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ARTICLE INFO ABSTRACT
Keywords: Optical sensor technology has undergone a transformative evolution with the advent of fluores-
Optical temperature sensing cence ratio techniques (FIR) and fluorescence lifetime (FL) strategies, revolutionizing precision,

Upconversion luminescence
FIR
Fluorescence lifetime

performance, and reliability. This study delves into the synthesis of BaGdV301; phosphors doped
with Ho®*/Nd®*, Er®*, and Yb®*, employing the sol-gel method for upconverting material
fabrication. A thorough investigation into the structural, morphological, and optical properties of
the synthesized phosphors is conducted. Excitation at 980 nm unveils upconversion (UC) emis-
sions across green and red spectra. The intensities of the observed emission bands for Ho®*, Nd3*,
and Er®* demonstrate significant sensitivity to fluctuations in temperature. Temperature sensing
relies on the 4S3 2 and ZHH /2 upconversion emissions bands, in addition to the emission lifetimes
at *S3 /5. Enhanced thermal sensitivity values are attained, reaching up to 1.03 % K ! and 1.07 %
K~ ! using the FIR strategy, and up to 0.146 % K ! and 0.47 % K~ ! with the FL strategy for Ho>*/
Ert/Yb®* and Nd®*/Er®t /yb3+ tri-doped BapGdV301; phosphors, respectively. Furthermore, the
studied phosphors exhibit remarkable precision in detecting minute temperature changes (0.3 K),
positioning them as promising candidates for precise temperature sensing. This study pioneers
innovative methodologies to advance optical thermometry techniques, offering promising pros-
pects for scientific and industrial applications reliant on precise optical temperature sensing.

1. Introduction

The fascinating field of upconverting materials featuring rare earth (RE) dopants has attracted significant research attention due to
their considerable potential across various applications such as displays, temperature sensors, solar cells, bio-imaging, fingerprint
detection, and optoelectronic devices [1-4]. However, it is the realm of temperature sensors based on RE-doped UC phosphors that has
particularly captivated the scientific community. These sensors present unique benefits, such as swift response times, electromagnetic
passivity, and exceptional thermal sensitivity [5,6].

Inorganic materials infused with rare earth (RE) elements have risen as the favored choice for demonstrating near-infrared (NIR) to
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visible upconversion or NIR-to-NIR down-shifting occurrences. This inclination is grounded in several advantageous factors, including
the availability of host materials with low maximum phonon energy, as well as the feasibility and effectiveness of energy transfer and
frequency conversion among the rare earth ions [7]. Trivalent rare earth (RE) ions, including Er’t, Ho®>", Tm>®*, and Tb3*, are
prominently chosen as the primary luminescent activators frequently utilized in upconversion processes [8]. To enhance the emission
intensity, Yb>* is often co-doped, leveraging its high absorption cross-section in the near-infrared (NIR) range [9].

The fluorescence ratio technique (FIR) stands as the prevailing method in optical thermometry, providing swift measurements,
superior precision, and high resolution. This technique primarily hinges on upconversion luminescence (UCL), with the excitation
wavelength typically centered around 980 nm, as documented in various studies [10]. Conversely, the fluorescence lifetime (FL)
sensing method involves measuring the lifetimes of luminescent energy levels within the temperature range under investigation. Both
FIR thermometry and FL thermometry stand as valuable techniques in temperature measurement, each presenting distinct advantages
and limitations. FIR thermometry, which relies on calculating fluorescence intensity ratios, has demonstrated rapid and precise results,
as evidenced by previous studies [11,12]. On the other hand, FL thermometry involves measuring the lifetimes of luminescent energy
levels across the temperature range under examination. This approach offers the benefit of integrating a time-based encoding system,
which remains unaffected by external factors such as changes in coupling degree, optical fiber transmission efficiency, and fluctuations
in excitation light intensity. The selection between FIR and FL thermometry hinges on various factors, including specific measurement
prerequisites, properties of the material under scrutiny, the targeted level of accuracy, and the required speed in temperature sensing
[13]. By considering these factors, researchers can select the most appropriate thermometric technique for their particular application.

Temperature-sensitive materials doped with rare earth (RE) elements are utilized in luminescent thermometry techniques, capi-
talizing on the energy transfer between the sensitizer Yb>* and various lanthanide ions (such as Er>*, Ho>*, Tb®*, Nd3*, and Tm3*),
acting as photoluminescence (PL) activators in near-infrared (NIR) activated upconversion (UC) systems. The interaction among these
ions constitutes the fundamental mechanism governing the operation of the upconversion system [14-16]. Unlike luminescent
quantum dots that contain heavy metals [17-19], phosphors doped with rare earth (RE) ions exhibit considerable potential for bio-
logical applications owing to their reduced cytotoxicity. Most research articles in the field primarily focus on investigating the
thermometric properties of individual luminescent centers, such as Er®", Ho®*, Tm®", and Pr®* [20-22]. However, the presence of a
second center in co-doped compounds can significantly alter their thermometric properties. This phenomenon arises from the potential
energy transfer between the two ions, which directly influences the population of emitting energy levels and, consequently, the
luminescent behavior, particularly at elevated temperatures. Notably, pairs of lanthanide ions Ho>*/Er®* and Nd3*/Er®* exhibit
emissions in the green spectral range (520 nm-560 nm), meanwhile, Ho>" and Er®" ions also emit in the red range, typically around
650 nm. Hence, the objective of this investigation is to examine the impact of Ho>"/Er®" and Nd*/Er3* co-dopants on the ther-
mometric properties. Furthermore, the thermometric approach based on fluorescence lifetime (FL) will be affected by the energy
transfer between Er’* and Ho>*, as well as Nd®* ions. This energy transfer induces alterations in the thermometric parameters,
consequently influencing the precision and dependability of the FL thermometric strategy. Materials hosting lower phonon energy are
highly sought after, as they enhance upconversion (UC) efficiency by suppressing multi-photon relaxation processes. Inorganic
matrices characterized by low phonon energy, including fluorides, oxides, vanadates, phosphates, and borates, are commonly utilized
to incorporate upconversion dopants, effectively minimizing undesired multi-phonon relaxation [23-26]. These matrices demonstrate
excellent performance as phosphors due to their thermal stability and low phonon energies [27]. Ba,GdV301; stands out as a highly
esteemed host material among them, attributed to its capacity to endure high-temperature processing, compatibility with various
lanthanide ions as co-dopants, ease of synthesis at elevated temperatures, and capability to exhibit self-activated luminescence. Ac-
cording to the findings from previous studies, Ba;GdV30;; has been subject to doping with a range of lanthanide ions. These include
Sm3+, Eu3+, Dy3+, Yb3*/Ln3* (where Ln®* represents Er3+, H03+, Tm3+), and Er’* [28-32].

