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Quenching and Multiparametric Temperature

Sensing from Mn*" [Tb>"-Codoped Ca,LaTaOg Phosphor

Yuqi Chen, Guixian Li, Yang Ding,* Qinan Mao, Meijiao Liu, Chunhua Wang,

Runtian Zheng, Bao-Lian Su,* and Jiasong Zhong*

Luminescence thermometry plays significant roles in various fields including
industrial production, environmental detection, aerospace, and medicine.
However, its accuracy improvement remains highly challenging due to the
thermal quenching effect of phosphors. Herein, for the first time, a thermal-
activated electron compensation Mn?*- and Tb*"-codoped Ca,LaTaO phosphor
is developed for multiparametric temperature sensing with tunable emission of
Mn?" and antithermal quenching emission of Tb>*, leading to excellent accuracy
at high temperatures. By virtue of the deep electron trap states induced by Mn>"
dopant, the electrons in the deep trap can be thermally activated at high tem-
peratures, which can replenish the attenuated Tb** emission caused by thermal
quenching, thus bringing out the antithermal quenching phenomenon. On
account of the prominent emission properties, the luminescence intensity ratio
(LIR) readout and lifetime-based thermometry are designed, providing a maxi-
mum relative sensitivity Sg of 3.603% and 1.941% K, respectively.
Multiparametric temperature sensing and novel data analysis are also employed
to further improve the accuracy of the luminescence thermometer. The out-
standing relative thermal sensitivity ranging from 8.72% to 16.11% K ' and
temperature uncertainty order of 10> are achieved. These results demonstrate
that the designed Ca,LaTaOg:Mn?"/Tb*>" phosphor material is a promising

proven their feasibility.*>) However, there
are few methods that can achieve a spatial
resolution of less than 10 pm. Luminescent
thermometer as a noncontact temperature
measurement device with high thermal
sensitivity and fast response has irreplace-
able advantages in terms of temporal and
spatial resolution.®® To date, lumines-
cence phenomenon can be used to detect
temperature, which has been explored
and developed mainly in terms of emission
band position (peak energy), emission
bandwidth, intensity, luminescence inten-
sity ratio (LIR), and photoluminescence
(PL) decay time.®'®" Among them, the
LIR and emission lifetime techniques are
the most exploited selects for luminescence
thermometry. Both methods are self-
referencing; thus, they can circumvent
the adverse effects caused by fluctuations
in excitation and electromagnetic compatibil-
ity.'”18 Compared with the lifetime mode,
the LIR mode requires less complexity

thermal-sensing candidate.

1. Introduction

Temperature is at the heart of countless natural and artificial pro-
cesses such as industrial production, environmental detection,
and aerospace. It is crucial to measure the temperature accurately
and reliably at the desired spatial location and time."?
Therefore, a large number of techniques in different modes have

and cost in the instrument composition

for temperature detection, but the accuracy

of the measurement is poor.'”! Therefore,

the shortcoming has inspired researchers
to exploit new methods and materials to achieve a more accurate
temperature-sensing ability.

There are numerous luminescence materials investigated and
utilized as luminescence thermometers, such as polymers,
organic dyes, proteins, quantum dots, metal-organic frameworks,
as well as transition metal/lanthanide-doped inorganic phosphors.?*!
Among these materials, inorganic phosphors are one of the most
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promising luminescent thermometer materials owing to their low
toxicity, good physical and chemical stability, and excellent lumi-
nescent properties. Different from the extensively reported Mn*"
emission-based thermometers, Mn”"-doped materials are rarely
applied in luminescent thermometers, even though they have
temperature-sensitive emission.*®! Actually, all the luminescence
characteristics (like intensity, bandwidth, spectral position, and
lifetime) of Mn”" ion are favorable for detecting temperature.*”’
This feature caters to the approach of improving the reliability of
luminescent thermometers by combining several distinct lumi-
nescence parameters with temperature detection capabilities.
Therefore, the LIR mode relying on the dual-emission centers
of Mn®" and Ln** can be optimized to achieve a more reliable
multiparameter temperature sensing.

For LIR technique, controlling the antithermal quenching of the
emission peak as a reference signal is a feasible and effective way to
improve the thermal sensitivity. Previous reports confirm that the
antithermal quenching performance in the emission of Mn**, Bi**,
and Pr’*" depends strongly on their electron trap states, which can
compensate for the loss of luminescence intensity of the nonradia-
tive relaxed carriers under thermal perturbation.®=% Moreover, as
the phonon energy (or the number of phonons) required for the
occurrence of the multiphonon relaxation process during its ther-
mal quenching is larger, Tb>* ion is therefore chosen as the second
luminescence center, whose emission is more easily complemented
by the thermal activated electrons from defect state with elevating
temperature.

