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Abstract: Herein, we investigate the performance of single- and multiparametric luminescence
thermometry founded on the temperature-dependent spectral features of CagBaP;O17:Mn’* near-
infrared emission. The material was prepared by a conventional steady-state synthesis, and its
photoluminescence emission was measured from 7500 to 10,000 cm ™! over the 293-373 K temperature
range in 5 K increments. The spectra are composed of the emissions from 'E — 3A; and 3T, — 3A,
electronic transitions and Stokes and anti-Stokes vibronic sidebands at 320 cm~! and 800 cm ! from
the maximum of 'E — 3A, emission. Upon temperature increase, the 3T, and Stokes bands gained in
intensity while the maximum of 1E emission band is redshifted. We introduced the procedure for
the linearization and feature scaling of input variables for linear multiparametric regression. Then,
we experimentally determined accuracies and precisions of the luminescence thermometry based
on luminescence intensity ratios between emissions from the 1E and 3T} states, between Stokes and
anti-Stokes emission sidebands, and at the 'E energy maximum. The multiparametric luminescence
thermometry involving the same spectral features showed similar performance, comparable to the
best single-parameter thermometry.

Keywords: luminescence thermometry; luminescent materials; Mn®*; near-infrared luminescence

1. Introduction

The luminous properties of materials are profoundly influenced by temperature. Using
a method known as luminescent thermometry, it is possible to determine the temperature of
a substance if one monitors the properties of the substance being measured. In luminescence
thermometry, the three features that are utilized most frequently are the emission intensity,
lifetime, and form of the emission spectrum [1-5]. In the past decade, luminescence
thermometry has made significant advancements, rapidly approaching the performance of
competing technologies. This method offers various advantages over traditional ones. It
can be used to monitor temperatures in hostile environments, in hard-to-reach places, on
moving parts or surfaces, and where other methods may not be viable. In addition, it has a
high spatial resolution and can measure temperatures at the microscale or nanoscale. As a
result, luminescence thermometry has applications in numerous fields, such as materials
science, nanotechnology, biology, and medicine.

However, luminescent thermometry has a number of drawbacks compared to other
major thermometry techniques. The most serious are the decreased accuracy and precision,
as well as the increased response time. With an accuracy of up to 0.1% of the measured
temperature, thermocouples and resistance thermometers are regarded as providing the
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most precise temperature measurement [6,7]. In contrast, the accuracy of luminescence
thermometry is often 0.5% or greater. The time resolution of thermocouples and resistance
thermometers is normally measured in milliseconds or less [8,9], whereas those of steady-
state luminescence thermometry are typically measured in the range of a few hundreds of
milliseconds to seconds, and the ultrafast time-resolved measurements down to 10 ns are
demonstrated using the excited state lifetime as a temperature indicator [10].

It is therefore understandable that a great deal of recent effort has been devoted
to enhancing the accuracy and precision of luminescence thermometry. To achieve this
objective, various strategies have been implemented. These include the selection of lumi-
nescent materials with both high brightness and high temperature sensitivity. Optical and
electronic design enhancements to the luminescence thermometry system can also affect
measurement precision and accuracy. Environmental control measures, such as thermal
insulation or light shielding, can reduce the effects of these variables and enhance the
precision and accuracy of measurements. It has been demonstrated that the identification
of luminescence features with a high sensitivity to temperature fluctuations over a specific
temperature range can enhance thermometric performance. For instance, the incorporation
of high-energy thermalized levels for the realization of trivalent lanthanide Boltzmann
thermometers may result in a substantial increase in the relative sensitivity [11-15]. In
dual-excited single-band ratiometric thermometry, the greater energy difference between
the lower energy states of trivalent lanthanides enhances the relative sensitivity [16]. Re-
cently, a combination of these two approaches has increased the relative sensitivity even
further [17]. By utilizing time-resolved measurements, the LIR method can be advanced
further. Qiu et al. [18] demonstrated that the luminescence intensity ratio methodology
can be improved if performed with time-resolved measurements, in which the ratio of
emission intensities for the same emission band are measured at different time-delays
after excitation.