Thus, the main focus of this study revolves around analyzing the Ba;GdV3011 host material tri-doped with Ho>*/Er®*/Yb®* and
Nd3*/Er®* /Yb®* rare earth (RE) ions. The primary emphasis lies in examining its strong green upconversion (UC) emission properties,
which are activated under 980 nm laser excitation, within the temperature range of 298-573 K. The detailed discussion delves into the
temperature sensing characteristics utilizing the fluorescence intensity ratio (FIR) technique. Furthermore, an investigation into the
fluorescence (FL) of the green emission under 980 nm.

2. Experimental studies
2.1. Synthesis of Ho>*/Nd®*, Er**, Yb3* tri-doped Ba;GdV30;; phosphors

In the synthesis procedure, Ba;GdV3011 phosphors tri-doped with Ho®>*/Er®*/Yb3* and Nd3*/Er3*/Yb®* are prepared utilizing the
citric acid sol-gel cycle. All chemicals employed, including barium nitrate [Ba(NO3)2 (99.0 %)], gadolinium nitrate hexahydrate [Gd
(NO3)3-6H20 (99.9 %)], ammonium metavanadate [NH4VO3 (99.96 %)], holmium nitrate pentahydrate [Ho(NO3)3-5H20 (99.9 %)]1,
neodymium nitrate hexahydrate [Nd(NO3)3-6H20], erbium nitrate pentahydrate [(Er(NO3)3-5H20 (99.9 %)], ytterbium nitrate
pentahydrate [Yb(NO3)3-5H20 (99.9 %)] and citric acid [CgHgO7 (99.0 %)], are procured from Sigma-Aldrich and used directly
without further purification. The synthesis method involves combining all precursors in an Erlenmeyer flask and stirring magnetically
at 70 °C. Following this, citric acid is introduced, leading to a color change from green to blue. The solution is then swirled and heated
to 80 °C until it hydrolyzes into a sol and forms a gel. The resulting xerogel is annealed at 400 °C for 3 h, yielding black-colored flakes.
Finally, the gel undergoes calcination at 700 °C for approximately 4 h to yield pure-phase crystals. This approach is utilized to fabricate
BayGdV301; nanostructures doped with specific ion concentrations: 1 % Ho>*/2 % Er®*/15 % Yb>* and 1 % Nd3*/2 % Er®/15 %
Yb3*. These concentrations are selected to prevent the quenching of upconversion (UC) luminescence, aligning with prior research
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findings and supported by both established theoretical understanding and experimental data [33]. Notably, in UC systems, a prevalent
approach in the literature involves employing a higher proportion of sensitizer (Yb®") alongside lower concentrations of emitters
(Ho®*, Nd*, and Er*"), as this combination has proven effective in generating strong emissions [31,34].

2.2. Characterization studies

The synthesized phosphors are subjected to analysis within the 26 range spanning from 10 to 80° using a Bruker AXS D8 X-ray
diffractometer from Germany. Cu Ka radiation (1.5406 A) is utilized with a step size of 0.015°. The instrument operates at 40 kV and
30 mA for phase detection. A comparison of XRD peak positions and intensities with the JCPDS card files is conducted to verify the
crystallized phases.

Morphological examination is performed using a Thermo Scientific Apreo 2 S LoVac field emission scanning electron microscope
(FE-SEM). UV-Vis-NIR absorption measurements are carried out with a UV-Vis-NIR spectrometer (PerkinElmer Lambda 950).

For steady-state and time-resolved photoluminescence (PL) properties, an Edinburgh Instruments FS5 spectrofluorometer is
employed at equilibrium and temporal resolution. PL spectra are recorded with a laser diode emitting at 980 nm, ensuring a signal-to-
noise ratio of the Raman signal of water surpassing 6000:1 and a spectral resolution of 0.5 nm, using an excitation power of 0.5 W.

The temperature dependence of the PL properties is explored using a Pike Technologies solid-state transmission accessory inte-
grated into the spectrofluorometer. This enables measurements across a temperature range spanning from 298 K to 573 K. To ensure
precise temperature assessments, a calibration curve is established correlating the optical signal (such as fluorescence intensity or
lifetime) with temperature. This is performed under the lowest laser power setting that still allows for reliable signal detection.

A controlled and stable measurement environment is meticulously maintained. Prior to any laser excitation, baseline measure-
ments are taken to determine the intrinsic temperature of the sample under the specific experimental conditions. Throughout the
temperature measurements, continuous monitoring of both the laser power and sample temperature is conducted. Additionally, the
calibration curve is regularly validated by assessing known temperatures using an independent reference thermometer, ensuring the
accuracy and reliability of the measurements.

The influence of laser-induced heating is taken into account during subsequent data analysis, with corrections applied as necessary.
This involves subtracting the baseline temperature from the recorded temperature to reveal the actual temperature change induced by
the laser. Furthermore, a thorough validation of the temperature measurement protocol is conducted, covering various conditions and
sample types. This meticulous assessment plays a crucial role in demonstrating the protocol’s versatility and accuracy across diverse
experimental scenarios.

Time-resolved photoluminescence (PL) spectra are obtained using a 980 nm pulsed laser operating at a frequency of 1 kHz. This is
carried out to measure the characteristic lifetime of Er>" emissions at 555 and 550 nm (*S33 level) for Ho>*/Er®*/Yb®* and Nd>*/
Er’*/Yb3* tri-doped BayGdV301; phosphors at different temperatures.