On account of the above considerations, an innovative Mn>* and
Tb**-codoped Ca,LaTaOq (CLTO:Mn”*"/Tb**) phosphor with tun-
able emission of Mn*" and antithermal quenching emission of
Tb*" is for the first time developed. The thermal-activated electron
compensation between Mn®" and Tb*" is evidenced. By virtue of
the deep electron trap states caused by Mn>" dopant in the bandgap
of Ca,LaTaOg, the electrons in the deep trap can be thermally acti-
vated at high temperatures, which can compensate the attenuated
Tb*" emission resulting from thermal quenching, thus giving rise
to the antithermal quenching effect. This particular luminescent
properties facilitate the LIR temperature reading which is depen-
dent on the emission of Mn*" and Tb*", endowing an extraordi-
nary relative sensitivity Sg of 3.603% K. In order to obtain higher
sensitivity and reliability, three distinct parameters in the spectra of
CLTO:Mn*"/Tb**" samples are extracted to achieve multiparameter
temperature sensing using multiple linear regression (MLR) anal-
ysis. Accordingly, the outstanding relative thermal sensitivity rang-
ing from 8.72% to 16.11% K" and temperature uncertainty order
of 1072 are reached. These results confirm the significant potential
of CLTO:Mn**/Tb*" for luminescence thermometer application.
Moreover, the proposed thermal-activated electron compensation
mechanism would inspire more deep studies in exploiting highly
advanced phosphors for accurate temperature sensing.

2. Results and Discussion

2.1. Structural and Phase Analysis

The crystal structure of the phosphor has significantly important
effects on its optical properties. Figure 1a illustrates the powder
X-ray diffraction (XRD) patterns of the as-prepared ion-doped
Ca,LaTaO4 (CLTO) samples. Besides, the XRD patterns of the
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doped CLTO samples with various ion doping concentrations
and categories are shown in Figure S1, Supporting Information.
All the diffraction peaks of as-prepared samples match well with
the standard card (PDF#73-0083) of CLTO, and no impurity phase
is observed. The typical perovskite-type Ca,LaTaOg crystallites
belong to the monoclinic phase with the space group P2;/n. As
depicted in Figure 1b, Cal and Tal atoms are located at the centers
of [CalOg] and [TalOg] octahedrons, respectively, while La atoms
are situated in the interspace of the octahedrons. From Figure 1c,
there are two kinds of Ca sites called [CalOg] and [Ca2LalOg] octa-
hedrons, which are connected through corners and edges.
According to the principle of similar ion radii and equivalent
valence, the Mn?* and Tb*>" dopant ions would be inserted in
Ca and La sites, respectively.*"*? Figure 1d—f shows the most
intense XRD peak (112) in the 30°~32° range for CLTO:xMn*",
CLTO:yTb*", and CLTO:zMn**/5.0%Tb*" samples. It is found
that the position of the main peaks of all the samples monoto-
nously shifts to higher angles compared with the reference with
increasing doping concentration, indicating the lattice contrac-
tion.*!! This result is consistent with the above-noted assumption
that smaller Mn*" (r=0.83A, CN=6) and Tb*>" (r=0.92A4,
CN = 6) ions replace larger Ca*™ (r=0.99 A, CN=6) and La*"
(r=1.05A, CN=0) ions, respectively. To further validate this
assumption, the Rietveld refinements on the XRD data of the rep-
resentative CLTO:1.0%Mn**, CLTO:5.0%Tb’*, and CLT0:1.0%
Mn*"/5.0%Tb*" phosphors are conducted to obtain detailed infor-
mation on crystal structures. Figure 1g—i shows all refinement
results with low R-factors (Table S1, Supporting Information), indi-
cating the reliability of the refinement results. The cell volumes of
CLTO:1.0%Mn”*, CLTO:5.0%Tb’*, and CLTO:1.0%Mn*/5.0%
Tb*" decrease from 272.81A° (ICSD No. 20916) to 272.36,
272.47, and 272.16 A%, respectively, implying that the above-noted
lattice shrinkage is caused by Th*™ and Mn*" doping.

X-ray photoelectron spectroscopy (XPS) survey spectrum
(Figure S2a, Supporting Information) illustrates that the charac-
teristic signals of Ca, La, Ta, O, and Mn elements emerge at the
corresponding electron binding energy positions. To check the
valance state of Mn dopant, the high-resolution XPS spectrum
of Mn 2p is performed. The weak peak of Mn in CLTO is due
to the low doping amount. The Mn-2p;,, peak at 641.13 eV
and satellite peak at 646.8 eV coincide with the parameters for
representing Mn(2ps);) spectra for Mn*" in Mn oxides.*”!
Besides, electron paramagnetic resonance (EPR) spectra of
CLTO:Mn*" and CLTO:Mn*" are shown in Figure S2c,
Supporting Information. The resonance signals exhibit the char-
acteristic of an extended exchange-coupled Mn®' system.
Therefore, both XPS and EPR analyses indicate that the valence
state of Mn dopant in CLTO is +2.

