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Excellent temperature sensitivities based on the
FIR technique of up-conversion luminescence in a
novel NaLaTi,Oe:Yb**, Tm>* material

Kai Li, ©2 € Zhiyu Zhang,® Daiman Zhu*® and Changtao Yue (2 *?

Fluorescent luminescence thermometers possessing high temperature sensitivities have drawn extensive
interest with increasing demand in daily life and industrial fields. However, thermal quenching usually
takes place with increasing temperature for rare earth ion doped up-conversion luminescence phosphors.
In this work, screened NalaTi,Og:Yb>", Tm** materials were synthesized via a high-temperature solid-
state reaction method. Strong blue and near-infrared up-conversion luminescence (UCL) emissions, as
well as relatively weak red emissions, were observed under 980 nm laser excitation at room temperature.
The emission bands of Tm>" 1G4 — 3Hg (blue), 'G, — 3F4 (red), and *H, — 3Hg (near infrared) transitions
significantly decayed with increasing temperature owing to the general thermal quenching effect.
However, attractively, a negative thermal expansion effect, thermally boosted luminescence, appeared for
Tm** 3F, 5 — *Hg transition (deep red emission), which is likely to be derived from the phonon-assisted
energy transfer effect. With the aid of high-contrast thermal-dependent characteristics of these tran-
sitions, extremely high maximal absolute and relative sensitivities of 4.29 K™ at 653 K and 36.2% K™* at
303 K, respectively, were achieved based on the proposed fluorescent intensity ratio (FIR) thermometry
technique, which are one order of magnitude higher than previously reported results. These fascinating
results indicate that the as-prepared materials could be excellent candidates for application in optical
thermometry and encourage us to devise thermally boosted up-conversion and self-reference optical
thermometers by utilizing Tm>*-activated luminescence phosphors.

of rare earth (RE) ion-activated phosphors. Herein, the phos-
phors, an essential component, can be integrated with a

Non-contact and precise temperature monitoring is of growing
significance in daily life, scientific research, medical diagnosis
and treatment as well as industrial fields'™ However, conven-
tional contact-type thermometers such as liquid-filled thermo-
meters and thermocouples cannot meet the demands for
modern society’s development on account of their limited
slow response speed and low sensitivity.* In contrast, non-
contact optical thermometers, with the merits of remote detec-
tion, moving object temperature monitoring, swift response
ability, high sensitivity, etc., have gained considerable atten-
tion and currently have been a novel thermometer research
hotspot.”® Generally, optical thermometry is achieved by utiliz-
ing related temperature-dependent luminescence parameters
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desired temperature detection device, and temperature detec-
tion is based on the phosphor’s luminescence characteristics,
including emission bandwidth, peak wavelength, fluorescent
intensity, fluorescence decay lifetime (FL), and fluorescence
intensity ratio (FIR).” Thus, the prospective application of
phosphors with unique characteristics in non-contact thermo-
meters is highly desired. Among the alternative techniques,
FIR mode based on up-conversion luminescence (UCL) of rare
earth ions has been widely studied.® Usually, this technique
requires the distinct responses of two emissions with tempera-
ture, where one emission is taken as a reference signal and the
other serves as an indicator signal. Previous works based on
FIR mode mainly concentrate on thermally coupled energy
levels (TCELs) as TCELs are easily found and utilized in rare
earth ions such as Er’" and Ho®".° However, the energy gap
between two neighboring levels should be large enough to
avert strong overlapping of these two emissions (>200 cm™)
and small enough (<2000 cm™) to allow the lower level to have
a minimum pumping of optically activated ions in the temp-
erature range of interest. According to Boltzmann distribution,
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generally, the larger energy gap intends to achieve a higher
temperature sensitivity.'"® Consequently, further improvement
of the temperature sensitivity is a large challenge owing to the
restriction of the energy gap between the two TCELs."!
Compared with the FIR technique based on the TCELs, the
FIR technique based on the NTCELs by utilizing emitting
energy levels from single or two luminescence centers is no
longer limited by the energy separation, which may be likely to
produce the higher sensitivity.">"* Thereby, utilizing two inde-
pendent emissions based on non-thermally coupled energy
levels (NTCEL) has become an important alternative mode for
FIR thermometry to improve the detection sensitivity for temp-
erature sensing.