3. Results and discussion
3.1. Crystal structure, morphology and optical properties

The crystal structure of the synthesized Ho®*/Er®*/Yb%" and Nd3*/Er®*/Yb3* tri-doped BayGdV3011 phosphors is determined
using the powder XRD technique (Fig. S1). Fig. 1(a) and (b) depict the Rietveld refinement of XRD data for Ho®t/Er®t/Yb3 and Nd3t/
Er*t/yp3t tri-doped BapGdV301; phosphors, respectively. The diffraction peak patterns correspond to the JCPDS card number
45-0097, indicating that the insertion of Ho>"/Nd>*, Er®*, and Yb®" does not significantly alter the phase pattern.

The Rietveld data fit, conducted using the FullProf Suite program, reveals that the synthesized BapGdV30;; crystallizes into a
monoclinic crystal structure with P2;/c space group symmetry. The unit cell parameters for Ho®*/Er*/yb3+ tri-doped Bay;GdV3011
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Fig. 1. Rietveld refinement of XRD data for (a) Ho®'/Er®"/Yb>" tri-doped BayGdV30,; phosphors: y* = 1.10, Ry, = 12.87, (b) Nd*'/Er**/Yb>" tri-
doped Ba,GdV301; phosphors: x2 = 1.12, Ry, = 12.68 tri-doped Ba,GdV30;; phosphors.
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phosphors are determined to be a = 12.36107 A, b = 7.73535 A, ¢ = 11.17577 A, a = 90°, = 103.53646°, y = 90°, and V = 1048.21
Z\B, while for Nd3-+/Er3+/Yb3+ tri-doped Ba;GdV301; phosphors, the unit cell dimensions are calculated to be a = 12.37275 f\, b=
7.735513 A, ¢ = 11.1819 A, a = 90°, p = 103.55934°, y = 90°, and V = 1048.21 A%, with four formula units in each unit cell [28,32].

Fig. 2(a) and (b) display representative FE-SEM images depicting the morphological properties and grain size distribution of Ho>*/
Er’*/Yb3" and Nd**/Er3*/Yb3" tri-doped BayGdV30;; phosphors, respectively. The images obtained offer clear evidence of the
successful synthesis of Ho®*/Er®*/Yb%" and Nd**/Er®*/ybS* tri-doped BapGdV30;; particles at the nanoscale, with sizes ranging
between 100 and 300 nm. However, it is important to note that the sol-gel synthesis method employed in this process leads to particle
agglomeration, resulting in densely packed particles with irregular shapes, attributed to the high surface energy of the particles.
Despite the particle agglomeration, the densely packed nanoparticles contribute to a reduction in light scattering, thereby enhancing
the luminous intensity. Consequently, the resulting Ho>*/Er>*/Yb®" and Nd>*/Er>*/Yb>" tri-doped BayGdV30;; phosphors exhibit
well-crystallized structures and possess remarkable luminescence properties, characterized by strong and vibrant emission.

Fig. 3(a) depicts the diffuse reflectance spectrum of Ho>*/Er®*/Yb®* tri-doped BasGdV301; phosphors across the UV-VIS-NIR
spectral range. Notably, the phosphors exhibit significant UV absorption attributed to the 0% - vt charge transfer transition in
the VO?{’ group [35]. Three distinct absorption bands emerge at 525, 545, and 655 nm, associated with the ’Hy; /2= 4115/2 (Ere'*),
589/°F4— °lg (Ho®") + S35 — 5,9 (Er*1), and °F5 — %I (Ho>") + *Fon — *I15,0 (Er®) transitions, respectively [27,36].
Furthermore, a robust absorption band centered at 980 nm is observed, ascribed to the 2F7/2 - 2F5/2 (Yb3*) transition [37]. In Fig. 3
(b), the diffuse reflectance spectrum of Nd>*/Er>*/Yb3* tri-doped Ba;GdV30;1 phosphors is presented. A prominent absorption peak is
observed at 304 nm, ascribed to charge transfer band from the oxygen ligands to the center of vanadium. Furthermore, additional
absorption peaks are observed at 524, 593, 657, 752, 808, and 878 nm, associated with the presence of Er®* and Nd®" ions [38]. In the
900-1000 nm range, an absorption feature is observed, which can be attributed to 2F7/2 - 2F5/2 (YB®H) [371.

The band gap (Eg) of Ba;GdV301; phosphors is determined using the diffuse reflectance spectrum according to the Kubelka-Munk
(KM) theory [39-43]. The KM remission function, denoted as F(R,), relates the diffuse reflectance (R,,) to the absorption coefficient
(k), scattering coefficient (S), and absorption coefficient of the material () [29]:

252(1—&0)2

F(Ry)=a 5 R

(€}
The Tauc equation establishes a correlation between the band gap energy (E;) and the absorption coefficient, characterized by a
parabolic band structure:

[F(Rwhv)]" =B(hv — E,) (2)

In this equation, "hv" represents the photon energy, "B" stands for a constant proportionality factor, and "n" is a variable dependent on
the type of optical transition occurring within the material. The value of "n" varies according to the nature of the optical transition. For
instance, a value of "n = 2" corresponds to an indirect allowed transition, "n = 3" to an indirect forbidden transition, "'n = 1,/2" to a direct
allowed transition, and "'n = 3/2" to a direct forbidden transition.

In the plot of [F(R,) hv]? versus hy, a direct allowed transition displays both linear and nonlinear sections. The linear segment
corresponds to fundamental absorption, while the nonlinear segment represents residual absorption involving impurity states. In the
present analysis, extrapolating the line for [F(R,,) hl/]2 = 0 (refer to Fig. 3(c) and (d)), it is observed that the optical band gap is 3.06 eV
in the Ho>/Er** /Yb®t doped BayGdV301; phosphor and 3.00 eV in the Nd*/Er®* /Yb®t doped BayGdVs01; phosphor. Therefore, it
can be inferred that the introduction of Nd3* ions leads to a reduction in the energy band gap. It is worth mentioning that the energy
band gap decreased from 3.60 eV [32] for Er>" doped Ba;GdV301; to 3.00 eV for the Nd**/Er®*/Yb®* doped Ba;GdV30;; phosphor.