The morphology of the representative CLTO:Mn?*/Tb** sam.-
ple was investigated by scanning electron microscopy (SEM). As
shown in Figure S3, Supporting Information, the observed par-
ticles exhibiting irregular shapes with sizes of about 50-480 nm
(mean size ~180nm) are agglomerated together. The high-
resolution TEM (HRTEM) images of the CLTO:Mn**, CLTO:
Tb*", and CLTO:Mn?*/Tbh** samples display the interplanar dis-
tances of 4.70, 1.69, and 1.61 A, respectively, indicating the high
crystallinity of these samples (Figure 2a).****! The energy-disper-
sive X-ray spectroscopy (EDX) mapping patterns of the three rep-
resentative phosphors in Figure 2b demonstrate that the dopant

© 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

85L80 | SUOLLLOD BAIeaID) 3|ed! dde L Aq pausenob ae sajolie YO ‘8sn JO'Sa|ni 10} ARiq13UIIUO /8|1 UO (SUO R IPUOD-pUB-SLLLBILID B I AReIq 1 [oulU0//SdRY) SUORIPUOD PUe SWie L 8U3 885 * [¥202/20/ET] uo Ariqriauliuo Aojim ‘WNI9 138 - I 3ONIAIAT Ad 90T00EZ0Z dpe/z00T 0T/10p/wod A8 |ImAfeiq 1 juluo//SANY Wo1) pepeojumod ‘9 ‘€202 ‘€6266692


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH

www.advancedsciencenews.com

(@) (b)
\ ICLTO: Mn?*/Tb™

| CLTO: 5.0%Th*

I ICLTO: 1.0%Mn**

PDF#73-0083

Intensity (a.u.)

10 20 30 40 50 60 70 80
2-Theta (degree)

d e
@ D Hionliiow i

www.adpr-journal.com

CalO, @ Lal/Ca20,

(f
D eI ow

x=5.0%

Xx=0.1%

Reference

y =15.0%

z=0.25%

Reference Reference

2

300 305 310 315 320 300 305

2-Theta (degree)

3.0 315
2-Theta (degree)

32.0 30.0 30.5 31.0 315 320
2-Theta (degree)

(9) (h) (i)
CLTO:1.0%Mn?*" CLTO:5.0%Tb*" CLTO:1.0%Mn*"/5.0%Tb*"
x  Experimental x  Experimental x  Experimental
- —— Calculated - Calculated - —— Calculated
= Peak position | = Peak position [ = Peak position
< Py s S EF, < o
~ I Difference - I Difference ~ I Difference
172 E g
£ g g
= = =
e o + v .
LR I T (RN L L T W0 C 0 MR ume IIIIIIIIIIIIIIIIIIIIIIIl LI T AR L L L L
20 40 60 80 20 40 60 80 20 40 60 80

2-Theta (degree)

2-Theta (degree)

2-Theta (degree)

Figure 1. a) XRD patterns of the representative CLTO:1.0%Mn?*, CLTO:5.0%Tb*>", and CLTO:1.0%Mn**/5.0%Tb** phosphors. The bottom lines cor-
respond to a standard pattern of CLTO (PDF#73-0083) for comparison. b) Standard orientation of crystal structure for CLTO. c) Views of the corner-
sharing or edge-sharing [Ca104] and [La1/Ca20g] octahedrons along the b axis. The main diffraction peak (112) in the 30°~32° range for d) CLTO:xMn*™,
e) CLTO:yTb*", and f) CLTO:zMn*"/5.0%Tb*>" samples. The Rietveld refinements of XRD patterns for g) CLTO:1.0%Mn*", h) CLTO:5.0%Tb*", and

i) CLTO:1.0%Mn?*/5.09%Tb*>" phosphors.

elements are homogeneously distributed in the particles, further
elucidating the successful introduction of dopant ions (Figure S3,
Supporting Information).l*%

2.2. Photoluminescence Properties

The photoluminescence excitation (PLE) and PL spectra of
CLTO0:1.0%Mn”* sample are shown in Figure S4, Supporting
Information. Monitored at 685nm, the excitation spectrum
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consists of a charge transfer band (CTB) in the range of 250-
300 nm and several very weak narrow peaks corresponding to
the spin-forbidden d-d transitions of Mn?*. Excited at
270 nm, it is observed that the emission spectrum exhibits a
red emission band centered at 685 nm, covering a broad spectral
range of 600-800 nm. To investigate the effects of Mn®" doping
concentration on emission, the emission spectra of CLTO:
¥Mn?" samples with different dopant concentrations under
excitation of 270 nm are investigated and shown in Figure 3a.
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Lom |
(b) CLTO Mn

Figure 2. a) HRTEM images and corresponding line analysis of the rep-
resentative CLTO:Mn®" (1), CLTO:Tb** (Il), and CLTO:Mn*"/Tb*" (ll1)
samples. b) The TEM images with the corresponding element mapping
patterns of the as-obtained samples.

www.adpr-journal.com

When the Mn?* doping concentration over 1.0%, the PL inten-
sities of CLTO:Mn?" samples gradually decrease with enhancing
Mn?* doping amounts due to the concentration quenching
effect. Significantly, the emission peaks give a slight redshift with
increasing Mn®" doping concentration. As shown in Figure 3b,
the PL peak position shifts from 680 (x=0.1%) to 696 nm
(x=10%). According to the Tanabe-Sugano diagram, the low-
energy emission band is usually attributed to Mn?" ions under-
going a strong crystal field environment. The crystal field
strength (D,) is mainly dominated by the average bond length
(R) between Mn®" and the coordination ions, as shown in
Equation (1)2?

