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Achieving high-sensitivity dual-mode optical
thermometry via phonon-assisted cross-relaxation
in a double-perovskite structured up-conversion
phosphort

Houhe Dong,}? Zonghao Lei,}* Shikun Su,® Wenhua Yang,*® Xuyang Zhang,®
Wenying Teng,? Guangyue Zu,? Bing Teng**° and Degao Zhong () b€

High sensitivity is still a challenge for achieving optical thermometry applications. In this work, we effec-
tively regulated the phonon energy of matrix crystals by substituting the A-site ions in the tellurate double
perovskite up-conversion (UC) phosphors of ALaLiTeOg:5%Yb>*,0.2%Tm>* with Ca®*, Sr®*, and Ba®*. On
this basis, a dual-mode thermometer based on the fluorescence intensity ratio of FIR; = Igg4/lga9 and FIR,
= lgoallazs Was constructed by utilizing significant differences in the response to temperature changes
between 649 nm/475 nm emissions (from both Yb®* and Tm®*) and 694 nm UC emission (from Yb>* —
Tm>*). As the temperature increases, involving the assistance of matrix crystal phonon energy, the colla-
borative action of two non-radiative transitions (Tm>*) and three cross-relaxation processes (Tm3*-Tm*")
can degrade the emission intensity at 475 and 649 nm, but enhance the UC emission intensity at 694 nm,
thus effectively improving the thermometry sensitivity. Finally, we achieved the maximum thermometry
sensitivity values of S, = 4.69% K™t and S, = 10.05% K. These results provide new insights into exploring

rsc.li/frontiers-inorganic

1. Introduction

Optical thermometry uses temperature-sensitive parameters
such as the luminescence wavelength, intensity, lifetime, and
fluorescence intensity ratio (FIR) of fluorescent substances to
achieve temperature measurement.’ Among them, FIR-based
thermometry has become a widely used temperature measure-
ment technology solution due to its advantages such as fast
response speed and a wide temperature measurement
range.*® FIR technology can be implemented in two ways:
thermal coupling level (TCL) and non-thermal coupling level
(NTCL).”® However, since the energy gap (AE) of the TCL is
limited to a range of 200-2000 cm™, it is difficult to obtain
high relative sensitivity because it is proportional to AE (S, =
AE/kT®).”'° Hence, there is substantial practical merit in the
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and constructing ultra-sensitive optical temperature sensors.

design and development of advanced optical thermometers
characterized by high sensitivity across a broad temperature
range, leveraging the NTCL of luminescent ions."* ™

For UC luminescent materials used in optical thermometry,
high-quality matrix crystals are one of the key elements to
achieve accurate and efficient optical thermometers.'*™®
Fluoride matrix crystals (such as NaYF,, SrF,, LuF;, etc.) nor-
mally exhibit efficient UC luminescence due to their low
phonon energy.'*' However, their production processes are
complex and their poor thermal stability can induce the degra-
dation of luminescence properties under harsh conditions.
Oxide matrix crystals such as titanate, molybdate and tellurate
not only maintain excellent chemical structure stability at high
temperatures, but also have suitable phonon energies, which
can provide various crystal field environments for rare earth
luminescent ions, making them ideal UC luminescent matrix
crystals.>*>” Among them, the recently developed tellurate
double perovskite structure has multiple cation sites that can
be selectively occupied by luminescent ions, providing mul-
tiple options for regulating luminescence performance and
thermometric energy level pair screening. In particular, the
double perovskite structure of ALaLiTeOg (A = Ca, Sr, and Ba)
has received widespread attention as a matrix for luminescent
materials.”*° In 2014, S. K. Sali et al. for the first time syn-
thesized a double perovskite-type compound BaA’LaTeOg (A’ =
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Na, K, and Rb) and determined its crystal structure using
Rietveld analysis and neutron diffraction data.** In 2017, G.
Subodh et al. synthesized the B-site ordered double perovskite
ALaLiTeOs (A = Ba and Sr) and investigated the vibrating
phonon modes for the first time.** In 2021, Subodh
Ganesanpotti et al. investigated the application of an Mn**-
activated SrLaLiTeOe crimson phosphor in indoor plant
growth LEDs. The redshift of the high-energy phonon mode in
Raman spectroscopy and infrared spectroscopy confirmed the
B-site substitution of Mn** ions.** In 2023, Dai et al. proved
that SrLaLiTeOg:Eu/Dy were potential candidate phosphors for
indoor plant growth LEDs and pc-wLEDs.** In the same year,
Zhang et al. prepared an Er’* doped ALaLiTeO, (A = Ba, Sr, Ca
and Mg) phosphor and revealed its excellent temperature
measurement performance. Previous studies have confirmed
that ALaLiTeOg is an excellent matrix crystal.>> However, as far
as we know, research on the UC phosphors of ALaLiTeOg (A =
Ca, Sr, and Ba) doped with Yb*" and Tm®" has not been
reported and its application potential in optical thermometry
urgently needs to be explored and evaluated.