Rare earth ions involving Er*", Ho*", Tm**, Nd** and so on
have been extensively investigated as temperature detectors in
phosphors.'*® However, the precision of optical thermo-
meters may deviate ascribed to a lack of sufficient up-conver-
sion emission intensity originating from their poor and
narrow absorption cross-section in the near-infrared (NIR)
region. Possessing the high absorption efficiency of the NIR
region, Yb*" is usually employed as the sensitizer in a phos-
phor to transfer the absorbed energy to activators, extremely
enhancing the luminescence of activators.'”'® However, The
UCL thermal quenching effect of rare earth ions usually takes
place in most hosts, which restricts the further improvement
of the UCL temperature sensing technique. Tm** often pro-
duces blue, red and NIR emissions upon 980 nm excitation
when sensitized by Yb*".'> Moreover, Yb*>", Tm** co-doped
phosphors such as NaGdTiO,:Yb*",Tm**, BaGd,ZnOs:Yb*",
Tm?**, Sr,LaNbOs:Yb**,Tm*" have been reported to have good
UCL and temperature sensing properties,”® > in which both
TCEL (*Gy1) and 'Gy(y)) and NTCEL ('G, and °H,) levels from
Tm?** ions were adopted for optical thermometry calculation.
Despite a large number of optical thermometers based on the
Tm*" FIR technique have been reported, utilizing negative
thermal expansion effect (thermally boosted luminescence)
from Tm** °F, 3 — *H, transition and general thermal quench-
ing transitions to design the high-performance FIR thermome-
try technique is rarely reported. As a consequence, exploring
Yb**, Tm®" co-doped phosphors possessing negative thermal
expansion effect is of potential to realize the outstanding
temperature sensing properties and stability based on the
Tm>" high-contrast temperature responses UCL of different
emission bands.

In this work, a sequence of novel NaLaTi,OgYb*",Tm**
materials was screened and prepared. Using the energy trans-
fer (ET) from Yb®* to Tm®', the UCL of Tm?*" is highly
enhanced when irradiated by a 980 nm laser. The temperature-
dependent luminescence behavior of a representative
NaLag goTi,06:0.10Yb**,0.01Tm*" phosphor was studied in
detail. Common thermal quenching of Tm** 'G, — *Hg, 'G, —
*F,, and *H, — *Hg transitions and a rare thermally boosted
luminescence of Tm*" °F,; — *H, transition were found in
this material. By utilizing the diverse temperature responses of
these transitions, the temperature sensing property was inves-
tigated by monitoring the intensity ratio of these transitions at
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the temperature range from 303 to 653 K. Fascinatingly, the
material presents ultra-high maximal absolute and relative
sensitivities of 4.29 K '@653 K and 36.2% K '@303 K,
respectively, which are one order of magnitude higher than
the reported results. These results indicate that NaLaTi,Os:
Yb**,Tm*" materials can be regarded as promising candidates
for optical thermometry. Simultaneously, this work provides a
new insight into devising novel optical thermometers with the
aid of both thermal quenching and thermally boosted lumine-
scence of Tm**-activated phosphors.

2. Experimental section
2.1 Samples preparation

A sequence of novel titanate materials with the chemical
formula NaLaTi,Og and NaLay go_,TiOg:xYb*",0.01Tm*" (x = 0,
0.05, 0.10, 0.20, 0.30) were prepared via a conventional high-
temperature solid-state reaction method. Typically, raw
materials involving Na,CO; (A.R.), La,O3 (A.R.), TiO, (A.R.),
Yb,0; (99.9%) and Tm,0; (99.9%), without further purifi-
cation, were first stoichiometrically weighted and ground
thoroughly in an agate mortar for about 15 min with a moder-
ate dose of ethanol. Then, the mixture was transferred to cor-
undum crucibles to calcine in a furnace for about 5 h at
1150 °C. Afterwards, the products were cooled to room temp-
erature along with the furnace. Ultimately, the white samples
were crushed into powders for further measurements.