The room temperature UC spectrum of Ho®>*/Er®*/Yb®* tri-doped Ba;GdV301; phosphors upon 980 nm excitation is shown in
Fig. 4(a). The spectrum exhibits three distinct peaks in the 500-700 nm range, corresponding to two green emissions at 525 nm and
555 nm, and red emission at ~665 nm. These peaks correspond to the 2Hy, /2= 4115/2 (Er®h), 5S5/°F4 — SIg (Ho®™) + *S5 /o — 4115/2
(Er3+), and °Fs — °Ig Ho®*H) + 4F9/2 - 411 5/2 (Er*h) transitions, respectively [27,35,44]. Importantly, there exists considerable spectral
overlap among the emission bands of Ho®* (°Fs—°Ig) and Er** (4F9/2 - s ,2) in the 635-685 nm region. Thus, the emission band
within this region is likely attributed to the combined contributions of Ho®* and Er®" ions [27]. Fig. 4(b) illustrates the room

P 13pa 100000~ | s4s13mm T2 AvB  3.00kv_ Optibian

Fig. 2. FE-SEM images of (a) Ho>*/Er®*/Yb>*, (b) Nd**/Er®**/Yb>" tri-doped BayGdV30;; phosphors.



L. Kachou et al.

Heliyon 10 (2024) e30062

100 100
Ho®*/Er*/Yb?* |a] Ho™/Er*/Yb®* b
90 90
80 80 -
- g =
SERCE A T 70
8 60 E Y o 60
c 9 5 o Q
s T = = hi c
Y 50 s T o & 50-
2 <% & L 3
S o2 [ A = -~ n
&’ 40 &7 N m“"\ = 40
w= = + (4
30 oo & 30
N >
gL
20 1o 20
10+ PR 10
5 T
I
0 T T T — T T T T T O T T T T T T T T T
200 300 400 500 600 700 800 900 1000 1100 200 300 400 500 600 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)
’ Ho®*/Er**/Yb®* c e d
o~ /e —— Nd3/Er*/Yb
, | Ea=308ev 301 E =30V
’
2,5
,
o 31 =~ ]
< %
E 2 E 1,5
A 1,0 1
14
' ,
. 0,5
.,
0 0,0 ’
T T T T T T T T I' T
2,00 2,25 2,50 2,75 3,00 3,25 3,50 2,00 2,25 2,50 2,75 3,00 3,25 3,50
hv (eV) hv (eV)

Fig. 3. (a), (b) Diffuse reflectance spectra, and (c), (d) plots of [F(R.) hv]? versus hv of Ho*'/Er**/Yb®>* and Nd*'/Er**/Yb*" tri-doped
Ba,GdV30;; phosphors, respectively.

temperature UC emission characteristics of Nd>*/Er3*/Yb>* tri-doped Ba;GdV3011 phosphors upon 980 nm excitation. The prominent
peak observed at 525 nm corresponds to the Ert 2Hy; 2= 4115/2 transition. Additionally, the emission bands at 582 nm arise from
Nd3* ions, while the 665 nm and 690 nm red emissions are ascribed to Er** and Nd®* ions, respectively. Notably, there is a substantial
spectral overlap among the emission bands of Ert (453 /o — 411 5/2) and Nd3*t (2G7 /2= 419 /2) in the 530-565 nm region [45]. Thus, the
emission band within this region is likely attributed to the combined contributions of Er®* and Nd>" ions [46]. The emission from
coupled energy levels of Er>* becomes more intense when Nd>" ions are introduced into the Er>*/Yb*" doped phosphor. Conversely,
the inclusion of Ho>" ions into the Er>*/Yb3* doped phosphor leads to an enhancement in the emission intensity within the red region,
as depicted in Fig. 4(c). The introduction of Nd** ions have been associated with an increase in the green emission intensity of Er>* ions
and an influence on the luminescent properties of sample, indicating the potential for Nd*>* doping to enhance the optical efficiency
and emission characteristics of these materials. It’s worth noting that, in addition to emitting light in the green and red regions, albeit
with relatively low intensity, the contributions of Ho>* and Nd** ions frequently manifest through intricate energy transfer processes
among various ions’ energy levels.

The introduction of Nd** doping in Ba;GdV301; induces a slight reduction in the band gap, from 3.06 eV to 3 eV, when tran-
sitioning from Ho>*/Er3*/Yb3* tri-doped to Nd3*/Er®>*/yb3* tri-doped samples. However, this change doesn’t directly affect the
upconversion process. Upon 980 nm excitation, low-energy photons are primarily excited via Yb3* sensitizer ions to Er®" activator
ions. The increase in upconversion emission intensity in Nd*>*-doped samples is attributed to more resonant energy transfer between
Yb3*, Nd®*, and Er®* ions, leading to a more efficient population of emitter levels. Additionally, Nd3* introduction influences energy
transfer mechanisms involved in upconversion processes, such as sensitization and cooperative processes.

In practice, color coordinates are employed to compare different phosphors. The chromaticity coordinates of Ho>*/Er>*/yYb>* and
Nd3*/Ert/Yb3t tri-doped Ba;GdV30;; phosphors are calculated to be (x = 0.369, y = 0.616) and (x = 0.299, y = 0.684), respectively
(see Fig. 4(d)). The CIE coordinates of the phosphors exhibit suitability for applications requiring green luminescence, surpassing
findings from prior studies. Color purity can be calculated using a specific equation outlined in the literature [47,48].
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In this context, (%, y) represents the CIE coordinate of the samples, while (xi, yi) signifies the white illumination CIE coordinates, and
(xd, yd) denotes the CIE coordinate of the dominated wavelength. The calculated color purity for the two phosphors reveals values of

84 % and 99 % for Ho3+/Er3+/Yb3+ and Nd3+/Er3+/Yb3+, respectively. Notably, the sample doped with Nd3+ exhibits a higher
color quality, making it potentially suitable for applications in displays.