The great majority of luminescence thermometers that have been investigated so far
rely on a single parameter to deliver an accurate temperature reading. The utilization
of multiple thermometric parameters within the context of multimodal [19-23] or the
multiparametric approach [24-28], on the other hand, has the potential to enhance the
performance of thermometers. So far, the advantage of multiparametric thermometry has
been realized through the application of multiple linear regression or similar statistical tech-
niques and artificial neural networks [10,29,30]. The basic assumption of multiparametric
thermometry is that the involvement of multiple temperature readings will accumulate
sensitivity and cancel individual deviations in measurements by the process of averaging.
If there are no artifacts in the measurements, then all the thermal readings should con-
verge. Nevertheless, the inclusion of additional spectral feature measurements increases
the uncertainty in temperature determination, which may negate the benefits obtained.

The purpose of this study was to compare the performance of single- and multipara-
metric temperature measurements derived from identical emission spectrum measure-
ments. For this purpose, we chose the Mn>* emission, which provides an abundance of
temperature-dependent spectral features, such as intensity ratios between emissions from
coupled excited states or between Stokes and anti-Stokes sidebands, and the shift of an
emission band. Additionally, Mn>*-activated luminescent phosphors and nanophosphors
emit in the near-infrared spectral region, at wavelengths greater than 1000 nm, where
environmental background luminescence is minimal. This facilitates the use of these
nanophosphors in biomedical applications, for instance [31].

2. Materials and Methods

For the synthesis of CagBaP4O;7:Mn°* (0.75 at% Mn) material, the typical solid-state
reaction was utilized, as described in [32]. CaCOj3 (Alfa Aesar, 98%), BaCOj3 (Alfa Aesar,
99.8%), (NH4)H,PO4 (Alfa Aesar, 98%), and MnO (Aldrich, 99.99%) were weighed and
thoroughly mixed for one hour in an agate mortar with the required amount of ethanol.
Raw material mixtures were poured in alumina crucibles and heated in an air atmosphere
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at 600 °C for six hours before being ground in an agate mortar and calcinated at 1200 °C for
an additional ten hours. The procedure yielded a powder of a turquoise color composed
of micron-size crystallites (see the scanning electronic microscopy image in Figure S1 in
the Supporting information file) which perfectly corresponds to the CagBaP4O;7:Mn°*
crystal structure (see the powder X-ray diffraction pattern in Figure S3 in the Supporting
information file). Photoluminescence emission spectra were measured in the 20 °C to 100 °C
temperature range using a custom-made Peltier-based heating stage with temperature
monitoring using a four-wire PT100 sensor (PICO Technology PT-104; 1/10 DIN accuracy
of 0.03 °C; 0.002 °C precision). Excitation is provided by an Ocean Insight LSM-635A
fiber coupled LED (2.68 mW maximum power), which is operated by a single-channel
Ocean Insight LDC-1 driver and controller. An Ocean Insight NIRQuest+ spectrometer was
connected by the bifurcation optical Y cable for PL emission spectrum measurements. With
350 ms of integration time per scan and five averaged scans for each spectrum, the total
acquisition time per spectrum was 1.75 s. A field-emission scanning electron microscope
(FE-SEM) Tescan Mira 3 XMU operated at 10 keV was used to observe the morphology
of the samples. Prior to SEM analysis, samples were sputter-coated with a thin layer of
gold to ensure conductivity. The crystal structure of powders was examined by powder X-
ray diffraction using the Rigaku SmartLab instrument (Cu-Ka » radiation; A = 0.1540 nm)
at room temperature. Data were recorded over the 10°—90° 26 range, with a 0.01° step
size and 1 min/° counting time. Using the license granted to the University of Belgrade,
built-in MATLAB 2021b functions were used to perform single- and multiparametric linear
regressions on collected data.