In this work, UC phosphors of ALaLiTeOq:Yb*",Tm*" (A =
Ca, Sr, and Ba) were synthesized through the high-temperature
solid-state method. The characteristics of the crystal structure
were analyzed in detail through first-principles calculations
and X-ray diffraction. The temperature-dependent UC emission
spectra were measured. With the increase of temperature,
phonon-assisted cross-relaxation processes gradually play
dominant roles in determining the emission intensities at 475,
649 and 694 nm. The maximum thermometry sensitivities of
S; = 4.69% K ' (303 K) and S, = 10.05% K" (693 K) were
achieved from the constructed dual-mode thermometer based
on the fluorescence intensity ratios of FIR; = I¢o4/Is49 and FIR,
= Igos/ly7s. The application potential of ALaLiTeOg:5%
Yb**,0.2%Tm’" in temperature sensing is evaluated.

2. Experimental

2.1 Materials synthesis

All samples of ALaLiTeOq:Yb*",Tm>* (A = Ca, Sr, and Ba) were
synthesized using the high-temperature solid-state method.
Firstly, the initial reaction compounds (purchased from
Aladdin) of CaCO; (99.9%), SrCO;s; (99.9%), BaCO; (99.9%),
La,0; (99.99%), Li,CO; (99.99%), TeO, (99.9%), Yb,O,
(99.99%), and Tm,O3 (99.99%) were weighed according to the
stoichiometric ratio. Secondly, the starting materials were
thoroughly mixed in an agate mortar and ground for
30 minutes. Thirdly, the ground mixture was pre-sintered at
600 °C for 6 hours, and then the samples were sintered at
1000 °C for 4 hours. Finally, the samples were cooled to room
temperature and ground into powder for subsequent structural
and optical performance testing.

2.2 Characterization

The phase structure of the phosphor ALaLiTeOg:Yb*",Tm** (A
= Ca, Sr, and Ba) was tested using a Rigaku Ultima IV X-Ray
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diffractometer (XRD) equipped with Cu-Ka radiation (1 =
1.5418 A) and the scan rate was 5° min™" at 40 kV and 40 mA.
The morphology was obtained using a scanning electron
microscope (JSM-7800F), and the elemental distribution was
analyzed by an energy dispersive spectrometer (EDS) detector.
An X-ray photoelectron spectrometer (PHI5000) was employed
to collect X-ray photoelectron spectroscopy (XPS) spectra of the
ALaLiTeOg:Yb*",Tm?** samples so as to determine their compo-
sition and elemental valence states. Raman spectroscopy was
performed using a laser Raman spectrometer (WITEC 300)
with a laser wavelength of 532 nm. In the measurement, the
power was set at 3.5 mW in order to minimize the heat effect
of the laser.