Color purity =

3.2. Power-dependent luminescence characteristics and UC mechanism

Exploring the power-dependent upconversion (UC) emission intensities (I) offers valuable insights into the underlying UC lumi-
nescence process. To achieve a more profound comprehension of the UC process in Ho®*/Er®*/Yb®* and Nd3*/Er®*/Yb®* tri-doped
BayGdV301; phosphors, the investigation focuses on the relationship between the integrated intensity of the UC emission and the laser
pump power (P). This relationship is described by the following equation [49]:

I=KxP" Q)]
In the provided equation, "K" stands as a constant, and "n" denotes the count of infrared photons essential for the population of a
particular excitation level. Analysis of log intensity versus log laser power density plots unveils a clear linear correlation with the
experimental data. In this context, excitation power density is described as the quantity of power reaching the surface of the phosphor
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divided by the exposed area.

By analyzing the slopes of the emission intensity versus excitation power density curves, the value of n can be estimated more
explicitly (see in Fig. 5(a) and (b)). To determine the number of infrared photons involved, the emission peaks at 555 nm and 665 nm
are specifically chosen due to their significant intensity and sensitivity to laser pump power density. The slopes for the 555 nm and 665
nm emission peaks in the Ho>*/Er3*/Yb®" tri-doped BayGdV301; phosphors under 980 nm excitation are determined to be 1.8 and
1.96, respectively. While the calculated values of n for the 555 nm and 665 nm emission peaks in the Nd>*/Er**/Yb%* tri-doped
BayGdV30;1; phosphors under 980 nm excitation are 2.02 and 1.89, respectively. These results indicate that the UC processes
involved in the Ho®"/Er®*/Yb®* and Nd**/Er®*/Yb®* and tri-doped Ba;GdV301; phosphors are two-photon processes [46,50].

Utilizing the established connection between upconversion (UC) emission intensity and pump power, Figs. 6 and 7 present
schematic representations of the energy level structure and potential energy transfer (ET) processes between Ho®*, Er®*, Yb3* ions,
and Nd®*, Er®", Yb®" ions under 980 nm excitation. These illustrations offer additional insights into the UC luminescence mechanism.
As illustrated in Fig. 6, in the energy transfer process involving Ho>t, Er®*, and Yb3" ions, the initial step involves the excitation of the
%F, 2 level of Yb3* to the %Fs /2 level through ground state absorption (GSA) upon being pumped with a 980 nm laser. Subsequently, the
energy can be transferred to the 516 level of Ho®>" and the *1;; 2 level of Er®". GSA can also occur for the *I; 5/2 = e /2 transition in Er’*
under 980 nm excitation. Remarkably, Yb3+ ions demonstrate a greater absorption cross-section at 980 nm in comparison to Ho>* and
Er’t ions, facilitating efficient energy transfer due to the spectral overlap between the 2F5 /2 and 2F7 /2 emission of Yb3* and the 411 5/2
absorption bands of Er3* (ETy).

As a result of ET;, the population of the Er’" ion in the 4111 2 state is enhanced, allowing for a transition from the 4111 /2 state to the
4F7 /2 state and subsequently to the 4Gy /2 state. Non-radiative relaxations can then populate the °Hy; ,2 and 483 /o states, corresponding
to the emission levels of green luminescence. Alternatively, the 4111 /2 states of Er’" ions may undergo relaxation to the 4113 /o State,
leading to red emission in the 4F9/2 levels.

Similarly, the Ho>* ion undergoes energy transfer (ET>) to populate the °I¢ state, allowing for transitions from the I state to the °F4
state, resulting in the emission of green luminescence. If the °I¢ state of the Ho®" ion relaxes non-radiatively to the °I; state, it can be
excited to the 5F5 state, resulting in red emission [51].

Phosphors under 980 nm excitation.

Fig. 7 illustrates the energy level diagrams of Nd>*, Er>*, Yb®" ions and the proposed UC emission mechanisms under 980 nm
excitation. Initially, the excitation of Yb>" ions from the ground state 2Fy 5 to the excited state 2Fs /5 occurs through GSA. The ground
state of Er®* ions is stimulated to the 4111 /2 state. Subsequently, the Er’* ions at the 4111 /2 state can populate the 4F7/2 state through
non-radiative relaxation. From the 4F7/2 state, further non-radiative relaxation leads to the population of the ’Hy4 s2 and 453/2 levels.
The Er®" ions at these levels then relax to the *I;5, state, resulting in the green emission at 525 nm and 555 nm, respectively. The
multi-phonon relaxation mechanism allows the relaxation of the Er®" ions from the *I1; /2 state to the 4113/2 state before being stim-
ulated to the *Fg 5 state. Non-radiative relaxation also enables the population of the *Fy, state from the *Sz/, state. The transition of
Er®" ions from the *Fo , state to the *I;5, state emits red light at 665 nm. Regarding Nd>* ions, they are stimulated from the *I; state
to the *F3, state. Cooperative excitation assists in populating the 2Gg, state of Nd>* ions. In this process, the Nd>* ions are excited
from the *Io /2 state to the 2Gq /2 state, followed by non-radiative relaxation to the 4G, /2 and 2G, 2 states. Ultimately, relaxation from the
4Gy /2 and %Gy, states to the Iy, state leads to low-intensity green emission at 550 nm and low-intensity yellow emission at 582 nm,
respectively [46].
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Fig. 5. The integral emission intensity of the green (555 nm) and red (665 nm) emission bands is examined as a function of the pump laser power
under 980 nm excitation for (a) Ho®>*/Er®*/Yb%* and (b) Nd>*/Er®*/Yb3* tri-doped Ba,GdV301; phosphors. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Energy transfer pathways in Ho®>*/Er**/Yb®* tri-doped Ba,GdV301; phosphors under 980 nm excitation.
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Fig. 7. Energy transfer pathways in Nd>*/Er**/Yb>" tri-doped Ba,GdV30s;.

