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Severe thermal quenching of fluorescence is the main obstacle to the application of fluorescence
thermometers in higher temperature regions. In order to broaden the temperature detection range
of fluorescence thermometers, the Y>Mo3z01,:Nd®>* Yb>* phosphor with negative thermal expansion
(NTE) characteristics was successfully synthesized. The up-conversion (UC) fluorescence thermal
enhancement (*Fz, — “lgj2) increased 109 times at 480 K and the UC fluorescence lifetime (FL) of the
transition *Fs, — “lg/» increased from 77 to 144.5 ps in the range of 280 to 380 K under the excitation
of a 980 nm laser. Herein, a multimode temperature probe was constructed through fluorescence
intensity ratio (FIR) technology (*F72/*Fss2, “F7/2/*Fs/2 and “Fs;»/*Fs/5) and FL technology based on the
ladder-like thermally coupled energy levels (TCLs) of Nd®*. The feasibility of the probe was verified and
Y>Mo3042:Nd>* Yb** has high stability and accuracy (6T = 0.61 K at 480 K), indicating that it is an ideal
candidate in higher temperature monitoring. This work not only proposes an ideal scheme for designing
high sensitivity fluorescence thermometers, but also provides a certain reference value for solving the
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1. Introduction

The accurate measurement of temperature has always been a
constant pursuit because temperature is one of the vital para-
meters in human life, modern industry and scientific research.
Traditional thermal expansion, thermocouples and thermal
resistance thermometers have been unable to meet the require-
ments of some special conditions such as biological tissues and
corrosive environments."™ Non-contact optical fluorescence
thermometers based on lanthanide (Ln) or transition metal
ion doped luminescent materials were paid more attention in
recent years due to their fast response, controllable size and
high thermal resolution.””® Among them, thermometers based
on the fluorescence intensity ratio (FIR) technology of thermally
coupled energy levels (TCLs) have gained more attention due to
their stability and repeatability.” ™' However, severe thermal
quenching of fluorescence has restricted their applications in
higher temperature ranges. Due to the gradually intensified
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problem of fluorescence thermal quenching.

thermal vibration inside crystals when the temperature rises,
more energy of electrons on excited state energy levels is
consumed in the way of non-radiative relaxation (NR), which
weakens the fluorescence intensity and undoubtedly causes the
increase of difficulty and error during the course of tempera-
ture detection.'*"?

Although a lot of works have been done for combating the
thermal quenching, including surface engineering (passivation
or ligand coordination), high-power excitation, phonon-
assisted energy transfer (PAET), etc., only limited success has
been achieved due to different difficulties faced by each
method and non-universality."**® In recent years, negative
thermal expansion (NTE) based luminescent materials showed
good prospects in anti-thermal quenching due to their fasci-
nating luminescence promoting capability from structures.
Specifically, the microscopic volume of NTE materials will
decrease with the increase of temperature and the gradually
compact lattice reduces the phonon energy corresponding to
the various vibration modes, which can reduce the energy loss
caused by NR."" Among the reported NTE materials, the
A;M;304, (A =Y, Lu, Yb, Sc; M = W, Mo) family has attracted
attention due to their high tolerance to Ln**, which promote
the development and utilization of rare earth doped NTE-based
thermometers through the FIR technology.”*>* However, the
temperature probe based on FIR technology has a large error

This journal is © The Royal Society of Chemistry 2024
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because different media absorb light with different wavelengths,
which promotes the development of thermometers based on
different mechanisms.*®® Fascinatingly, fluorescence lifetime
(FL) technology depends on a great variety of temperature-related
factors (such as PAET and the multi-phonon decay process), which
makes it possible to obtain temperature information from FL.*°
Specifically, FL originates from the electronic de-excitation kinetics
and exhibits a better anti-disturbance ability, not subject to
excitation intensity, phosphor concentration and emission loss,
which enables it to avoid errors in different measurement situa-
tions and carry out calibrations to temperature readouts of FIR
technology.*