2.2 Characterization

X-ray diffraction (XRD) patterns of the as-prepared samples
were recorded in a Bruker D8 Advance diffractometer (20° < 26
< 70°, Cu Ka radiation, 2 = 1.5405 A) operating at 40 kv and
40 mA, with the scanning range 20 = 5-90° and the scanning
rate of 5° min~". Structural refinement was conducted using
the GASA software. The morphology and chemical elements
analysis of the representative sample were obtained by using
the field emission scanning electron microscope (FE-SEM)
with an energy-dispersive system (Zeiss Gemini SEM 300). The
UCL spectra were collected on an OmniFluo960 SP-RT spectro-
meter coupled with a 5 W 980 nm pulse laser source at room
temperature. Additionally, the temperature-dependent lumine-
scence behavior measurement was implemented with the aid
of a temperature control system RTL450 associated with the
spectrometer. All the measurements were conducted at room
temperature except the temperature-dependent UCL spectra.

3. Results and discussion

The XRD patterns, with corresponding crystal planes of repre-
sentative NaLaTi,O and NalLag go_,Ti»06:xYb**,0.01Tm>" (x =
0-0.30) phosphors, were collected and are exhibited in Fig. 1a.
It is clearly seen that all the diffraction positions are well
indexed to the bars calculated from the standard card of
NaLaTi,Os compound (ICSD 51029).>* No other impurities
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Fig. 1 (a) XRD patterns of NaLaTi,Og host and NaLag go_xTi»Og:XYb*+,0.01Tm>" (x = 0.05, 0.10, 0.20, and 0.30), as well as the standard diffraction
reflections calculated from the NalLaTi,Og¢ compound (ICSD 51029). (b) XRD Rietveld refinement profiles for NalLag goTi»Og:0.10Yb>*,0.01Tm3*. (c)
Crystal structure of the NaLaTi,O¢ compound and the coordination condition of Na/La and Ti atoms. (d) FE-SEM graph, (e) EDS spectrum and (f)—(k)
elemental mapping of the Nalag goTi»Og:0.10Yb**,0.01Tm>* microparticles.

diffraction reflections can be observed, indicating that the
target materials with pure phase were successfully synthesized
and the incorporation of Yb**
structural changes in the lattice. To further provide a demon-

or Tm*" did not arouse any
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stration of pure phase samples, the XRD Rietveld refinement
for the representative NalLay goTi,06:0.10Yb**,0.01Tm*" was
implemented, in which the data of NaLaTi,Os compound
(ICSD 51029) was taken as the original model. The refined
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Table 1 Rietveld XRD refinement data for NalaggoTi»Og:0.10Yb%",
0.01Tm3*

Standard NaLag goTi;06:0.10Yb?",
Material NaLaTi,Og 0.01Tm>"
Crystal system Orthorhombic Orthorhombic
Space group Pnma(62) Pnma(62)
a(A) 5.474 5.472
b(A) 7.754 7.721
c(A) 5.479 5.468
Volume (A%) 232.52 231.005
a=p=y(° 90 90

1 1
7 — 3.47
R, (%) — 3.14
Ryp (%) — 4.17

results are displayed in Fig. 1b and Table 1. It was found that
the reliability factors of both R;, = 3.14% and R, = 4.17% were
much lower than 10%, in addition to y* = 3.47, implying the
high reliability of refinement results, and further validating
the phase purity of as-prepared samples. The unit cell of the
NaLaTi,Os compound is displayed in Fig. 1c,>* which crystal-
lizes in a CaTiO;-type perovskites double-cell cubic structure
(orthorhombic) system with a space group Pnma(62).
Apparently, Na* and La®" cations situate at the identical lattice
position Wyckoff 4¢ with equal occupancy, both of which are
coordinated with twelve oxygen atoms to establish Na/LaO;,
polyhedra. Moreover, Ti*" cations located at the Wyckoff 4b
lattice site are coordinated with six oxygen atoms to form TiOg
octahedra. These two types of polyhedra in contiguous layers
are connected by the bridge of oxygen atoms to build the skel-
eton of the crystal structure. The radii of Na* (coordination
number, CN = 12), La*" (CN = 12), Yb** (CN = 12), and Tm*"
(CN = 12) ions are 1.39 A, 1.36 A, 1.189 A and 1.196 A, respect-
ively. The radii of Yb*" and Tm>" ions with the same CN and
charges are close to that of La®" ions, whose percentage differ-
ences are calculated to be about 12.6% and 12.1%, respect-
ively, which are within 30%.>> Accordingly, Yb** and Tm** ions
are apt to substitute Na*/La®" sites within the crystal structure.
By observing the lattice parameters in Table 1 between the
standard NaLaTi,Og compound and refined
NaLag goTi,06:0.10Yb*",0.01Tm>" materials, we can find that
all the «cell parameters of a b, ¢ and V in
NaLag goTi,06:0.10Yb*",0.01Tm>" are smaller than those in
standard NaLaTi,O, indicating the successful incorporation
of Yb** and Tm®" into the NaLaTi,Os compound as the ionic
radii of Yb*" and Tm®" are smaller than that of La*".