3. Results
3.1. Photoluminescence and Single-Parameter Thermometry

Under the 635 nm excitation into the broad A, — 3Ty electric dipole-allowed tran-
sition, the Mn>* emits over the 7500-10,000 cm~! NIR spectral range, see Figure 1a. Its
emission spectrum is composed of the narrow emission band that originates from the spin-
forbidden 'E — 3A, intraconfigurational transition centered around 8772 cm~! (1140 nm),
the low-intensity broad emission from the spin-allowed 3T, — 3A; transition, and Stokes
and anti-Stokes vibronic sidebands distanced from 'E — 3A, emission peak at approxi-
mately 320 cm ™! (from O—Mn—O bending) and 800 cm ™! (from Mn—O stretching) [32].
The shape of the emission spectrum is significantly influenced by temperature fluctuations
in a number of ways. The intensity of 'E emission decreases as the temperature rises,
while the intensity of >T, emission increases. Because the difference in their energies
is approximately 1260 cm~! [32], these two excited states are in thermal equilibrium at
room temperature and share their respective populations. The intensity of Stokes and
anti-Stokes emission bands exhibits a similar temperature-dependent trend. While the
former decreases in intensity as the temperature rises, the latter increases in intensity.
At elevated temperatures, the spectral position of the 'E emission band red-shifts and
broadens markedly.

In luminescence thermometry, each of these temperature-dependent spectral features
can be used independently as temperature indicators [2]. For luminescence thermometry,
the luminescence intensity ratio (LIR) between two emission bands (so-called ratiomet-
ric temperature readout) has been and remains the most popular method [33]. It is of
the utmost importance because it is self-referencing and therefore circumvents problems
caused by changes in measurement conditions by relying on ratios of absolute intensities.
Considering the composition of the spectra depicted in Figure 1a, one can exploit two
luminescence intensity ratios that both follow the Boltzmann distribution, which gives
the population probability of a particular state as a function of that state’s energy and
temperature. The first intensity ratio, denoted in the text as LIR;, can be formulated from
emission intensities of the 'E and 3T, states. Two excited energy states are considered
thermally coupled when they are close in energy and when the nonradiative transition rates
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between them surpass the radiative transition rates within the considered temperature
range [34].

=7 . T . T T

g 34—

-8

Stokes Anti-Stokes

o
b3
S_10L 4
§-10
. 3 3
T, = °A
a-11} 17
5, 100°C
8_12 | 373.15K |
50 5(0 —Mn—0)
2-13
-14 20°C
v(Mn - 0) 293.15K
-15 L ) L L L .
7,500 8,000 8,500 9,000 9,500 10,000 10,500
=1
E [em ]
(a)
0.4 0.45
0.35}
0.3} 0.4
— o~
& 025 =]
= =
0.2} 0.35
0.15
0.14= - . . 03— - - .
300 320 340 360 300 320 340 360
Temperature [K] Temperature [K]
(b) (0
x10™
6. 87550 - -
— 8,750+
£4f =
3 \ 20 E8,745!
= PN, 4 29315K )
] 8 | )
- % 8,740,
100 °C
0 373.15K L -
8,650 8,700 8750 8,800 8,850 8,735 300 320 340 360
E [eni] Temperature [K]
(d) (e)

Figure 1. (a) Photoluminescence emission spectra of CagBaP;O17:Mn>* phosphor measured at
different temperatures (excitation at 635 nm); (b) temperature dependence of the luminescence
intensity ratio of 'E and 3T, emissions (LIR;; experimental data are represented with symbols; fit to
Equation (2) is given by full line); (c) temperature dependence of the luminescence intensity ratio
of Stokes and anti-Stokes sidebands (LIR;; experimental data are represented with symbols; fit to
Equation (3) is given by full line); (d) the redshift of the 'E emission band upon temperature increase;
(e) 'E emission band maximum variation with temperature (Ejg; experimental data are represented
with symbols; fit to Equation (4) is given by full line).

Then, we may consider these states are in the Boltzmann equilibrium and the intensity
ratio of their emissions has the following mathematical representation [35]:

LIR,(T) = B-exp(—AE/kT), (1)
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where AE is the energy difference between the thermally coupled emitting states (here, the
1E and 3T, states), k = 0.695 cm~! is Boltzmann’s constant, B is a temperature-invariant
constant, and T represents absolute temperature. To avoid deconvolution of overlapping
emission bands [36], LIR; was calculated from integrated intensity of emission near the
'E band maximum and the integrated emission of the part of the emission spectrum
corresponding to the 3T, emission that does not overlap with 'E and anti-Stokes emissions
(E > 9700 cm~!). Each spectrum at every temperature was submitted to the baseline
removal procedure that consisted of utilizing part of the spectrum with no Mn®>* emission
as a baseline. The temperature dependence of LIR; (symbols on Figure 1b) perfectly fits
Equation (1) (full line; R? = 0.99998), with the value of AE = 1216 cm~! that is in good
agreement with the energy difference between 'E and 3T, of 1260 cm ! [32].