3.3. Temperature-responsive UC emission and optical temperature-sensing characteristics

The temperature-dependent UC emission spectra excited by a 980 nm laser are presented in Fig. 8(a) and (b) to evaluate the
potential of Ho>*/Er®*/Yb®* and Nd3*/Er®*/Yb>* tri-doped Ba;GdV30;1 phosphors as temperature sensors. To prevent the heating
due to excitation, we have maintained the excitation power level at 0.5 W [52,53]. This ensures that the temperature increase resulting
from the excitation is minimized and allows for accurate assessment of the temperature-dependent luminescence properties [54].
Firstly, as shown in Fig. 8(a) two different green emissions peaks are investigated to illustrate the variation tendency of the intensity
ratio as the temperature rises from 298 to 573 K. The UCL intensities of the ’Hy4 2= 4115/2 (Er®") transition at 525 nm exhibits an
increase, while the UCL intensities of the °Sy/°F4 — °Ig (Ho*h) + 453/2 - 4115/2 (Er®") transitions at 555 nm shows a noticeable
decrease in intensity as temperature increases. Additionally, the red UCL intensities of the 5F5 — Sl (Ho®") + *Fq /2 — s /2 (Er*h)
transitions at ~ 665 nm gradually decreases. The UC emission spectra of Nd>*/Er®*/Yb®" tri-doped BayGdV301; phosphors under 980
nm excitation at various temperatures are shown in Fig. 8(b). With rising temperature, there is an increase in the intensity of the ’Hpq /2
- 4115/2 transition (Er°") at 525 nm in UCL. Conversely, the UCL intensities of the 453/2 - 4115/2 (EH) + (4G7/2 - 419/2) (Nd®) at
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Fig. 8. Temperature-dependent UC emission spectra (a) of Ho>*/Er>*/Yb®* and (b) Nd®*/Er®*/Yb>* tri-doped Ba;GdV30;; phosphors under 980

nm excitation respectively.

530-565 nm demonstrate a decrease with increasing temperature.
To evaluate the influence of temperature fluctuations on the intensity of the distinct peaks at 525 nm and 555 nm, it is essential to

compute the ratio of intensities between the two peaks. This ratio consistently rises with temperature. The Boltzmann distribution
governs the population ratio of the two transitions (525 nm and 555 nm) relative to temperature, and the fluorescence intensity ratio

(FIR) can be described using the following equation [55]:

FIR= i—z =Bexp (7AE) (5)

! KgT

where I, and I; represent the integrated intensities of two different transitions, AE denotes the energy difference between these two
levels, Kg is the Boltzmann constant with a value of 0.695 cm 'K}, A is a constant determined by the degeneracy, spontaneous
emission rate, and photon energies of the emitting states in the host material, and B is a parameter associated with the curve of the FIR
plotted against the 1/T [56]. For Ho®>*/Er®*/Yb®* and Nd3*/Er®*/Yb®* tri doped BayGdV30;; phosphors, the FIR values present an
increasing tendency with temperature, as displayed in Fig. 9(a) and (b). FIR as a function of temperature can be fitted by Eq. (5) with a
regression coefficient (R?) of 0.99 based on the previous results. According to the results of the fit, the AE values is 639.4 em~! for
Ho*'/Er®*/Yb®" doped phosphors and 656.71 cm™* for Nd**/Er®*/Yb®" doped phosphors. Thus, the slight fluctuations observed
during the calculation of the AE values might be ascribed to a multifaceted dynamic process governing the population between the
2Hu ,2 and 483/2 levels, which are affected by Ho®" and N3+ dopants neighboring Er’* ions.

To get deeper understanding on the optical temperature sensing behavior it is essential to determining the absolute sensitivity (S,)
and relative sensitivity (S;) [57]. The following equations can be utilized to compute the sensitivities [58]:
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Fig. 9. FIR vs temperature variations for the green emission (a) of Ho>*/Er>*/Yb%* and (b) Nd**/Er®*/Yb®" tri-doped Ba,GdV301; phosphors. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 10(a) and (b) illustrate the calculated S, parameter for two distinct phosphors. The data clearly indicate that, with the rise in
temperature, the absolute sensitivity of the sensor increases, reaching its peak at 450 K. For the Ho>*/Er®*/Yb®* phosphor, S, attains a
maximum value of 0.0041 K%, while for the Nd3*/Er®*/Yb®* phosphor, the maximum is reached at 473 K with S, equal to 0.0061 K1
It is noteworthy that the S, value holds greater significance for the Na3t/Er®t/ypit doped BayGdV30;; phosphor. Meanwhile, the S,
parameter experiences a decrease with increasing temperature, reaching maximum values of 1.03 % K ! and 1.07 % K~! for Ho®>"/
Er®*/Yb®" and Nd®*/Er®t/Yb®" doped Bay;GdV30;; phosphors, respectively (refer to Fig. 10(a) and (b). Crucially, we compare these
sensitivities to similar studies outlined in Table 1, highlighting that the sensitivities determined in this study surpass those reported for
many other phosphors. Given these results, it can be inferred that the Ho>*/Er3*/Yb®" and Nd3*/Er3*/Yb®* tri-doped BayGdV301,
phosphor exhibits promising potential as a temperature-sensing material.

The temperature uncertainty (8T), which serves as an important indicator of the thermometer’s effectiveness, denotes the minimum
temperature alteration that induces a noteworthy change in the measured parameter. The estimation of 8T is obtained using the
following equation [65]:

T— 6FIR 1

“FIR S, ®

In the given formula, SFIR symbolizes the resolution threshold or the relative uncertainty associated with the thermometric parameter.
This value denotes the minimum discernible alteration in the ratio that can be identified through empirical observation. It’s crucial to
emphasize that the resolution limit isn’t solely determined by the efficacy of the thermometer but is also impacted by the attributes of
the experimental arrangement [66]. Consequently, one approach to enhancing the resolution limit involves the implementation of
advanced acquisition techniques. This encompasses measures such as improving integration time and employing the averaging of
successive measurements to diminish experimental noise. To assess the limit of detection, a series of 40 measurements is conducted at
room temperature under conditions comparable to those employed for Ho>*/Nd3*, Er®*, Yb®* tri-doped BayGdV30;; phosphors.
The standard deviations for FIR (Ho>/Er®*/Yb3*) and FIR (Nd>*/Er®*/Yb>*) tri-doped Ba;GdV301; phosphors obtained using 40
measurements at 298 K, are represented in Fig. 11(a) and (b) respectively. Temperature uncertainties (8T) for different FIR are
calculated as a function of temperature and are shown in Fig. 12(a) and (b). Applying the FIR strategy, the 3T values ranged from 0.084
K to 0.067 K for Ho>*/Er®*/Yb3* doped BayGdV301; phosphor and from 0.042 K to 0.033 K for Nd**/Er®*/Yb®* doped Ba,GdV3011,
respectively. Significantly, each computed 8T value is consistently below 0.1 K, underscoring the remarkable accuracy of both
phosphors across the entire temperature range. This emphasizes the significance of these phosphors in optical thermometry.