1)

According to the results obtained in the structural analysis sec-
tion, the unit cell shrinks with the incorporation of Mn*"
Obviously, the crystal field strength increases so that a longer
wavelength emission band occurs.

To obtain more information on the concentration quenching
of Mn?" emission, the room-temperature luminescence decay
curves of CLTO:xMn”" are measured (Figure 3c). These decay
curves can be well fit by a biexponential equation.

(a) CLTO:xMn*" — =01%] ®) 12 ferronvm® © i. CLTO:xMn*  * x=0.1%
\ x =0.5% 680 nm 696 nm o
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Figure 3. a) Emission spectra and b) normalized emission spectra of CLTO:xMn?*

Wavelength (nm)

Wavelength (nm)

(x=0.1%-10%) samples excited at 270 nm. c) Luminescence decay

curves of CLTO:xMn*" samples monitored at 680 nm. d) Emission spectra of CLTO:yTb** (y = 2.5%-15%) samples excited at 378 nm. e) Excitation

spectra and f) emission spectrum of CLTO:1.0%Mn?*/5.0%Tb** sample,

and the inset show the red highlighted region. (Insets of (a), (d), (f) show

the corresponding phosphor photographs under the excitation of UV light).
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I(t) = A exp (%) + A, exp (%) + I (2)

where I(t) and I, denote the emission intensities at times ¢ and
zero mis, respectively, A; and A, are constants, and 7; and 7, rep-
resent the lifetimes of rapid and slow decay, respectively. The
average lifetimes (7) can be calculated by the following formula.

L Ayt + AyT3 3)
Ayt + Ay

The details are listed in Table S2, Supporting Information.
Clearly, the average lifetimes decrease monotonically with
increasing Mn”" doping concentration because of the gradually
increasing probability of nonradiative transitions.

Similarly, the emission of Tb** also exhibits the concentration
quenching phenomenon, and the optimal concentration for Tb**
doping is 5.0%. The CLTO:yTb*" phosphors exhibit a series of
intense peaks assigned to the transitions from *D, to "F; (J =6,
5, 4, 3) under the excitation of 378 nm (Figure 3d). The optimal
doping concentrations of Mn?* and Tb*" in the codoped CLTO:
Mn?*/Tb** sample are thus determined to be 1.0% and
5.0%, respectively. The excitation and emission spectra of
CLTO:1.0%Mn*"/5.0%Tb*" sample are shown in Figure 3e,f.
For the PLE spectrum monitored at 543 nm, the tail of intense
band in the range from 250-300 nm is assigned to the 4f~5d tran-
sition and the CTB.*Y The highlighted region in Figure 3e dis-
plays several weak peaks centered at 338, 352, 359, 368, and
378 nm, which correspond to the transitions between the "Fe
ground state and Le, °Ga, °D,, °Gs, °Ly, states. When monitored
at 680 nm, a similar excitation spectrum for single-doped CLTO:
Mn*" phosphor (Figure S4a, Supporting Information) is
presented. When the CLTQ:1.0%Mn”*"/5.0%Tb*" sample is
under 270nm excitation (Figure 3f), the broad red emission
band of Mn*" can be obviously recognized. However, only the
D, — ’Fg, °Dy — ’Fs, and °D, — ’F, emission peaks for
Tb** can be found in the spectrum due to the spectral overlap
between the emission broadband of Mn*" and the narrow emis-
sion for °D, — ’F; transition of Tb>*. Moreover, the emission
intensities for Mn?" and Tb*" (*D, —”Fs) are comparable.