A power tunable 980 nm laser was selected as the UC
luminescence excitation source, and an Edinburgh FS5 fluo-
rescence spectrometer was used to test the photoluminescence
spectra (PL), and temperature-dependent luminescence
spectra. The test was repeated more than three times in an
effort to ensure the accuracy of the data. The spectral step of
the PL spectra was set as 1.0 nm, and the slit width of the
monochromator was set as 0.3 nm. Temperature-dependent PL
spectra spanning from 303 to 693 K were obtained through a
temperature-controlled platform (INSTEC, MK2000 and
HCP621G-CUV1) integrated with an FS5 fluorescence spectro-
meter. All measurements were conducted at room tempera-
ture, except the temperature dependent PL spectra.

3. Results and discussion

3.1 Crystal structure and phase identification

Previous studies have confirmed that CaLaLiTeOq and SrLaLiTeOg
have monoclinic phases (P2,/n), while BalLaLiOs possesses a
cubic phase structure (Fm3m). In this work, the measured XRD
patterns of the synthesized non-doped and Yb**, Tm*" co-doped
AlaLiTeOg samples are shown in Fig. 1a. The XRD diffraction pat-
terns of ALaLiTeOq:5%Yb*",0.2%Tm>" are consistent with those
of the corresponding standard CIF cards, indicating that the co-
doping with Yb* and Tm** does not cause serious structural dis-
tortions in the double-perovskite.

In order to further validate the crystal structure of
ALaLiTeOg:5%Yb?",0.2%Tm>" (A = Ca, Sr, and Ba), we respect-
ively utilized standard structures of PDF # 04-018-0711, PDF #
04-018-0713, and ICSD # 67851 as the initial data to conduct
Rietveld structure refinement of ALaLiTeOg4:5%Yb>",0.2%Tm>"
(A = Ca, Sr, and Ba) using the GSAS II program. As shown in
Fig. 2a and Table S1-S3,7 the refinement results showed that
all samples’ data were well fitted, and they all converge to low
reliability factors, indicating good consistency between the
experimental data and the standard structure. Due to the sub-
stitution of Ba>", Sr**, and Ca®" in the A-site, ALaLiTeO, under-
goes a phase transformation from BaLaLiOs with a cubic
phase (Fm3m) to CaLaLiTeOq and SrLaLiTeOg with a monocli-
nic phase (P24/n). Accompanied by structural phase transform-
ation, the cell volumes of BalaLiTeOg (5% Yb®*,0.2% Tm®),
SrLaLiTeOg (5% Yb®", 0.2% Tm>"), and CaLaLiTeOg (5% Yb*",
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Fig. 1 (a) XRD patterns of the non-doped and 5% Yb**, 0.2% Tm>* co-doped ALaLiTeOg (A = Ca, Sr and Ba). (b) Raman spectra and (c) crystal struc-

ture of ALaLiTeOg (A = Ca, Sr and Ba).

0.2% Tm>") gradually shrink from 526.272 A® to 251.83 A® and
245.884 A
In order to probe into the possible lattice occupation of
Yb*" and Tm?*' in ALaLiTeOs, we calculated the radius differ-
ences induced by substitutions of (Yb*',Tm**) — La’" and
(Yb**,Tm*") — A(Ca**, sr**, Ba®>") using the following
formula:*°~®
p =R 00% (1)
Rs
where Rg and Ry, represent the radius of the substituted ions
(La**, ca®", sr**, and Ba®**) and doped ions (Yb** and Tm?*"),
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respectively. The calculated results are summarized in
Table S4.1 As listed in Table S4,f the D, values for the replace-
ment of (Yb**, Tm>") — La®*' are 15.1% and 14.3%, respect-
ively, which are less than 30%. Taking into account the small
radius difference and the fact that there is no charge difference
between La*" and (Yb**, Tm®*), we speculate that Yb®" and
Tm*" are more likely to occupy the lattice sites of La**

As shown in Fig. 1c, the skeleton structure of ALaLiTeOs is
composed of alternating and co-angular B(B') octahedron
[TeOg] and [LiO¢], while the A(A') site ions with coordination
number of CN = 8 are filled in the gaps between the alternat-
ing octahedra to balance the entire charge and maintain struc-