The morphology and elemental analysis of the representa-
tive NaLag goTi,06:0.10Yb*>*,0.01Tm** phosphor was investi-
gated by FE-SEM measurement and the collected images are
shown in Fig. 1d. It is observed that the size of the particles
with irregular shapes is about 2-5 pm, and some particles
agglomerate together to form the aggregates, which is attribu-
ted to the high-temperature calcination treatment during the
process of samples synthesis. Na, La, Ti, O, Yb and Tm
elements were detected by EDX analysis in Fig. 1le, which are
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identical to the chemical composition of NaLaTi,Og:Yb*",
Tm?", giving the verification that the target products are prop-
erly synthesized and the rare earth elements of Yb and Tm are
successfully introduced into the NaLaTi,O¢ host. In order to
obtain the elemental distribution state, the representative
elemental mapping of a NaLaTi,04:Yb*",Tm>®" aggregation was
collected and exhibited in Fig. 1f-k. The images show that all
the detected elements are dispersed homogenously in the
phosphors.

UCL spectra of NaLag g9_xTi,06:xYb*",0.01Tm>" (x = 0, 0.05,
0.10, 0.20, and 0.30) phosphors with different Yb** concen-
trations were obtained upon a 980 nm laser excitation at room
temperature. As exhibited in Fig. 2a, the Tm** singly doped
NaLaTi,Oq shows a weak emission, which is due to the Tm?*"
spin-forbidden transition and its feeble absorption cross-
section. With the introduction of sensitizer Yb**, all the emis-
sion bands around 474 nm (*G, = *Hg), 650 nm (*G, — °F,),
696 nm (*F,; — *He) and 800 nm (*H, — *H,) from Tm®" are
extremely enhanced. We can also find that the NIR emission
around 800 nm is more intense than blue (474 nm) and red
emissions (650 nm and 696 nm), which may give more FIR
options in the biological window. Moreover, with increasing x,
the Yb®' concentration in NaLagge_,Ti,Og:xYb**,0.01Tm*
system, no obvious Stark splitting peaks were found in blue
emission bands, indicating that 1G4(1) and 1G4(2) are insignifi-
cantly impacted by the crystal field effect in this host, which is
a bit different from other systems.>®>” However, the Yb®>" can
affect the electron population of light-emitting energy levels
through energy transfer between ions. In current samples, the
emission intensities of bands associated with 'G, and *H,
energy levels first increase to the maximal value and then drop
with further Yb** concentration, while the optimal Yb*" con-
centrations for these two energy levels are x = 0.20 and 0.10,
respectively, as exhibited in Fig. 2b, which results in the first
increase and subsequent decrease of emission intensity ratio
value of 'G,/*H, transition in Fig. 2c.

It is extensively accepted that UCL is an anti-Stokes lumine-
scence process, where two or more low-energy photons are con-
tinuously absorbed, subsequently, one high-energy photon
emission is generated in swift succession. To determine the
UCL mechanism of NaLaTi,Oq:Yb*",Tm*" samples, the laser
pump-power dependent UCL measurement was performed and
the related UCL spectra are displayed in Fig. 2d. It manifests
that the profiles of each spectrum are identical to each other
with increasing laser power density. However, the integral emis-
sion intensity of each band goes up monotonically with ascend-
ing the power density gradually, as seen in Fig. 2e. The relation-
ship between emission intensity (/) and pump power intensity
(P) can be clarified by the following expression:*®