To further compare the emission between Tb** and Mn?™, the
emission spectra of CLTO:1.0%Mn”*", CLTO:5.0%Tb*", and
CLTO:1.0%Mn*"/5.0%Tb*>" phosphors at different tempera-
tures ranging from 303 to 543 K under 270 nm excitation are
shown in Figure 4a—c. When the temperature increases from
303 to 543 K, the emission intensity of Mn®" gradually decreases
with a slight blueshift of its emission peak position (Figure 4a).
This result is ascribed to the lattice expansion caused by the
increase in temperature.’’?! Similar results can be also
observed in Figure 4b,c for CLTO:5.0%Tb*" and CLTO0:1.0%
Mn?"/5.0%Tb*>" phosphors, respectively. Figure 4d shows
the temperature-dependent integral emission intensity of
CLTO0:1.0%Mn”* and CLTO: zMn”*/5.0%Th*" (z = 0.1%, 0.5%,
1.09). When the temperature increases to 523 K, the integrated
intensities remain 20%, 24%, 25%, and 29% of the initial inten-
sities for CLTO:1.0%Mn*", CLTO: 1.0%Mn*"/5.0%Tb**, CLTO:
0.5%Mn**/5.0%Tb**, and CLTO: 0.19%Mn*"/5.0%Tb*" (at
303 K), respectively. The phenomenon that integral emission
decreases with increasing temperature can be found for the
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above four samples, resulting from the thermal quenching effect.
In addition, Figure 4e gives the variation of Tb>" emission inte-
gral intensity versus temperature in CLTO: zMn**/5.0%Tb**
(z=0.1%, 0.5%, 1.0%). The corresponding temperature-depen-
dent PL spectra are shown in Figure S5, Supporting Information.
In CLTO:5.0%Tb**, the integral intensity of Tb*>" emission
(°D4~"Fs) remains almost unchanged at temperatures below
423 K, probably due to the redshift of the CTB tail of its excitation
spectrum (Figure S6, Supporting Information), while the emission
integral intensity is significantly quenched with temperature over
423 K. Surprisingly, when Mn®" dopant is introduced into the lat-
tice of CLTO:5.0%Tb’*", a clear antithermal quenching phenome-
non is observed. Notably, the CLTO:0.5%Mn?"/5.0%Tb*>" and
CLTO:1.0%Mn”* /5.0%Th*" phosphors exhibit this antithermal
quenching feature over a wide temperature range of 303-523 K.

It is commonly reported that the increase in thermal
stability is associated with the presence of defective states.
Thermoluminescence (TL) curves for the as-prepared phosphors
are examined and depicted in Figure 4f. As shown, no thermal
luminescence glow signal is observed for the CLTO:5.0%Tb**
samples. For the CLTO: 0.5%Mn”"/5.0%Tb*" and CLTO:
1.0%Mn*"/5.0%Th*" samples, two clear and partially over-
lapped peaks are located in the range of 323-523 K (Figure S7,
Supporting Information). It is apparent that the introduction of
Mn*" into the CLTO:5.0%Tb>" lattice produces defect states for
trapping carriers. The fitted TL curves with two Gaussian peaks
(denoted as P1, P2) are shown in Figure 4g. In detail, the P1
peaks of CLT0:0.5%Mn”*"/5.0%Tb’" and CLTO:1.0%Mn*"/
5.0%Tb’" are situated at 385 and 382 K, while that of P2 peaks
are located at 473 and 439 K, respectively. The trap depth (Er)
could be determined by the following equation.[***%

T, .
500 @
where T, is the peak temperature of the TL curve (K). The trap
depths are calculated to be 0.77 and 0.76 eV for shallow depth
(P1), as well as 0.95 and 0.88eV for deep trap (P2) of
CLT0:0.5%Mn*"/5.0%Th*" and CLTO0:1.0%Mn*"/5.0%Tb*",
respectively. As a result, the antithermal quenching of Tb*"
emission can be explained as follows (Figure 4h): under the exci-
tation of high-energy UV light (e.g. 270 nm), electrons can be
easily excited from the ground state to the excited state or even
to the conduction band (CB) at room temperature. At the same
time, the defect levels with different depths can effectively trap
carriers. As the temperature increases, the excited electrons will
Dbe released by nonradiative transitions, and the electrons in the
shallow trap will be depopulation by thermal activation. As the
temperature increases further, the electrons in the deep trap
can also be thermally activated. In other words, the electrons
in the trap are continuously released to replenish the Th** emis-
sion until the temperature rises to 523 K. This eventually leads to
the antithermal quenching phenomenon of Tb** emission,
being favorable for the accurate LIR temperature reading, partic-
ularly, in high temperatures.

Er

2.3. Luminescent Thermometry

Considering the antithermal quenching phenomenon of Tb**
emission, CLTO:zMn**/5.0%Tb*" (z=0.1%, 0.5%, 1.0%) is
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Figure 4. Temperature-dependent emission spectra of a) CLTO:1.0%Mn*", b) CLTO:5.0%Tb*", and ¢) CLTO:1.0%Mn*"/5.0%Tb** phosphors under 270 nm
excitation. d) Integral intensity of Mn®" emission at different temperatures. ) Integral intensity of Tb*™ emission (*D,—Fs) at different temperatures. f) TL
curves of CLTO:5.0%Tb*", CLTO:0.5%Mn?"/5.0%Tb*", and CLTO:1.0%Mn”"/5.0%Tb*". g) The fitted TL curves with two Gaussian peaks of CLTO:0.5%
Mn**/5.0%Tb*>* and CLTO:1.0%Mn**/5.0%Tb**. h) Schematic illustration of the mechanism for the antithermal quenching process of Tb** emission.

expected to exhibit great advantages in the LIR temperature sens-
ing. Figure 5a presents the thermal evolution of LIR with tem-
perature from 303 to 543 K, which can be calculated according to
the following formula.l*”!