The luminescence of Nd*" has been significantly improved
through a PAET process in Yb*" and Nd** co-doped phosphors
under the excitation of a 980 nm laser, which is attributed to
the appropriate energy gap (~1000 cm™ ') between the excited
state energy levels Fs, of Yb*>" and *F;/, of Nd**.*' In addition,
the near infrared (NIR) fluorescence of ladder-like TCLs (*F;,,
“F5,, and “F;,,) in Nd*" has a tendency of thermal enhancement
with appropriate PAET as the temperature rises,>> which
enabled a high possibility of FL extension of *F,,, “Fs5, and
*F;,, energy levels with the increase of temperature. Accord-
ingly, NIR fluorescence Nd**-based thermometers with greater
penetrability are ideal candidates for temperature measure-
ments in higher temperature ranges. Fortunately, the phonon
energy of Y,M;0;, is close to the energy mismatch between
Yb** and Nd*'. By selecting appropriate TCLs, the suitable
phonon energy and the excellent NTE properties of Y,M;0;,
(ey ~ —3.78 x 107° K~ ') make the outstanding FIR and FL
temperature sensing performance of Nd** possible.

Inspired by the above findings, a thermally enhanced multi-
mode fluorescence thermometer based on the NTE material
Y,M05;04,:Nd*",Yb*" was designed in this work. The up-
conversion (UC) fluorescence intensity of ladder-like TCLs
(*Fyn — Moy, *Fspp — Loy and *Fy — *Iyp,) is enhanced 109,
26 and 7 times, and their relevant UC FL (‘F5, — ‘Iop) is
increased from 77 to 144.5 us, which enable us to construct
thermally enhanced fluorescence thermometers based on FIR
and FL technologies. By combining the NTE properties of
Y,Mo050,, with the PAET mechanism between Yb*" and Nd**,
the corresponding optical thin film is proved to have qualified
temperature sensing capability and its application range
extends to higher temperatures while maintaining excellent
performance, which makes it an ideal candidate in higher
temperature monitoring.

2. Experimental details
2.1. Synthesis of samples

The Y,M0;0,,:Nd*",Yb** powder samples were synthesized using
a high-temperature solid-state reaction method. The starting
materials, including Y,O0; (99.99%), Nd,O; (99.99%), Yb,Os3
(99.99%) and MoO; (99.9%), were first weighed according to a
certain stoichiometric ratio and mixed completely. Then, the
mixture was calcined in a muffle furnace at 850 °C for 6 h and
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the final samples were successfully obtained after naturally cool-
ing down to room temperature.

2.2. Characterization

The phase purity and crystal structures of all the prepared
samples were determined using a powder X-ray diffractometer
(XRD) with Cu Ka radiation (Rigaku Corporation, Tokyo, Japan;
. = 1.54056 A) in the range of 10° < 20 < 80°. The Fourier
transform infrared (FT-IR) spectra and Raman spectra were
collected on a Bruker INVENIO-R spectrometer and a Thermo
Fisher DXR2 laser confocal microscopy Raman spectrometer,
respectively. The temperature-dependent UC emission spectra
and FL spectra were recorded on a fluorescence spectro-
meter (Edinburgh FLS920) with a liquid nitrogen cryogenic
temperature-control system (Oxford OptistatDN2) combined
with an external power-adjustable 980 nm semiconductor laser.