The second intensity ratio, denoted in the text as LIRj, can be constructed from the
ratio of intensities of Stokes and anti-Stokes vibronic sidebands that arise from the coupling
of the 'E excited state and the non-totally symmetric O—Mn—O bending deformation [29].
To analyze the temperature behavior of Stokes and anti-Stokes emissions, the baseline was
removed for each spectrum by fitting third-order polynomials on the emission data in the
vicinity of the corresponding peaks (see Figure S1 in the Supporting information file). The
values of such obtained polynomials inside the corresponding peaks were then used as a
baseline. Although the experimental dependance of LIR,, Figure 1c, can be fitted with the
Boltzmann distribution formula, Equation (1), where we obtain AE = 330.4 cm ™! which
agrees well with the energy separation of the first vibronic side band of 320 cm~?, we found
that much better regression with the simple second-order polynomial expression (full line
in Figure 1c; R? = 0.9993; parameters obtained after the fitting are given in Table 1):

LIRy(T) = a-T?> +b-T +c. )

The redshift of the 'E emission band upon temperature increase is shown in Figure 1d,
while the temperature dependence of the 'E emission band maximum (the peak energy) is
given in Figure le with symbols. The position of this peak can be well approximated by a
linear equation over the complete measurement range (full line; R? = 0.9994; parameters
obtained after the fitting are given in Table 1):

Eig(T) =d-T +h. €)

At room temperature, the relative sensitivities of LIR; and LIR; are approximately
2%K~! and 0.3%K !, respectively, while the peak energy changes at the 0.21 cm 'K~ rate.

Table 1. The parameters obtained by fitting experimental results to Equations (2)—(4).

Parameters
from Fitting

AE [em™1] a[K2] b[K1] c d[K-1cm1] hlcm—1]

39.93

1216 8667 x 1076  —4174 x 1073  7.921 x 10°!  —2.098 x 10~1  8.816 x 10°

3.2. Multiparametric Luminescence Thermometry

Multiparametric linear regression (MLR) is a statistical method that utilizes two
or more explanatory variables to determine the outcome of a response variable. Each
value of the independent variable is associated with a value of the dependent variable.
Using multiple linear regression, one can represent the linear relationship between the
thermometric parameters A (independent variables) and temperature (dependent variable)
using the following equation:

T = Bo+ B1A1 + B1A1 + B1A1 + - -+ Buly + ¢, 4)

where By is the constant term (T-intercept), By, ... , Bn are the slope coefficients for each of
n explanatory variables, and ¢ is the model’s error term (also known as the residuals).
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The prerequisite for using MLR is that there is a linear relationship between the
dependent variables and the independent variables and that the independent variables are
not too highly correlated with each other. Although it is not strictly required, the values
of independent variables should be in the same range (the same magnitude) since fitting
procedures assume that larger values have more significance. This can be achieved by
feature scaling. An additional benefit of feature scaling is that it makes interpretation of
results much easier since it makes a lot more sense to say one feature is more important
than another if they are of the same magnitude when considered.

Temperature indicators in luminescence thermometry, such as the emission intensity,
luminescence intensity ratio, excited state lifetimes, band shifts, bandwidths, etc., are
not linear functions of temperature. Therefore, they cannot be straightforwardly used in
MLR, although the successful application of MLR can be demonstrated over the limited
temperature range in which the linearity can be assumed [24,25].

Here, we propose a procedure for obtaining explanatory values from the above-
mentioned temperature indicators, which provide a linear relationship with a response
variable. In the first step, the equation of state should be formulated for each of the temper-
ature indicators [30]. For the luminescence intensity ratios and the shift of emission band
maximum used in this work, this means the respective transformation of Equations (1)-(3)
to the following forms:

AE
TR = - (log(B) — log(LIRy) ®
—b+ /b2 —4a-(c—LIR
Trir, = v o ( 2) _ A, (6)
Eixp—h
Te,, = % = As. @)

Then, the linearized thermometric parameters A are calculated using parameters
obtained from single-parametric regressions (Table 1). This approach also provides a form
of feature scaling, as the resulting thermometric parameters have temperature units and so
have values of the same magnitude. The multiparametric linear regression with linearized
and scaled explanatory variables A was implemented effectively.