_ Jeio Iun(T)d2

LIR(T) = 1555 Iy (T) A

®)

As a result, the LIR value monotonically decreases with
increasing temperature, and it can be deduced as the following
equation.*”!

Adv. Photonics Res. 2023, 4, 2300106 2300106 (6 of 11)

—AE

where A and B are constants, AE is the modified thermal quench-
ing activation energy, and kg is the Boltzmann constant in
eVK™'. As the Mn®" concentration decreases from 1.0% to
0.1%, the corresponding fit curves become more linear, and
the absolute value of ALIR (variation of the LIR in the tempera-
ture range of 303-543 K) becomes smaller. Hence, the absolute
thermal sensitivity Ss can be obtained as the following
formula.>”!
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Figure 5. Evolution of a) LIR, b) absolute sensitivity (Sa), and c) relative sensitivity (Sg) with temperature for CLTO:zMn**/5.0%Tb** (z = 0.1%, 0.5%,
1.0%) phosphors. d—f) The temperature-dependent decay curves for the as-prepared phosphors. Evolution of g) luminescence lifetimes, h) absolute
sensitivity (Sa), and i) relative sensitivity (Sg) of Mn®" emissions in the as-prepared phosphors in the temperature range from 303 to 543 K.

()

dLIR
S :‘ d—T‘

The maximum Samax = 0.056 K'(@473K) in CLTO:1.0%
Mn?*/5.0%Tb*>" appears, and all absolute thermal sensitivity
curves increase and then decrease with increasing temperature
(Figure 5b). The absolute sensitivity is almost equal to a constant
over the whole temperature range when the Mn>* concentration
is 0.1%. To further evaluate the performance of this LIR temper-
ature reading, the thermometric parameter called relative ther-

mal sensitivity (Sg) is calculated as follows.""”!
dLIR| 1
i R D, O,
S _’ T ‘LIR 100% 8)
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The calculated values and corresponding curves are shown in
Figure 5c. Likewise, the maximum value of the relative thermal
sensitivity Sgrmax = 3.603% Kil(@543 K) is also presented in
CLTO0:1.0%Mn”* /5.0%Tb*". Notably, the values of Sg are very
close for both CLT0:0.5%Mn**/5.0%Tb*" and CLTO:1.0%
Mn?*/5.0%Tb*" at each temperature due to the similar antith-
ermal quenching curves of the Tb** emission in both samples.
The optimal CLTO:1.0%Mn*"/5.0%Tb*" phosphor with out-
standing thermal sensitivity demonstrates that such unique
antithermal quenching behavior is quite favorable for the LIR
temperature reading.

Besides LIR temperature readout, CLTO:zMn*"/5.0%Tb**
(z=0.1%, 0.5%, 1.0%) is found to be able to detect temperature
using the emission lifetime of Mn?*. Temperature-dependent PL
decay curves of Mn®" and Tb*" in CLTO:z2Mn?*/5.0%Tb*"
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samples are given in Figure 5d-f and S8, Supporting
Information. As presented, the decay curves of all samples decay
fast with increasing temperature. Consistently, the emission life-
times calculated according to Equation (2) and Equation (3) are
found to exhibit a monotonic decrease with increasing tempera-
ture due to the increased probability of nonradiative transition
process. Their lifetimes as a function of temperatures are
described by the following equation.[17,19]

«(T) = wx(0)-tanh (gtr)
1+ (TR(O). tanh<z,%) / rNR>oeXp(fAEMn/kBT)

Where 7R(0) is the radiative lifetime at T=0K, kp is the
Boltzmann constant in cm™" K™!, hv is the average energy of pho-
nons coupled to the “T;—®A; transition, 1/zyg is the nonradiative
decay rate, and AEyy, is the activation energy of the process. As
illustrated in Figure 5g, the fitted curve of CLTO:1.0%Mn*"/
5.0%Tb*" almost coincides with that of CLT0:0.5%Mn*"/5.0%
Tb*", being slightly different with that of CLTO:0.19%Mn”*/
5.0%Tb**. To assess the performance, the absolute (S,) and rela-
tive (S,) thermal sensitivities are calculated as follows.”!

dr

Sa _’d—T (10)
1| dr o

. :;‘ﬁ x 100% (1)

Figure 5h,i shows that the highest absolute and relative ther-
mal sensitivities are observed in the CLTO:1.0%Mn**/5.0%Tb**
sample with maximum values of Samax=0.023 K! (@470 K)
and Spmax = 1.941% K ! (@543 K), respectively. Furthermore,
it can be recognized in the temperature-dependent absolute
and relative thermal sensitivity curves that the relationship
between the values near 400 K and Mn>* concentration is oppo-
site to that near 500 K. This result may be attributed to the dif-
ference in the phonon energy coupled to the electron radiative
transition in the host.