3. Results and discussion
3.1. Crystal structure analysis

In order to prove the phase purity of the samples, XRD patterns of
Y,M0504,:1% Nd**,y% Yb>* were measured and are displayed in
Fig. 1a and Fig. S1 (ESIt). All diffraction peaks of doped and
undoped (blank) samples were consistent with those of the stan-
dard profiles of orthorhombic Y,Mo050,, (JCPDS#28-1451) with the
Pbcn (60) space group. The FT-IR and Raman spectra were recorded
to obtain the lattice vibration information to determine the phonon
energy of the doped and blank samples. As shown in Fig. 1b, FT-IR
spectra of both blank and doped samples show the strongest
absorption peak at 866 cm™ ", which corresponds to the vibration
of Mo-O-Mo. The bands centered at 1612 cm™ ' and 3368 cm ™" are
attributed to the stretching vibration of O-H. As shown in Fig. 1c,
the peak at 340 cm ' in the Raman spectra is attributed to
symmetric and asymmetric bending motions in both the YOs
octahedron and the MoO, tetrahedron. The strongest peaks at
815 cm™ " and 952 cm™ ' are attributed to the asymmetric and
symmetric stretching vibrations of the MoO, tetrahedra.**> From
the above analysis, it can be seen that the phonon energy of the
samples is 952 cm ™', which is close to the energy mismatch
between Nd*" and Yb®". As shown in Fig. 1d and e, Rietveld XRD
refinements were performed to further confirm the phase purity of
the doped and blank samples, and the corresponding results are
shown in Table S1 (ESIT). In addition, the results show that the
lattice volume (V) of the doped sample is smaller than that of the
blank sample due to the substitution of Y** ions with larger ionic
radii by smaller Yb®" ions. Y,M0;0;, crystallized in an orthorhom-
bic system and its crystal structure diagram is shown in Fig. 1f,
in which the YOg octahedron and the MoO, tetrahedron are
connected an oxygen atom.*® Furthermore, Nd** (0.983 A) and
Yb** (0.868 A) are more inclined to occupy the Y** (0.900 A) position
due to the close ionic radii and the same valence state.

3.2. Negative thermal expansion analysis

For further determining how the crystal structure of Y,M030;,
changes with temperature, temperature-dependent XRD was
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Fig. 1 (a) XRD patterns, (b) FT-IR spectra and (c) Raman spectra of Y2Mo301, and Y>Mo3z01,:1% Nd**,5% Yb>* together with the Rietveld XRD refinements
of (d) YoMoz015 and (e) YoMo3z015:1% Nd**,5% Yb**. (f) Crystal structure diagram of Y,MozO4».

performed and the results are displayed in Fig. 2a. With the
temperature increasing from 80 to 380 °C, no significant
variations were observed in the XRD patterns of the sample,
indicating that there is no phase change with the increase of
temperature. However, obvious peak shifts to larger angles were
found when the peaks corresponding to the lattice planes of
(220) and (111) were amplified, as shown in Fig. 2b and c,
respectively. According to Bragg’s law (2d sin 6 = n1), the shifted

peaks prove that Y,Mo;0;, has a lattice shrinkage with the
increase of temperature, and the shrinkage diagram is displayed
in Fig. 2d. The transverse vibration of the bridging oxygen atom
intensifies gradually with the increase of temperature, and then
the lattice rotates and shrinks. When the temperature rises, the
gradually compact lattice weakens the lattice vibration amplitude
and thus weakens the energy loss caused by NR, which may affect
the luminescence of Ln*" doped in it.
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Fig. 2 Temperature-dependent (a) XRD patterns of Y,Mo301, and two-dimensional mapping of diffraction peaks (b) (111) and (c) (220) as well as (d)

lattice distortion diagram of Y,Mo03O5.
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3.3. UC luminescence characteristics