I o< P" (1)
where n denotes the amount of NIR photons absorbed for each
UCL. After converting the above formula into log(I) « nlog(P),

the linear fittings for different transitions were performed for
the raw points and the slope in Fig. 2f equals to n value by the
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Fig. 2 (a) UCL spectra (tex = 980 nm, laser power 0.45 W) of NaLag go_,Ti»O6:xYb>*,0.01Tm>* (x = 0, 0.05, 0.10, 0.20, and 0.30) with different Yb>*
concentrations, and the labelled region is the enlarged spectral profile in the 600-720 nm range. (b) The corresponding emission intensities of G4
— 3He, 1G4 — F4, °F25 — *Hg and 3H, — ®Hg transitions as a function of Yb®* concentration. (c) The ratio variation of 'G4/*H, transition intensity as a
function of Yb3* concentration. (d) Laser power-dependent UCL spectra (lex = 980 nm) for the NalLag goTi>Og:0.10Yb**,0.01Tm>* phosphor. (e) The
dependence of emission intensities of 474 nm (1G4 — 3Hg), 650 nm (G, — 3F,), 696 nm (3F2,3 — 3Hg) and 800 nm (*H, — 3Hg) on laser power. (f)
Plot and linear fitting of log P versus log /; the slope of fitting lines gives the number of photons involved in the up-conversion process of different

emission bands.

linear fitting for the disposed data. The corresponding slopes
were determined to be 2.13 for 474 nm ('G, — *Hg), 2.05 for
650 nm ('G, — °F,), 1.77 for 696 nm (°F, 3 — *He) and 1.24 for
800 nm (*H, — °Hg), implying that three photons participate
in the former two UCL process and two photons are concerned
in the latter two emission process. The slopes are much less
than standard 3 and 2 for three and two photons and may be
ascribed to the saturation effect that reduces the power depen-
dence of emissions.>

According to the analysis above, the energy transfer mecha-
nism between Yb>" and Tm>" ions, as well as the probable UCL
processes, are proposed in Fig. 3. As Tm®" has weak absorption
in the NIR region, herein, the Yb*" ions acting as the sensi-
tizers with a large cross-section absorption around 980 nm
were first excited from *F, to >F5, energy levels upon 980 nm
laser pumping, and then the energy absorbed was transferred
to the *Hj level of Tm** (labelled as ET1 process). Afterward,
the electrons at the *H; energy level non-radiatively relax to the
°F, energy level and can be pumped to the *F, ; energy level by
absorbing another photon (labelled as ET2 process). Then, the
696 nm emission band is produced from the °F, ; — *Hg tran-
sition directly. Simultaneously, the 800 nm emission band is
generated from the *H; — *Hj transition when electrons at the
%F, 5 energy level non-radiatively relax to the *H, energy level.

7468 | Inorg. Chem. Front,, 2024, 11, 7464-7474
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Fig. 3 Proposed diagram of energy levels and up-conversion lumine-
scence mechanism in NalLaTi,Og:Yb**, Tm®*" phosphors upon 980 nm
excitation.

Besides, the electrons at the *H, energy level can also be popu-
lated to the 'G, energy level by absorbing another photon
(labelled as ET3) and 474 nm and 650 nm emissions are
directly obtained by experiencing the ‘G, — *Hg and 'G, — °F,
transitions, respectively.**>"*

To investigate the potential application of the as-prepared
samples in optical thermometry, temperature-dependent UCL
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Fig.4 (@) The contour map of the thermal evolution UCL spectrum in the temperature range of 303 K-653 K for the
Nalag goTi-Og:0.10Yb>*,0.01Tm>* phosphor upon 980 nm excitation with a laser power of 0.45 W. (b) The corresponding emission intensities of G,
- 3H6, 1G4 - 3F4, 3F2,3 — 3H6 and 3H4 - 3H5 transitions as a function of temperature. Temperature dependence of experimentally measured UCL
intensity ratio of lgge/l474 (C), Isoo/l474 (d), leoe/leso (€), and Iggo/les0 (f) and corresponding fitting curves from eqn (2) or (5).