Moreover, the temperature uncertainty (§7T) is a thermometric
parameter to assess the accuracy of the designed thermometer,

which is given by!*81°!
1 d3A
8T = N .

where 6A/A is the relative error in the determination of the ther-
mometric parameter (SA can be determined as a standard devia-
tion in 30 measurements at a certain temperature, as shown in
Figure S9, Supporting Information). The temperature uncertain-
ties 6T1 g of the LIR temperature readings are higher than 0.067,
0.021, and 0.011 K for CLTO:0.1%Mn”**/5.0%Th*" CLT0:0.5%
Mn?*/5.0%Tb*", and CLTO:1.0%Mn*"/5.0%Tb**, respectively.
The maximum uncertainty is up to 0.117K at 303K for
CLT0:0.1%Mn*"/5.0%Tb>". The temperature uncertainty 6 Tiigeime
of all lifetime-based thermometers is almost below 0.015 K and is
as low as 10™° orders of magnitude in the temperature range of
423 to 523 K.

Although the lifetime-based temperature measurement
method has a much lower thermal sensitivity than that of LIR

Adv. Photonics Res. 2023, 4, 2300106 2300106 (8 of 11)
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method, it has a significant advantage in terms of temperature
uncertainty. In order to obtain more accurate temperature mea-
surement results without sacrificing sensitivity, a novel multipa-
rameter temperature-sensing mode is designed. The relative
weights of the full width at half maximum (FWHM), peak
energy, and LIR considered by MLR are depicted in Figure 6a.
We combine multiple temperature-sensitive parameters in the
emission spectrum of Mn*" with the earlier-mentioned LIR tem-
perature measurement mode in a reasonable way. Figure 6b
presents the temperature-dependent emission spectrum of
CLT0:0.5%Mn”*/5.0%Tbh*" in the temperature range of
303-443 K. The peak energies and FWHM of Mn*" emission
band and LIR parameters serve as independent variables for
multiparameter temperature sensing, which can be extracted
from this spectrum as a function of temperature, as plotted in
Figure 6c—e. Clearly, the dependence of all luminescence param-
eters on temperature can be described by a linear fitting. These
three reliable methods can measure temperature independently
and have the maximum relative sensitivities of 0.13, 0.73, and
0.629 K™, respectively.

Furthermore, the data of three luminescence parameters were
treated by MLR analysis. The temperature could then be expressed
as a function of each parameter (A, A,, A3)*

T =P+ P1A1+ A + 305 +¢ (13)

where Py is the intercept, p; (i=1, 2, 3) is the slope of each ther-
mometric parameter A; (A, A,, and A; represent FWHM, peak
energy, and LIR, respectively.), and € is the residual. Hence, the
expression for the relative sensitivity Sg and the temperature
uncertainty 5T can be rewritten as follows.!”!

n 2 n
Sg = ;(Ai >: ;(A,ﬂi)-z (14)

da,
aT

1 s [8A,\2
8T 5. ; ( X ) (15)

As shown in Figure 6f, the calculated temperatures from the
MLR agree well with the temperatures measured by the thermo-
couples, indicating that the method provides highly reliable tem-
perature readings. Notably, compared with the LIR method, a
significant improvement in sensitivity over the entire measure-
ment temperature range was observed in the multiparameter
temperature sensing through MLR. When the temperature rises
from 303 to 443K, the sensitivity increases from 8.72% to
16.11% K ' (Figure 6g). More importantly, the temperature
uncertainty in the temperature range of 303-443 K reduces to
the order of 10~* (Figure 6h), which provides a better 6T than
the lifetime-based thermometer. Such excellent temperature
measurement results demonstrate the high advantages and fea-
sibility of CLTO:Mn*"/Tb*" for multiparameter sensing applica-
tions and provide a new approach to develop more reliable and
sensitive luminescence thermometers.

Finally, we have compared our results with related phosphors that
have been reported in previous literature, and the temperature-
sensing performance of our reported Ca,LaTaOgMn’"/Tb*"
phosphor surpasses most of the reported phosphor based ther-
mometers to date (see Table 1), further demonstrating the
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Figure 6. a) Donut chart of the relative weights of the FWHM, peak energy, and LIR considered by MLR. b) Temperature-dependent emission spectra of
CLTO:0.5%Mn*"/5.0%Tb*" phosphors under 270 nm excitation. c—e) Temperature dependence of FWHM, peak energy, and LIR. The lines are the best
linear fits of the corresponding data. f) The ratio of the temperature calculated from the multiparameters sensing through MLR to the temperature
measured by the thermocouple. g) Relative thermal sensitivity and h) temperature uncertainty of the multiparameters sensing through MLR.

superior temperature-sensing ability of the obtained antithermal
quenching phosphors.