3.4. Temperature dependent lifetime analysis

Aside from the techniques involving FIR, the FL technique holds significant importance in optical thermometry. Therefore, in this
part, we focus on the transition located at 555 nm dependent on temperature fluorescence lifetimes after pulsed laser excitation (980
nm). As seen in Fig. 13(a) and (b), increasing temperature induces a substantial decrease in the Er*t UC lifetime, which is most likely
owing to the amplification of nonradiative transitions. Fig. 13(c) and (d) represent the decay time variations with temperature. The
average lifetime of Er®" ions in the *S3/, state experiences a decline from 23.415 ps to 17.209 ps for Ho®t/Er®*/Yb3" tri-doped
BayGdV301; phosphors and from 7.611 ps to 3.342 ps for Nd3*/Ert/yb3t tri-doped BayGdV3071 phosphors with an increase in
temperature from 298 to 573 K. However, as illustrated in Fig. 13(c) and (d), it becomes apparent that the lifetime decreases with
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Fig. 10. The relative and absolute sensitivity of (a) of Ho>*/Er>*/Yb®* and (b) Nd**/Er®*/Yb>" tri-doped BayGdV30;; phosphors.
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Table 1
Comparison of the maximum S; and S, Parameters in Ho>*/Er®*/Yb®" and Nd®>*/Er®*/Yb>" tri-doped Ba;GdV30;; phosphors using the FIR strategy
against various hosts.

Host Srmax (% K'Y Sa max (K’l) Temperature (K) A1/Ay (nm) Reference
NaLuF4: Yb**/Er®*/Ho®* 0.74 (298 K) - 298-503 525/547 [59]
0.34 (503 K) - 659/547
CaLa,ZnOs: Er**/Yb®+ - 0.0059 (513 K) 298-513 525/547 [60]
CaglagSig024: Yb3*/Er®t/Ho>t 1.04 (293 K) 0.0039 (500 K) 298-573 525/547 [611
Tellurite glass: Yb®*/Er®+ 0.53 (298 K) 0.0089 (298 K) 298-473 525/548 [62]
LiZnPO,: Yb**/Er®t/Ho®+ 1.29 (300 K) 0.008 (440 K) 300-440 525/550 [63]
NazGd(VO,),: Er®t/Yb3t 0.83 (300 K) 0.0004 300-600 659/525 [271
BaMoO,: Yb3*/Er®+ 0.47 (298 K) - 293-573 659/525 [64]
YPVO: Er**/Yb3/Ho®* 0.84 (298 K) 0.0032 (375 K) 298-488 525/550 [44]
BayGdV30;:: Ho®*/Er®t/Yb3t BayGdVs0,;: Nd3t/Er®t/Yb3+ 1.03 (298 K) 0.0041 (475 K) 298-573 525/555 This work
1.07 (298 K) 0.0061 (475 K)

A/Ay (nm) corresponds to the FIR = I,1/I;5.
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Fig. 11. Standard deviations for (a) FIR (Ho>*/Er®*/Yb®") and (b) FIR (Nd>*/Er®*/Yb®") tri-doped BayGdV301; phosphors obtained using 40
measurements at 298 K.
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Fig. 12. Temperature resolution values 8T for (a) FIR (Er®*/Yb®>'/Ho>") and (b) FIR (Er>"/Yb3"/Nd®") tri-doped Bay;GdV30;; phosphors.

increasing temperature. This decline can be predominantly attributed to phonon-assisted energy transfer and multiphonon decay
processes. The considerably longer decay time observed in the Ho®>'/Er’t/Yb3" tri-doped BayGdV30;; phosphors implies more
efficient energy transfer mechanisms and reduced non-radiative processes compared to the Nd3*/Ert/yb3t tri-doped BapGdV3011
phosphors. Additionally, the varying local environments surrounding the dopant ions in each sample may contribute to the observed
differences in fluorescence lifetime. The fluorescence lifetime of Ho®>*/Er®*/yb%" and Nd**/Er®*/Yb3* tri-doped BayGdVsOy;

11
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phosphors demonstrates remarkable sensitivity to changes in temperature. Specifically, the average lifetime of Er’* ions in the 4S3/2
state is calculated using the following equation [67]:
Jt(r)de

In this scenario, where, where t is time, I(t) signifies the intensity of the emission, and, and 7 is the average lifetime, the variation of the
average decay time with temperature can be accurately described by the following equation [68,69]:

11 (-—)
o x [1+Ce ] (10)
T 70
where 1(T) and 7 represent the FL at various temperatures and at 0 K, respectively. C is a constant and AE signifies the energy gap
between “F7/5 and *S3 5 states.

Absolute (S,) and relative sensitivity (S;) values of an optical temperature sensor are determined using FL method according to the
following equations:

dr
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0T =— X — (13)

Here, Z is the thermometric relative parameter uncertainty. This signifies the smallest perceptible change in ratio that can be
distinguished through experimental observation. It’s crucial to emphasize that the resolution limit isn’t solely determined by the
performance of the thermometer but is also influenced by the attributes of the experimental setup [70].

The temperature dependency of the #S3 ; level emission average lifetime, under 980 nm excitation, for Ho>*/Er®*/Yb%" and Nd®*/
Ert/yb3t tri-doped BapGdV301; phosphors, are depicted in Fig. 14(a) and (b) respectively.

