 10, the FIR curves exhibit an approximately linear response over a 461 
temperature range from 303 to 420 K for FIR(P2/P1) and FIR(P3/P1). However, for 462 
FIR(P5/P4), the linear behavior is maintained only up to 400 K. Within these respective ranges, 463 
increasing temperature facilitates thermally induced transitions between the low-energy  and 464 
high-energy  Stark sublevels, leading to a progressive increase in the upper-state population 465 
while the lower-state population decreases. This behaviour is consistent with the Maxwell-466 
Boltzmann distribution, which governs the thermal population of energy levels in coupled 467 
systems. 468 

However, at higher temperatures (above 420 K), additional transitions involving higher-469 
energy levels become thermally accessible. These competing processes alter the thermal 470 
population dynamics, leading to deviations from the linear trend expected in the semi-471 
logarithmic FIR plots. As a result, the system no longer behaves as a simple two-level thermal 472 
equilibrium model. A more comprehensive description must consider the contribution of 473 
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multiple excited states, which increasingly affect the emission behavior of Nd³⁺-doped LBGW 474 
phosphors. 475 

                                            476 
Figure 10. The behavior of the FIR signal as a function of temperature at 808 nm 477 
excitation for: (a) FIR(P2/P1), (b) FIR(P3/P1), and (c) FIR(P5/P4). 478 

The behavior of these three FIRs is examined in Fig. 11, plotted as a function of the inverse of 479 
the environmental temperature. The red lines illustrate the exponential fits obtained using 480 
Equation (S.5). All results show a strong correlation with the expected exponential trend, which 481 
is characteristic of thermal coupling between two electronic states, where the population ratio 482 
follows the Maxwell–Boltzmann distribution. The values of y0, A, and ΔE are displayed in the 483 
corresponding graphs. Notably, non-zero values of the offset parameter y0 indicate the influence 484 
of spectral overlap between adjacent emission bands [62]. In the case of FIR(P3/P1) (Fig. 485 
11(b)), the very small value of y0 (~0.006) suggests negligible spectral overlap. In contrast, both 486 
FIR(P2/P1) and FIR(P5/P4) (Figs. 11(a) and (c)) exhibit moderate y0 values (~0.56 and ~0.22, 487 
respectively), indicating a partial overlap between nearby emission bands. 488 

The significant energy gaps observed in the analyzed FIR curves suggest that temperature-489 
dependent intensity ratios can yield high sensitivity. Although excitation in the NIR confirms 490 
the strong thermometric potential of this material [43,63–65], the primary advantage of Nd³⁺-491 
doped systems lies in their ability to operate within the BWs. Typically, thermally coupled Stark 492 
sublevel luminescent transitions are employed for this purpose. In addition to the commonly 493 
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used Stark sublevel transitions, this study also explored the P1 and P3 emission lines, 494 
corresponding to the 4F3/2 → 4I9/2 and 4F5/2 → 4I11/2 transitions, respectively. 495 

                                496 
Figure 11. Plot of FIRs (a) P2/P1, (b) P3/P1, and (c) P5/P4 as a function of 1/T.  497 

The performance of each FIR-based sensing scheme was evaluated by calculating its 498 
corresponding Sa and Sr curves. For schemes based on thermally coupled energy levels, the 499 
sensitivity curves were derived using the parameters ΔE, y0, and A, as defined in Equations 500 
(S.6) and (S.7). In contrast, for the methodology based on Stark sublevels, the sensitivity curves 501 
were determined using empirical parameters (a and b) applied to Equations (S.9) and (S.10). 502 
Fig. 12 shows that all FIR schemes investigated in this study exhibited peak Sa and Sr values 503 
within the physiological range, except for the Sa of FIR(P3/P1), which demonstrated its 504 
maximum sensitivity outside this interval. The Sr values for FIR(P2/P1), FIR(P3/P1), and 505 
FIR(P5/P4) were 1.19 %K⁻¹, 1.53 %K⁻¹, and 0.39 %K⁻¹, respectively. Table 3 provides a 506 
comparative analysis of the detection performance of the FIR schemes reported in this study 507 
with other Nd³⁺-doped materials previously documented under NIR excitation. These results 508 
demonstrate that the Sr achieved in this study outperform those reported in earlier Nd³⁺-based 509 
systems. Notably, the FIR(P3/P1) scheme yielded the highest Sr ever reported for a Nd³⁺-doped 510 
material under NIR excitation.  511 

It is important to note that the Sr is considered the most reliable metric for evaluating the 512 
performance of luminescent temperature sensors, as it enables direct comparison across 513 
different FIR schemes. Among the tested schemes, the FIR(P3/P1) ratio arising from thermal 514 
coupling between the 4F3/2 and 4F5/2 levels exhibited the highest sensitivity and overall best 515 
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performance. In contrast, FIR schemes based on Stark sublevels exhibited lower Sr values, both 516 
within the physiological range and across the full temperature interval studied.  517 