3. Conclusion
In summary, an innovative Mn®" and Tbh*"-codoped Ca,LaTaO4

phosphor with tunable emission of Mn?* and antithermal

Adv. Photonics Res. 2023, 4, 2300106 2300106 (9 of 11)

quenching emission of Tb*" is prepared. This unique lumines-
cence phenomenon is attributed to the complementation of
thermal-activated electrons at the defect states, which can release
electrons by thermal activation to replenish the Tb** emission.
The feasibility of the CLTO:Mn?"/Tb*" phosphors for multiple
temperature reading using LIR, emission lifetimes, and distinct
luminescence parameters is explored and demonstrated. It is
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Table 1. Comparison of temperature-sensing performances for phosphor-
based thermometer.

Phosphor Temperature Relative sensitivity 6T [K] Ref.
sensing [%K’1 K]

BaLaCag1Mgo sSbOg:Mn** Lifetime 1.42 (488) 0.009  [12]
MgsY2(r -y GesOr:Mn** LIR 0.019 (300) N/A 28]
Li»Zno 55i04:Mn?* LIR 0.848 (373) N/A 37
Sc,05:Eu”TJEUT LIR 3.06 (267) N/A  [38]
COF:Eu*/Tb** LIR 1.403 (150) 0.05 139]
YAIO3:Yb*t EP T Mn** LIR 1.95 (530) N/A [40]
SraAl 40 5:Mn*F Th LIR 2.8 (423) 0.02 [47]
CayLaTaOg:Mn?t/Th** LIR 3.603 (543) 0.001  This

work

concluded that the CLTO:1.0%Mn*/5.0%Tb*>" provides the
maximum relative thermal sensitivity Sg of 3.603% K™ via
the LIR approach with the help of Tb*>" antithermal quenching
emission. The lifetime-based luminescent thermometer on CLTO:
Mn?**/Tb*" reveals S of 1.941% K™ ' at 543 K. Multiparametric
temperature sensing using MLR is achieved by combining three
independently and linearly temperature-dependent luminescence
parameters to obtain excellent thermometer performance with rel-
ative thermal sensitivity ranging from 8.72% to 16.11%K .
Besides, the temperature uncertainty is of the order of 1073,
All of these results support that CLTO: Mn®*/Tbh*" is one of
the most promising thermal-sensing candidates and provides a
new strategy to design and optimize more reliable and sensitive
luminescence thermometers.

4. Experimental Section

Preparation of Phosphor Materials: The phosphor materials were synthe-
sized by a molten salt method. First, CaCO3 (99.95%, Aladdin), La,Os
(99.99% Aladdin), Ta,Os (99.99%, Aladdin), Tb,0,(99.99%, Aladdin),
and MnCOs (99.99%, Aladdin) were weighed according to the stoichio-
metric composition of CazLaTaOG:an“(x:O.]%, 0.5%, 1.0%, 2.5%,
5%, 7.5%, and 10%), CazLaTaOG:yTbH(y: 2.5%, 5.0%, 7.5%, 10%,
12.5%, and 15%), and CazLaTaOG:zMnH/S%TbH(Z:0.1%, 0.25%,
0.5%, and 1.0%). The NaCl (99.9%, Aladdin) as the molten salt with a
salt-to-material ratio of 1:3 was then added and ground in an agate mortar
for 30 min. After being ground thoroughly, the mixed powders were trans-
ferred into an alumina crucible, preheated at 800 °C for 6 h, and subse-
quently sintered at 1000 °C for 6 h under reducing atmosphere (5 vol%
H, + 95 vol% N3, 99.999%) in a tube furnace. After cooling down to room
temperature naturally, the prepared powders were reground into fine tar-
get phosphors. For the preparation of Ca,LaTaOg:Mn**, the same method
was used except for calcination under air atmosphere.

Characterization: The crystal structures of the prepared samples were
characterized by an X-ray powder diffraction (XRD, Rigaku MiniFlex 600
X-ray diffractometer) device employing a Cu target Ko radiation source
(4 =1.54056 A). The scanning mode for the as-prepared samples was con-
ducted at a diffraction angle range of 10°-80° with a scan rate of 2° min™"
under an operation of 40kV and 15 mA. Rietveld refinement was per-
formed using the General Structural Analysis System (GSAS) program.
The morphology observation and elemental composition analysis of the
samples were carried out by SEM (FEI ApreoHiVac) equipped with an
X-ray energy-dispersive spectrometer (EDS). Emission spectra (PL), exci-
tation spectra (PLE), and fluorescence decay curves were measured at
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room temperature using an FS5 fluorescence spectrometer (Edinburgh
Instruments) with a 150 W continuous excitation xenon lamp and a pulsed
light source. Temperature-dependent emission spectra and decay curves
in the range from 303 to 503 K were detected on the same spectropho-
tometer equipped with a computer-controlled electric heater. XPS was per-
formed on a Thermo ESCALAB 250XI. TL spectrum was performed in a
TOSL-3DS TL 3D spectrometer (Rongfan, Guangzhou), using X-rays as the
excitation light source.
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Supporting Information is available from the Wiley Online Library or from
the author.
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