The UC spectra of Y,M0301,:1% Nd**,y% Yb*" with 980 nm
laser excitation are displayed in Fig. 3a, which include the
emissions of *F,, — Lo (725-775 nm, I ), *Fs, — Loy (776~
840 nm, I,) and *Fs;, — Iy, (841-885 nm, I3), and the
corresponding fluorescence intensities increase with increasing
doping concentration of Yb*' in our experimental range.
To determine the UC mechanism, the dual logarithmic fitting
curves of UC emission integral intensities (I) of *F,, — “Io,
‘Fs;, — "o and Fy, — Iy, emission bands related to
pumping power (P) were recorded and are displayed in Fig.
S2 (ESIT). The slopes (n = 0.68, 0.53 and 0.27) of the fitting
curves denote the dominant role of one photon in the UC
process according to the relationship: I oc P* and the possible
UC processes of Y,M030;,:1% Nd**,5% Yb*" under 980 nm
laser excitation are displayed in Fig. 3b. Electrons on the
ground state energy level *F, (Yb*") jump to the excited state
energy level *F5/, (Yb®") by absorbing a 980 nm photon, and
then the energy was transferred to Nd** with the aid of phonon
energy. Consequently, electrons on the ground state energy
level “Io;, (Nd*) jump to the excited state energy level *Fs,
(Nd**), which is called PAET-1. On the other hand, part of the
energy generated by Yb®" is possibly consumed by phonon
energy, and the rest of the energy is transferred to Nd** to
promote jumping of electrons on “I,, to the excited state
energy level “I;5,, (Nd**), which is called PAET-2. Meanwhile,
the electrons populated on *I;5/, jump to *Hyq,, (Nd**) through
absorption of a 980 nm photon or ET from Yb**, which is called
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ET-3. Then the electrons on *Hy,,, relax downward to *F;,, by
successive NR (*Hyyp — ‘Fyp — “Fsp — *Fsp), generating
emissions around 747, 808 and 848 nm from transitions
*Fyn — Moj, *Fsp — ‘o and *Fs ) — 1oy, respectively. Because
the energy level gaps between “F;/, and “Fs, (~887 cm™ ') and “Fs),
and *F,, (~1316 cm ') fall in the range of 200-2000 cm ™" and
belong to TCLs, the number of electrons on the upper energy
level will increase, while the number of electrons on the lower
energy level will decrease with the increase of temperature by
following the Boltzmann distribution. The population of the
energy level “Fs, will increase with the increase of temperature
because the energy mismatch between Yb*" and Nd** is sup-
plemented by the more and more popular occurrence of PAET,
resulting in an enhancement of 848 nm emission from transi-
tion *F;,, — Iy, in the phosphor Y,M0;01,:1% Nd**,5% Yb*".

In order to explore the temperature sensing performance of
the present sample Y,M0;01,:1% Nd**,5% Yb’', its tempera-
ture-dependent UC spectra were recorded and are displayed in
Fig. 3c. With the temperature increasing from 280 to 480 K, the
overall fluorescence intensity of Y,M05;01,:1% Nd**,5% Yb**
continues to increase and the integral fluorescence intensities
of I,, I, and I; were enhanced 109, 26 and 7 times at 480 K in
comparison with those at 280 K, respectively, as shown in
Fig. 3d and Fig. S3 (ESIf). In addition, the temperature-
dependent down-conversion (DC) spectra of Y,M03015:1%
Nd**,5% Yb>" were also compared with those of other Nd**
and Yb*" doped materials under 808 nm laser excitation, and
the DC spectra of the present sample showed a significant
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Fig. 3 (a) UC spectra of Y,Moz0:,:1% Nd**y% Yb**. (b) Possible UC processes of Y>Moz0:,:1% Nd**,5% Yb®>* under 980 nm laser excitation.
(c) Temperature-dependent UC spectra and (d) thermal enhancement comparison of ladder-like TCLs of Nd** at 280 and 480 K.
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fluorescence thermal enhancement with the temperature rising
from 330 to 480 K (in Fig. S4a, ESIf), but other materials
generally showed a trend of thermal quenching.?”~*° The pos-
sible DC processes of Y,Mo030:,:1% Nd**,5% Yb*" under
808 nm laser excitation are displayed in Fig. S4b (ESIY).
It is reasonable to believe that the special NTE properties of
the Y,Mo0;0,, matrix indeed make the UC or DC fluorescence
of Y,M0;0:,:1% Nd**5% Yb®* show a special thermal
enhancement trend.