The performance differences among the three FIRs can be attributed to the energy gaps 518 
between the levels involved. FIR(P3/P1), which includes transitions from both the ⁴F5/2 and 519 
⁴F3/2 states, has the largest ΔE (977 cm⁻¹), followed by FIR(P2/P1) (~763 cm⁻¹) and FIR(P5/P4) 520 
(~250 cm⁻¹), both of which involve Stark sublevels of the ⁴F3/2 state. Despite its high ΔE, 521 
FIR(P3/P1) exhibits a higher relative sensitivity Sr, owing to the opposing thermal behavior of 522 
the P3 and P1 emissions, where P3 increases while P1 decreases with temperature. Combined 523 
with minimal spectral overlap, this results in a more pronounced variation in FIR with 524 
temperature, and thus improved thermometric performance [66,67]. 525 

To further assess the thermometric performance and examine the effect of spectral 526 
broadening  on sensitivity evaluation, the FIR(P3/P1) analysis was extended using integrated 527 
PL intensities over the full emission bands of the 4F5/2 → 4I11/2  and 4F3/2 → 4I9/2 transitions. This 528 
approach captures the contribution from all Stark sublevels within each multiplet transition, 529 
thereby offering a more comprehensive representation of the luminescence response. The 530 
resulting absolute and relative sensitivities at 303 K were calculated as 1.17 × 10⁻⁴  K⁻¹ and 0.90 531 
% K⁻¹, respectively. At the maximum measured temperature of 473 K, the values are 532 
1.37 × 10⁻⁴ K⁻¹ and 0.37 % K⁻¹. These values were compared with those derived using absolute 533 
peak intensities, where the maximum Sr reached 1.53 % K⁻¹ at 303 K. The observed reduction 534 
in sensitivity when using integrated intensities is attributed to the inclusion of broader emission 535 
features arising from the full set of thermally populated Stark sublevels. In contrast, absolute 536 
peak intensity-based FIR values rely on a single emission line within each manifold, which may 537 
disproportionately reflect intensity changes associated with only one Stark transition. Integrated 538 
intensities naturally smooth out sharp spectral variations and provide a more temperature-539 
averaged response, particularly relevant for thermally coupled levels with overlapping sublevel 540 
transitions. This analysis demonstrates that integrated intensities offer valuable insights into 541 
thermal population dynamics and confirm the robustness and consistency of the Nd³⁺-based FIR 542 
sensing mechanism. 543 
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 544 
Figure 12. Variation of Sa and Sr as a function of the 303-473 K temperature range: 545 
(a) from FIR(P2/P1), (b) from FIR(P3/P1), and (c) from FIR(P5/P4). 546 
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Table 3. Comparative study of the detection capabilities of Nd³⁺-doped hosts under 547 
NIR excitation. 548 

 549 

 550 

 551 

 552 

 553 

 554 

 555 

 556 

 557 

To assess the performance of a thermometer, key parameters such as measurement 558 
uncertainty, reproducibility, and sensitivity to experimental conditions must be considered [70]. 559 
Of these factors, temperature uncertainty (δT) is particularly important, as it defines the 560 
minimum variation in temperature that can be detected in practical conditions. The δT is 561 
calculated using the following expression [71]:  562 

𝛿𝛿𝛿𝛿 =  1
𝑆𝑆𝑟𝑟

. 𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿
𝐹𝐹𝐹𝐹𝐹𝐹

=  1
𝑆𝑆𝑟𝑟

. √2
𝑆𝑆𝑆𝑆𝑆𝑆

  .                                               (8) 563 

The term 𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿
𝐹𝐹𝐹𝐹𝐹𝐹

 represents the relative uncertainty in the intensity ratio, and SNR is the 564 

signal-to-noise ratio of the detection system. Figs. 13(a) and 13(b) illustrate the variation of the 565 
δT as a function of temperature (303–473 K) for LBGW:3 at.% Nd³⁺ phosphors, corresponding 566 
to FIR(P2/P1), FIR(P3/P1), and FIR(P5/P4), respectively. Specifically, the minimum resolution 567 
obtained for FIR(P3/P1) at 303 K is 8.86 × 10⁻5 K (see Fig. 13(a)), demonstrating the high 568 
precision of the method. These findings confirm that LBGW:3 at.% Nd³⁺ phosphors are highly 569 
promising for temperature sensing applications. Furthermore, this result highlights that 570 
employing Stark sublevels in FIR analysis is an effective strategy for improving thermometric 571 
resolution. 572 

Host matrix λexc 

(nm) 
FIR 
(emitting levels) 

Temperature  
Range (K) 

Sr 
(% K−1) 

Ref. 