behavior of typical NaLaggoTi,06:0.10Yb*",0.01Tm>" sample
upon 980 nm excitation was assessed and the contour map of
thermal evolution UCL spectrum in the temperature range of
303 K-653 K is presented in Fig. 4a. It is found that the emis-
sion position for UCL peak does not change with the increase
of temperature. However, the emission intensities of 474 nm
(*G, = *Hg), 650 nm ('G, — *F,), and 800 nm (*H, — >Hg)
bands drop monotonously at different extents with increasing
temperature, which is due to the general thermal quenching
effect. It is highlighted that the peaks at 474 and 650 nm
greatly decrease to about one-139™ and one-52", respectively,
more dramatically than that of the three 10" for 800 nm. It is
worth noting that the 696 nm (°F, ; — *H,) emission conquers
the thermal quenching effect and is gradually enhanced more
than ten-fold when the temperature increases from 303 K to
653 K, which would be owing to the phonon-assisted energy
transfer from Yb*" to Tm®".*> Energy transfer from Yb*" to
Tm®* would facilitate the population of the °F, 5 excited levels,
subsequently leading to intensified emission with increasing
temperature. These high-contrast temperature-dependent UCL
characteristics can be expected to gain a highly sensitive FIR
thermometry. For explicit comprehension, four types of FIR
models, involving the °F, 3 — *He/'Gy — *Hg (looo/Laza), "Ha —
3Hs/lG4 - 3H6 (Isoo/Is74), 3F2,3 - 3H6/1G4 - 3F4 (Iso6/Is50) and
*H, — *He/'G4 — °F, (Is00/lss0) transitions, were employed for
temperature-monitored signals. With increasing temperature
from 303 K to 653 K, the FIR values for these four models go
up gradually. As there is no TCEL transition concerned in

This journal is © the Partner Organisations 2024

them, it is illustrated that the former three FIR data can be
well fitted with the equation below:****

FIR:Aexp(— ?) +C (2)

where A, B, and C are fitting constants, and T is the absolute
temperature. As depicted in Fig. 4c-e, the fitted A, B, and C
values are 11714900, 8892.9 and 0.127 for FIRgys/474,
6326957.4, 7202.1 and 2.942 for FIRgoo7a, 27 693.8, 3984.1
and —0.559 for FIRgo6/650- In addition, to evaluate the perform-
ance of the devised thermometers, absolute sensitivity (S,) and
relative sensitivity (S;) are calculated using the following
equations:

dFIR| _B (B )
a ar | 2 AP\ T
S R SN WL T
"TER|ar | AP UTT) CER

According to the equations above, the S, and S, values are
calculated and presented in Fig. 5a-c. It is observed that the S,
and S, values for FIRgoe474 present different tendencies as
temperature increases, with the maximal values of
0.298 K '@653 K and 36.2% K '@303 K, respectively.
Similarly, the maximal S, and S; values are determined to be
1.73 K'@653 K and 2.40% K '@303 K for FIRggous4 and
0.557 K~'@653 K and 14.1% K '@303 K for FIRgog/650, respect-
ively. Fascinatingly, these obtained S, and S, values are much
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Table 2 The comparison of maximal absolute (S,.max) and relative (Sa.max) Sensitivities of Ln®** or transition metal ion activated luminescent

thermometers

Temperature Sa-max St-max
Materials range (K) (K™ (K™"%) Ref.
NaY(WO,),:Yb,Er 295-503 0.008 1.2 37
CaGdMgSbOg:Mn**,sm** 298-573 0.0138 1.54 38
Ca,GdSbOg:Mn*",Sm** 303-503 0.26 1.55 39
Zr0,:Ti,Eu 303-413 0.41 3.84 40
SrTiO;:Mn*" Er** 100-470 — 5.19 41
Sr;Y(PO,);:Tm*", Yb** 293-573 0.0127 1.52 42
Bi,SiOs:Tm*",Yb** @Si0, 280-400 0.0168 1.95 43
BaTiOs:Er*'/Yb*'/Zn** 120-505 0.095 1.46 44
Caln,0.Yb*" Tm?*" Er** 313-513 0.123 1.484 35
AlLO;:Sm?" 298-648 — 4.8 45
SrB,0,:Sm>" 298-723 — 3.36 46
GdAlO;:Eu®* 293-793 — 2.96 47
Lil_sN:fo,zTioe,:Mn4+ 10-350 — 2.27 48
NaLaTi,O6:Yb**,Tm*" (FIRgo6/474) 303-653 0.298 36.2 This work
NaLaTi,06:Yb*",Tm*" (FIRg00/474) 303-653 1.73 2.40 This work
NaLaTi,06:Yb**, Tm*" (FIRgo6/650) 303-653 0.557 14.1 This work
NaLaTi,06:Yb**,Tm*" (FIRg00/650) 303-613 4.29 1.63 This work

higher than those of other reported optical thermometers in
an order of magnitude, at least based on TCEL or NTCEL tran-
sitions, as listed in Table 2. For FIRgggss0, it is found that a

polynomial equation rather than the eqn (2) is more suitable
for fitting FIR values of transitions *H, — *He/'G, — *F, (Ige0/