3.3. Performance Comparison of Multiparametric Luminescence Thermometry with
Single-Parameter Thermometry

To compare the performance of three single-parameter thermometry methods and
the multiparametric method, we performed an additional 50 measurements at each tem-
perature and calculated the accuracy (the extent of agreement between a measured tem-
perature value and the nominal temperature) and precision (the standard deviation of
repeated temperature measurements) for each method and temperature. The results
are shown on Figure 2a,b, respectively. Figure 2d—g show the distribution of calculated
temperatures at the nominal temperature of 328.15 K, for LIR;, LIR;, Eir based single-
parametric methods, and the multiparametric method that utilizes these three thermometric
indicators, respectively.

The accuracy of multiparametric thermometry is much better than the accuracies of
LIR,- and E'g-based single-parametric thermometry, but it is almost the same over the
complete temperature range as the accuracy of LIR; thermometry. The accuracy values
averaged for all temperatures (Table 2) show almost the same values obtained by multipara-
metric thermometry and LIR;. The precision of multiparametric thermometry is slightly
worse than the one obtained with E;g, similar to that obtained with LIRy, and better than
precision of LIR; (Figure 2b; Table 2). In this case, it appears that linear multiparametric
regression resembles the quality of the best linear regression of the explanatory variable
involved in the multiparametric fit.
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Table 2. The accuracy (AT) and precision (3T) of single-parametric (LIRy, LIR, and Eqg) and multi-
parametric temperature readings from the near-infrared emission of CagBaP,O7:Mn°* (0.75 at% Mn)
averaged over the complete temperature range.

Method LIR, LIR, Eqig MLR
AT [K] 0.0868 0.5649 0.4720 0.0841
ST [K] 0.2213 2.8204 0.1601 0.2212

To test this hypothesis, we ran three multiparametric regressions using two explana-
tory factors with three variable combinations, i.e., three two-parameter regressions. Figure 3
compares the accuracy and precision obtained from two-parameter and single-parameter
regressions. As in the case with three-parameter linear regression, the accuracies obtained
with two-parameter regressions resembled that of the best linear regression involved,
whereas the precisions were the same or slightly worse.
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Figure 2. (a) The accuracy (AT) and (b) the precision (8T) of single-parametric (LIR;—red A symbol
and line, LIR;—green V symbol and line, and Ejg—blue I symbol and line) and multiparametric
temperature (black <> symbol and line) readings from the near-infrared emission of CagBaP4Oq7:Mn°*
at different temperatures; (c—f) distributions of temperatures measured by single-parametric (LIR;,
LIRy, and E;g) and multiparametric thermometry, respectively (nominal temperature 328.15 K);
temperature distributions were fitted to the normal distribution (red line), and obtained standard
deviations are written on graphs (note that a full width at half maximum (FWHM) of distribution can
be obtained from a standard deviation as FWHM = 2.,/2-log(20) = 2.355¢ ).
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Figure 3. (a) The accuracy (AT) and (b) the precision (8T) of single-parametric (LIRj—red A sym-
bol and line, and LIR,—green V symbol and line) and two-parameter (black <) symbol and line)
temperature readings at different temperatures; (c) the accuracy (AT) and (d) the precision (3T)
of single-parametric (LIRj—red A symbol and line, and E;g—blue [ symbol and line) and two-
parameter (black ¢ symbol and line) temperature readings at different temperatures; (e) the ac-
curacy (AT) and (f) the precision (5T) of single-parametric (LIRy—green V symbol and line, and
Eig—Dblue O symbol and line) and two-parameter temperature (black <) symbol and line) readings at
different temperatures.