This journal is © the Partner Organisations 2024
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Fig. 2 XRD refined picture of (a) CalaLiTeOg:5%Yb>",0.2%Tm>*, (b) SrLaLiTeOg:5%Yb>*,0.2%Tm>*, and (c) BalLaLiTeOg:5%Yb>*,0.2%Tm>*. XPS
spectra of (d) CalalLiTeOg:5%Yb>*,0.2%Tm>, (e) SrLaLiTeOg:5%Yb>*,0.2%Tm>*, and (f) BaLaLiTeOg:5%Yb**,0.2%Tm>".

tural stability. Due to different radii of alkali metal ions occu-
pying the A(A") sites, the distortion and tilt of the octahedra of
[TeOs] and [LiO¢] will degrade the structural symmetry from
the Fm3m cubic phase to the P2,/n monoclinic phase. The dis-
tortion of the perovskite depends on the size and interaction
of the A-site cation and the corner-sharing B(B’)Os octahedra.
The Goldschmidt tolerance factor () is a reliable empirical
index to analyze the size mismatch between the A-site cation
and the [B(B')O¢] octahedra, which can be calculated using the
following expression:*°

ra+ro

\/E(rLi Z T're i r0>

o=

(2)

where 74, 14, 'te, and 7o are the radii of A**(A”"), Li*, Te®" and
07, respectively. In double-perovskite ALaLiTeOg, A>", La®"
Yb*" and Tm>" cations are mixed in the A site, and thus r, is
the weighted average ionic radii of different cations. The calcu-
lated o values for ALaLiTeOq:5%Yb>",0.2%Tm?® crystals are
0.920(A = Ba), 0.894(A = Sr), and 0.871(A = Ca), respectively.
Therefore, the perovskite structure becomes more distorted
with the decreasing ionic radii of A>* cations. With the substi-
tution of Ba®", Sr**, and Ca”* cations, the local symmetry of La
(Yb**, Tm?") sites will also change, resulting in lattice distor-
tion and contraction, which can affect thermal stability of
crystal field environments around luminescent ions.

Raman peaks are caused by lattice vibrations, and the
Raman peak position and intensity represent the distribution
of phonon energy. Raman spectroscopy can analyze changes
in the vibration mode and further identify the effect of

This journal is © the Partner Organisations 2024

A-position substitution on phonon energy. Fig. 1b shows the
measured Raman spectra of ALaLiTeOg at dex = 532 nm. With
the replacement of Ca®", Sr**, and Ba®*' cations, the Raman
intensity located at 100-230 cm ™" corresponding to the trans-
lation vibration of the A position cations is red-shifted and its
peak intensity increases. The Raman peaks located at
400-470 cm™" corresponding to the flexion vibration of the
B-site cationic oxygen octahedron are also blue-shifted. The
strong mode centered at 700-730 cm™' corresponds to sym-
metric stretching vibrations of the lattice.>”* ALaLiTeOq has
strong Raman peaks at 100-230 cm™', 400-470 cm™' and
700-730 cm™!, and the substitution of A-site ions induces a
great influence on the position and intensity of Raman peaks,
that is, on phonon energy.

The SEM images of the synthesized ALaLiTeOg:5%
Yb**,0.2%Tm>" samples are illustrated in Fig. S2.T The mor-
phology of the samples exhibits an irregular polyhedral shape,
with grain sizes ranging from several micrometers to hundreds
of nanometers. EDS measurements indicate that Ca, Sr, Ba,
La, Te, O, Yb, and Tm elements were evenly distributed in the
phosphor particles. Element lithium has a low atomic
number, which is beyond the detection range, so it could not
be detected. However, the subsequent XPS testing proves that
lithium had been doped into ALaLiTeOs. The measured XPS
spectra of ALaLiTeOg:5%Yb’",0.2%Tm>" samples are shown in
Fig. 2. All elements in the experimental synthesis were
detected in the XPS spectra, including Ca**, Sr**, Ba®", La*",
Li*, Te®*, 07, Yb**, and Tm**. The Te-3d core spectra assigned
Te-3ds, and Te-3d3, peaks at 575 and 586 €V are character-
istics of Te®" and hence, imply the complete oxidation of the