Isso) in Fig. 4f,>>3¢

which is depicted as follows:

FIR=Ay +A; X T+ A4y x T* + A3 x T?®

7470 | Inorg. Chem. Front, 2024, 11, 7464-7474

(5)

where A, A1, A, and A; are fitting constants of the polynomial.
The corresponding absolute and relative sensitivity can be cal-
culated by the following equation:

Sa=A; +24, X T+34; x T? (6)

Sy = —— (A3 + 24, x T + 343 x T?) (7)
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Using eqn (6) and (7), the calculated S, and S, values are
displayed in Fig. 5d. The maximal value of S, reaches
4.29 K'@653 K and the maximal S, is 1.63% K '@453 K,
which is also much higher than that from the reported works
listed in Table 2.

The repeatability (R) of the thermometer is an important para-
meter to assess the stability of the thermometer, which is
reflected by cycling over heating—cooling processes, as displayed

in Fig. 6a-d. The expression of R can be described as follows:***°
Max|Ap — 4
R=1— M (8)
A

where A,, and 4; are the mean value of FIR (303 and 653 K or
613 K) and FIR value in continuous 5 measurement cycles,
respectively. Fig. 6a-d presents the cycling measurement of
different FIR values of the NaLaTi,06:0.10Yb**,0.01Tm** phos-
phor. The repeatability of NaLag goTi,06:0.10Yb**,0.01Tm>*
sample was calculated to be more than 0.990, which indicates
the wonderful reversibility of the expected FIR thermometry.

In addition, the temperature uncertainty (87') is also one of
the most vital parameters to evaluate the performance of a FIR
optical thermometer and is denoted as follows:*"*?

_ 18FIR
" S, FIR

(©)
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where SFIR/FIR is the relative error of the experimental equip-
ment when it is used for the measurement of thermometric
parameters (~0.5%).>> Accordingly, the minimal 8T is esti-
mated to be ~0.0138 K at 303 K, implying high measuring
accuracy. The above results indicate that the as-prepared
samples have great temperature sensing performance, giving
them giant potential in the temperature sensing application.

4. Conclusions

To sum up, a series of NaLaTi,O4:Yb**,Tm*" phosphors were
successfully synthesized using a high-temperature solid-state
reaction approach. The as-prepared samples are demonstrated
to be the pure NaLaTi,Os phase from XRD measurements.
UCL spectra exhibit moderately blue and stronger NIR emis-
sions upon the 980 nm laser excitation, as well as the two weak
red emissions. The laser pump-power-dependent UCL spectra
implied a two-photon or three-photon absorption mechanism
in the UCL process. The temperature-dependent UCPL spectra
were recorded, which display the emission bands of Tm** 'G,
— 3Hs, 'G, — °F,, and *H, — °Hy transitions, which weaken
with increasing temperature at distinct extents due to the
general thermal quenching effect. Surprisingly, the thermal
enhancement of Tm** °F, ; — *H, transition (red emission)

Inorg. Chem. Front., 2024, M, 7464-7474 | 7471
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takes place, which is likely derived from the phonon-assisted
energy transfer effect. By virtue of tunable luminescence
responses to temperature, we systematically investigated the
FIR-based temperature sensing properties of
NaLag goTi,06:0.10Yb**,0.01Tm>*" phosphor. Depending on the
high contrast thermal dependent performances for different
transitions, the devised luminescence thermometry acquired
fascinating S, and S, values of 4.29 K'@613 K and 36.2%
K '@303 K, respectively, which are an order of magnitude
higher than the reported results, and present high repeatabil-
ity (99.0%). The unprecedented ratiometric temperature
sensing performance strongly enables the as-prepared
NaLaTi,0¢:Yb**,Tm*" phosphors to have promising appli-
cations as a temperature sensor in the optical temperature
sensing field. Simultaneously, this work will encourage us to
devise highly stable and sensitive temperature sensors by
taking advantage of the Tm®'-activated luminescence
phosphors.
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