LBGW 808 4F5/2 /4F3/2  
4F3/2(P2) /4F3/2(P1) 
4F3/2(P5) /4F3/2(P4) 

303-473 1.53 
1.19 
0.39 

 
This work 

Ca8NaBi(PO4)6F2 808 4F3/2(2)/4F3/2(1) 
4F3/2/4F5/2 

303–403 0.10 
0.96 

[50] 

LiBaPO4 800 4F3/2 (2)/ 4F3/2 (1) 294–423 0.097 [62] 
Y2O3 800 4F3/2 (2)/ 4F3/2 (1) 293–333 0.34 [26] 
YVO4 808 4F3/2 (2)/ 4F3/2 (1) 298–333 0.25 [25] 
YNbO4 808 4F3/2 (2)/4F3/2(1) 303–473 0.29 [10] 
YAG/Fe3O4 813 4F3/2 (2)/ 4F3/2 (1) 297–330 0.15 [68] 
LiNdP4O12 800 4F3/2 (2)/ 4F3/2 (1) 250–500 0.25 [24] 
LaF3 808 4F3/2 (2)/ 4F3/2 (1) 283–333 0.1 [13] 
Y3Al5O12 808 4F3/2 (2)/ 4F3/2 (1) 288–343 0.17 [23] 
KGd(WO4)2 808 4F3/2(2) / 4F3/2(1) 298–333 0.16 [69] 
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 573 
Figure 13. Variation of δT for (a) FIR(P2/P1) and FIR(P3/P1), (b) FIR(P5/P4) as a 574 
function of temperature (303-473 K) for LBGW:3 at.% Nd³⁺ phosphors. 575 

To evaluate the repeatability of optical thermometry for LBGW:3 at.% Nd³⁺ phosphor, FIR 576 
values were measured while varying the temperature from 303 K (cooling) to 473 K (heating) 577 
over six cycles. The experimental results for FIR(P2/P1), FIR(P3/P1), and FIR(P5/P4) are 578 
presented in Figs. 14(a), 14(b), and 14(c), respectively. The repeatability (R) is calculated using 579 
the following formula [72]: 580 

 𝑅𝑅 = �1 − 𝑀𝑀𝑀𝑀𝑀𝑀 (∆𝑘𝑘−∆𝑙𝑙)
∆𝑘𝑘

�× 100%  ,                                              (9) 581 

where Δk and Δl represent the mean and experimental FIR values at a given temperature, 582 
respectively. The calculated deviations were minimal: FIR(P2/P1) varied by 6.55% (cooling) 583 
and 4.50% (heating), FIR(P3/P1) by 5.61% and 6.08%, and FIR(P5/P4) by 6.38% and 5.17%, 584 
respectively. These low fluctuation levels confirm the high optical stability and excellent 585 
reversibility of the phosphor under cyclic thermal stress. Such repeatability is particularly 586 
relevant for biomedical applications that require accurate, stable, and real-time temperature 587 
monitoring. Therefore, the LBGW:Nd³⁺ phosphors present strong potential for integration into 588 
optical temperature sensing systems and may serve as a promising candidate for future 589 
development toward advanced biological applications. 590 
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 591 
Figure 14.  Repeatability of FIR ratios for LBGW:3 at.% Nd³⁺ phosphors during 592 
heating (473 K) and cooling (303 K) Cycles: (a) FIR(P2/P1), (b) FIR(P3/P1), and (c) 593 
FIR(P5/P4). 594 

       Conclusion 595 
LBGW:Nd³⁺ phosphors were successfully synthesized using the conventional solid-state 596 

reaction method and thoroughly characterized, focusing on their photoluminescence properties 597 
under 808 nm excitation for optical temperature sensing applications. The NIR emission spectra 598 
exhibited distinct bands corresponding to radiative transitions from the 4F3/2 and 4F5/2 excited 599 
states to the 4I9/2 and 4I11/2 levels of Nd³⁺ ions. The optical thermometric performance of these 600 
phosphors was evaluated over the 303–473 K temperature range using the FIR method, based 601 
on thermal coupling between specific excited states. Among the various FIR-based sensing 602 
schemes examined, the FIR(P3/P1) scheme, involving transitions from the ⁴F5/2 and ⁴F3/2 levels, 603 
demonstrated the highest Sr of 1.53 %K⁻¹ within the physiological temperature range. This 604 
value exceeds previously reported sensitivities for Nd³⁺-doped materials, highlighting a 605 
significant enhancement in performance. These results not only validate the performance of 606 
LBGW:Nd³⁺ phosphors for high-sensitivity, all-infrared optical thermometry, particularly 607 
within the I-BW and II-BW where NIR light penetrates biological tissues most efficiently but 608 
also pave the way for their integration into biocompatible and minimally invasive sensing 609 
platforms. 610 
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