4. Discussion

Despite the fact that the spectrum of Mn®* near-infrared emission comprises numerous
features with significant temperature dependences, only a few of them can be employed for
accurate and precise thermometry. They are the luminescence intensity ratio between 'E
and ®T, emissions, which offers accuracy of 0.09 K, and the energy of the 'E band, which
provides 0.16 K precision. Using multiparametric thermometry for further large gain in
accuracy and precision seems unlikely. This is consistent with the observation that the
relative sensitivity of a linear multiparametric thermometry is equal to the sum of the
relative sensitivities of each involved single-parameter thermometry multiplied by slope
coefficients [24,25]. Since the sum of all slope coefficients is one, the relative sensitivity of
a linear multiparametric thermometry cannot exceed the greatest relative sensitivity of a
single-parameter thermometry. Given that the uncertainty in the determination of more
thermometric parameters is always greater than the uncertainty in the determination of a
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single parameter, the uncertainty in multiparametric thermometry should be larger than
in the best performing single-parameter thermometry, as it is defined as a ratio of total
parameter uncertainty to total relative sensitivity.

One should note that the accuracy and precision of luminescence thermometry are not
its intrinsic properties since they are significantly affected by the spectrometer’s quality
and resolution [37]. Considering that spectral measurements in this study were taken with
a simple portable instrument, it is reasonable to assume that a more advanced spectrometer
would result in improved thermometry performance.

Considering that the obtained inputs for multiparametric regression are temperatures,
the demonstrated linearization of explanatory values additionally provides for feature scal-
ing. When the input values of a linear multiparametric regression are of equal magnitude,
the fit gives them equal weight. In principle, the linearization does not need to be based
on the established physical model, as in Equation (1), but rather on the optimal regression,
as in Equations (2) and (3), as the quality of these regressions will affect the quality of
multiparametric regression.

The Mn®* emission spectrum provides additional temperature-dependent features
not used in this study for two reasons. The LIR between 'E emission and Stokes (or
anti-Stokes) emission and the LIR between Stokes and anti-Stokes emission from Mn—
O stretching sidebands are not included in multiparametric regression since they are
correlated with two already included LIRs. They either involve the same intensity of
emission (E emission band), the same phenomenon (Boltzmann distribution for Stokes
and anti-Stokes intensities), or the same two-phonon Raman process that is responsible
for both the energy band shift and broadening. In contrast, the excited state lifetime
is a suitable input for multiparametric thermometry. It is not strongly correlated with
either emission ratios or energy band shift, and it is known as one of the principle single-
parameter luminescence thermometry methods. However, the main aim of this analysis
was to compare the performance of single- and multiparametric temperature readings from
the same steady-state spectrum. Since a separate time-resolved measurement is required
for the lifetime, it was not suited for this purpose.

5. Conclusions

In conclusion, the precision and accuracy of single- and multiparametric luminescence
thermometry based on the steady-state near-infrared emission of Mn>* were compared. We
initially measured 50 emission spectra of CagBaP4O;7:Mn°* phosphor over the temperature
range of 293-373 K in 5 K increments. Observing that a number of spectral features vary
with temperature fluctuations, we chose luminescence intensity ratios between emissions
from the 'E and 3T, states, luminescence intensity ratios between Stokes and anti-Stokes
emission sidebands, and !E energy as temperature indicators for three single-parameter
thermometry readouts. Then, we independently calculated the accuracy and precision
of each of these methods and incorporated them into the multiparameter readout. We
showed that linearization and feature scaling of input parameters for linear multipara-
metric regression may be achieved by deriving the expression for temperature from the
existing physical model or from the best regression equation. The choice between two
should be determined by the quality of single-parameter regressions, as they impact the
performance of multiparameter regression. Our analysis demonstrates that the accuracy
and precision of the multiparametric output are nearly identical to those of the best per-
forming single-parameter or multiparametric regression method. Whether it is a general
rule is yet to be resolved in future work with other combinations of temperature readouts
and other luminescent centers. The precision of multiparametric temperature readings
may slightly worsen compared to the most precise single-parametric readings, likely due
to the uncertainty accumulation caused by the larger number of spectral parameters used
in multiparametric temperature readings.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/523083839/s1, SUPPORTING INFORMATION file: Figure S1: Scan-
ning electronic microscopy image of CagBaP4017:(0.75%)Mn°* near-infrared phosphor powder,
Figure S2: Powder X-ray diffractogram of CagBaP4017:(0.75%)Mn>* near-infrared phosphor powder,
Figure S3: The removal of background emission from Stokes and anti-Stokes emission sidebands;
ALLDATA. txt and ALLSPECTRA.ZIP—data and spectra presented in this study available on Zenodo
DOI: 10.5281/zenodo.7748557.
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