3.4. Optical thermometric performance

Due to the excellent temperature-dependent properties of
Y,Mo0501,:1% Nd**,5% Yb** and the different increasing rates
of different emissions, its temperature sensing capability was
continuously evaluated. The FIR temperature sensing property
of Y,M0;04,:1% Nd**,5% Yb®* could be defined according to
formula (1):**"*

I\,_N|hw1A1 _w1A1g| ( AE) (1)

FIR === = - X _
Iy Nzhszz (,{)QAzgz P kB T
where I, and I, are the different fluorescence integral intensi-
ties emitted by TCLs, respectively; N, w, A and g are the number
of electrons corresponding to TCLs, frequency, spontaneous
emission probability and energy level degeneracy, respectively;

(a) 0.20
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AE, I, kg and T are the energy gap between TCLs, the reduced
Planck constant, the Boltzmann constant and absolute tem-
perature, respectively. Sensitivity including relative (Sg) and
absolute (S,) is an important parameter to evaluate the perfor-
mance of FIR thermometers, which were defined using formu-
las (2) and (3):**™*¢

|1 _d(FIR)|  AE

SR=IFR X a7 ‘_kBTZ 2)
_[d(FIR)| AE

SA_‘ = ’_FIkaBTz 3)

Accordingly, I,/I,, I,/I; and I,/I; are set as FIR;, FIR, and
FIR;, respectively. Because the number of electrons on TCLs
follows the Boltzmann distribution, the three FIRs of the
temperature-dependent UC spectra all increased with the tem-
perature rising from 280 to 480 K, as shown in Fig. 4a-c.
Accordingly, the Sg and S, values of the three thermometers
were calculated using formulas (2) and (3), as shown in Fig. 4d-f
and Fig. S5a-c (ESI}), reaching a maximum of 3.49% K ' and
0.0518 K™ !, which are excellent in the most reported fluorescence
thermometers based on FIR technology (Table S2, ESIt). Mean-
while, seven heating and cooling cycles were executed to test
the reversibility of the three FIRs, which are displayed in Fig. 4g-i.
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The above results proved that the three FIRs based on the
temperature-dependent UC spectra of Y,M0301,:1% Nd** 5%
Yb*" have excellent repeatability and stability.

In comparison with the fluorescence intensity, FL is not
sensitive to the change of excitation source intensity and
emission loss, which enables it to avoid errors from the
fluorescence inherent in different measurement situations.
Considering the high fluorescence intensity and relatively high
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fluorescence thermal enhancement of the transition “F5, —
Iy, in the temperature-dependent UC spectra of Y,M0304,:1%
Nd**,5% Yb**, the temperature sensing capability of its UC FL
(808 nm) was further explored. The FL decay curve could be well
fitted using formula (4):

—t —t
1=4, exp(;) + A, <‘L'_2) + Iy (4)
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Fig. 5 Temperature-dependent (a) decay curves of the excited state energy level “Fs,,, (b) FL and fitting curve, and (c) Sg of the FL of Y,M05015:1%

Nd**,5% Yb®* under 980 nm laser excitation.
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where I and I, are the fluorescence intensities when the time is
t and 0, respectively. A, A,, 7, and 1, are the fitting constants to
be determined.*’*® Meanwhile, the average FL and its func-
tional relationship with temperature could be well fitted using
formulas (5) and (6):**>°

. Al‘l,'% + Az‘[% (5)
At + Arta
T =Y0 + A-exp(Ry-T) (6)

where y,, A and R, are the fitting constants to be determined.
7 and T are the average FL and absolute temperature, respec-
tively. Similarly, the performance of the FL thermometer is
evaluated by Sg which was defined using formula (7):

ot
2

Sr = 100% x X7

7)