S, and S; values are derived and illustrated in Fig. 14(c) and (d) based on the 453 /o energy levels of Er®tin the context of FL
temperature measurement schemes for Ho>*/Er®*/Yb%" and Nd3*/Er®*/Yb®" tri-doped BayGdV301; phosphors.

The maximum values of S;, calculated from PL of 483 /2 level of Erdt average lifetime under 980 nm excitation are 0.146 %K ! (at
573 K) and 0.47 %K~ ! (at 298 K), while the highest values of S, are 0.025 psK’1 (at 573 K) and 0.036 psK’1 (at 298 K) for Ho®* /Er*t/
Yb3* and Nd3*/Er®*/Yb3*tri-doped BayGdV301; phosphors, respectively. Fig. 14(e) and (f) depict the temperature uncertainty var-
iations with temperature for Ho>*/Er®*/Yb®" and Nd>*/Er®/Yb®" tri-doped BayGdV301; phosphors, respectively.

The minimum temperature uncertainties are calculated to be 0.2 K (at 573 K) and 0.06 K (at 298 K) for Ho>*/Er®*/Yb%" and Nd3*/
Er’*/Yb3" tri-doped BasGdV3011 phosphors, respectively.

To underscore the importance of these phosphors in thermometry applications utilizing fluorescence lifetime strategies, the sen-
sitivities are detailed in Table 2 through the lifetime thermometry method. Notably, the S; parameters measured in this study surpass
many others reported in the literature. These results support the deduction that the Ba;GdV301; phosphor, enriched with Ho®*/Er3*/
yb3*, Nd3*/Er®*/Yb®* dopants, holds considerable promise as a temperature-sensing material.

Based on the preceding discussion, it can be inferred that Ho>*/Er®*/Yb®* and Nd>*/Er®*/Yb®* tri-doped BayGdV301; phosphors
demonstrate favorable upconversion (UC) emission properties and provide reliable multi-mode temperature sensitivity, as evidenced
by the fluorescence intensity ratio (FIR) and fluorescence lifetime (FL) outcomes. By integrating these two optical thermometry
methods simultaneously, a self-calibrating approach to temperature assessment can be attained, thereby improving the accuracy of
temperature measurements.

4. Conclusions

In conclusion, our synthesis of Ho>"/Er®t/Yb®* and Nd**/Er®*/Yb®" tri-doped Ba;GdV301; phosphors using the sol-gel method
has proven successful. The crystalline structure, affirmed by XRD results and Rietveld refinement analysis, reveals a monoclinic phase
with P2;/c space group symmetry. These phosphors showcase a dual-mode temperature sensing mechanism, capitalizing on the
temperature-dependent FIR responses linked to the 2Hy;,5 — *I15/2 (Er®") and the 5Sy/5F4 — %lg (Ho®") + S35 — “Iis/9 (Er®H)
transitions, related to the emission bands at 525 nm and 555 nm, respectively. Additionally, the fluorescence lifetime of *S3 5 in Er>*
contributes to the two temperature sensing modes. The introduction of Ho®" amplifies the red emission, while Nd** enhances the
green emission. Calculated color purity reaches 84 % and 99 % for Ho>*/Er’*/Yb3* and Nd3*/Er®*/Yb3* tri-doped BayGdV301q
phosphors, respectively, showcasing superior color purity in the latter. Maximal relative sensitivities using the FIR strategy are 1.03 %
K~! (at 298 K) for Ho®*/Er**/Yb%" and 1.07 % K~ ! (at 298 K) for Nd**/Er®*/Yb3™. Employing the FL strategy, these phosphors exhibit
sensitivities of 0.146 % K! (at 573 K) and 0.47 % K~ ! (at 298 K), respectively, with the highest thermal sensitivity achieved using
Nd3*/Er** /Yb®* tri-doped BayGdV301; phosphors. The uncertainties in temperature measurements using the FIR and FL strategies
consistently remain low, with 8T values below 0.3 K across the entire temperature range. This underscores the remarkable accuracy of
both phosphors, emphasizing their significance in the field of optical thermometry. The exceptional temperature sensitivity and
minimal thermal uncertainty demonstrated by Ho>*/Nd3*, Er®*, Yb3* tri-doped phosphors position them as promising candidates for
optical temperature sensing applications. Our research lays the foundation for an innovative framework for the advancement and
exploration of multi-mode self-referencing optical temperature sensors in the future.
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Fig. 14. (a), (b) Temperature dependency of the PL of 453/2 level of Er®* average lifetime under 980 nm excitation, (c), (d) absolute and relative
sensitivities calculated by FL, and (e), (f) the temperature uncertainty variations with temperature for Ho>*/Er>*/Yb%* and Nd**/Er®*/Yb®" tri-
doped Ba;GdV3011 phosphors, respectively.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

14



1. Kachou et al. Heliyon 10 (2024) 30062

Table 2
Comparison of the maximum S, and S, parameters in Ho>"/Er®*/Yb®" and Nd*>*/Er®*/Yb®" tri-doped BayGdV301, phosphors using the FL strategy
against various hosts.

Host Samax (s K'Y Simax (%0 K’l) T range (K) Aexe/Adete (NM) Reference
Y,Mo0,40,5: Er¥*/Yb3* 0.16 (520 K) 0.4 (520 K) 300-520 975/550 [65]
CayMgWOg: Er®t/Yb3+ 0.12 (570 K) 0.11 (570 K) 300-570 980/549 [701
Cs3GdGe30q: Er*™ 0.16 (313 K) 0.49 (313 K) 313-513 980/550 [671
NayYMg,(VOy)s: Er¥/Yb3t 0.0045 (368 K) 0.08 (412 K) 323-573 980/550 [71]
CsyAgo.éNag 4In0.9Big 1 C;: Er*/Yb3+ 0.0076 (300 K) 0.035 (300 K) 300-470 980/550 [72]
Ba,GdV30;,: Ho®/Er®t/Yb®+ 0.025 (573 K) 0.146 (573 K) 298-573 980/550 This work
BayGdV30,1: Nd*t/Er®*/Yb3+ 0.036 (298 K) 0.47 (298 K)

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e30062.
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