As shown in Fig. 5a and b, the FL (808 nm) of Y,M030,,:1%
Nd**,5% Yb*" extended continually with the temperature rising
from 280 to 380 K, and the fitting average FL is prolonged from
77 to 144.5 pus. As the temperature increased, the number of
electrons on “Fs/, continued to increase, and the average FL of
the transition *Fs;, — *Iy, was prolonged. Accordingly, the Sg
value of the FL thermometer was calculated using formula (7),
as shown in Fig. 5c, reaching a maximum of 2.13% K, which
is comparable to those of most reported fluorescence thermo-
meters based on FIR technology (Table S2, ESI{). The above
results proved that the temperature-dependent UC FL based on
the transition *Fs/, — *Ioj, of Y,M0301,:1% Nd**,5% Yb** has a
competent temperature sensing capability.

In practical temperature measurements, qualified tempera-
ture resolution (87) is more important in addition to excellent
sensitivity. In order to determine the minimum temperature
change that can be detected by FIR and FL thermometers, the
3T was evaluated according to the formula 87 = SFIR/(FIR*Sg).>"
As shown in Fig. 6a-c, the UC spectra and FL decay curves of
Y,Mo0501,:1% Nd*",5% Yb*" were recorded 15 times under the
same measurement settings, and the corresponding calculation
results are shown in Fig. 6d-g, respectively. The best 6T values
reached 0.57 K at 280 K and 0.61 K at 480 K, and the results
showed that the 8T of thermometers did not deteriorate
severely after fluorescence thermal enhancement (Table S3,
ESIY).

Based on the corresponding high sensitivity FIR and FL of
Y,Mo0501,:1% Nd**,5% Yb>*, its practical application was also
evaluated by building an ultra-sensitive flexible thin film tem-
perature sensor through mixing the Y,Mo030,:,:1% Nd**,5%
Yb** phosphor with polydimethylsiloxane (PDMS).>*™° As a
demonstration of the working process, its working diagram
for real-time temperature sensing of precision devices is dis-
played in Fig. 6h. The FIR and FL of the phosphor were
monitored, and the corresponding environmental temperature
could be obtained according to the fitting curves, which is
displayed in Fig. S6a-d (ESIf). As shown in Fig. 6i, the tem-
perature measurement results of four kinds of thermometers
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were basically consistent with a thermal imager, which proved
that the multimode thermometer has an accurate temperature
sensing capability and self-calibration function. Meanwhile,
Y,M0501,:1% Nd**,5% Yb** has better temperature sensing
performance compared with most existing thermometers based
on Nd*" and the non-NTE matrix (Table S2, ESI¥).

4. Conclusions

The NTE material Y,M0501,:1% Nd**,5% Yb*" was successfully
synthesized using a high-temperature solid-state reaction
method and the possible UC processes under the excitation
of a 980 nm laser were analyzed in detail. By combining the
NTE properties of Y,Mo030;, with the PAET mechanism
between Yb** and Nd**, the UC fluorescence thermal enhance-
ment (“F3, — “lo;,) by 109 times at 480 K and UC FL thermal
extension (*Fs;, — *Ioj;) from 77 to 144.5 ps in the NIR region
were achieved. According to the temperature-dependent UC
spectra and FL decay curves of Y,M0301,:1% Nd**,5% Yb*", a
multimode high sensitivity fluorescence thermometer was
designed by combining three kinds of FIRs ('F;/'Fsp,
*F, 5/ Fs;, and *Fsp/*Fsp) with the FL (*Fs;, — 'Ioj,) of Nd**.
The optimal Sk and 3T values of Y,M030,,:1% Nd**,5% Yb**
reached 3.49% K ' and 0.57 K at 280 K, respectively. Mean-
while, the corresponding optical thin film is proved to have an
accurate temperature sensing capability and self-calibration
function. It is expected to have ideal application prospects as
a NIR fluorescence thermally enhanced multimode thermo-
meter in higher temperature environments.
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