Inorg. Chem. Front,, 2024, M, 2784-2797 | 2787
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Fig. 3 (a) Up-conversion PL spectra of AlaliTeOg:5%Yb**,0.2%Tm>*

A Heating @

(A = Ca, Sr, and Ba). (b) The relationship between In() and In(P) of

CalaliTeOg:5%Yb**,0.2%Tm>*. (c) Energy level diagram and thermally enhanced CR processes in the AlaLiTeOg:5%Yb**,0.2%Tm>* phosphor.

Te ion in the matrix. In short, the above results indicate that
we have successfully synthesized the samples ALaLiTeOg:5%
Yb**,0.2%Tm>".

3.2 Up-conversion luminescence properties and mechanism
of ALaLiTeOg:Yb**, Tm**

As shown in Fig. S3, the optimal doping concentration of
CaLaLiTeOq is determined to be 5%Yb*" and0.2%Tm>*. The
PL spectra of ALaLiTeOg:5%Yb>",0.2%Tm>" are shown in
Fig. 3a. Under excitation of a 980 nm laser, all samples demon-
strate the same characteristic emission peaks of Tm>" ions
(475 nm: "G4 — *Hg; 649 nm: 'G, — °Fy; 694 nm: *F,; —
*He).*>*° 1t is worth noting that, as shown in Fig. 3c and
Fig. S4,T the cooperative energy transfer (CET) mechanism

2788 | Inorg. Chem. Front,, 2024, 1, 2784-2797

exists in the ALaLiTeOg (A = Ca, Sr, and Ba) samples with
single-doped Yb*" ions and double-doped Yb**, Tm®* ions.
Two Yb®' ions in the ground state °F,, are simultaneously
excited to the *Fs, level after absorbing two 980 nm photons.
In the excitation energy level, part of Yb*" ions further increase
to the virtual energy level, and then transition from the virtual
energy level to the ground state energy level °F,, and emit
light at 475 nm. The Tm®* ions in the *Hg low level can be
directly excited to the G, level after receiving the energy trans-
ferred from the Yb*" ions in the virtual energy level.*"*?
Another part of Yb®* ions at the excitation energy level *Fs,
can undergo an energy transfer process with Tm>'. Under
980 nm excitation, Yb*" ions undergo a transition of *F, + hv
(980 nm) — *Fs,,, followed by an energy transfer (ET) process

This journal is © the Partner Organisations 2024
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ET1 and resulting in Tm** ions to be excited from the *Hg level
to the *Hj level. Next, with the completion of the non-radiative
(NR) transition process from the *H; level to the *F, level (AE
~ 2500 cm™'), the ET2 process will occur: *Fy(Tm’") +
*F55(YD*) = °F,3(Tm’") + °F,, (Yb*"), the two-photon tran-
sition from °F,; — *H, results in the emission of deep red
(694 nm) emissions. Finally, accompanied by the completion
of the °F,; — °H, NR transition process (AE w
1530-2030 cm™'), the ET3 process occurred: *H, (Tm®*) +
*F55(YD*) = 'Gy(Tm*") + *F,, (Yb*"). Strong blue (475 nm)
and red (649 nm) emissions can be achieved by the three-
photon transitions of 'G, — *Hg and 'G, — °F,, respectively.
Remarkably, there is also a four-photon process taking place:
1G4(Tm*") + 2F5,(Yb®") = 'Do(Tm**) + %F,,, (Yb*), the 'D, —
3F, transition process results in a weak blue light (450 nm)
emission,*®*7*3

In order to elucidate the UC luminescence mechanism of
Yb** and Tm*" co-doped ALaLiTeOgs phosphors, the UC emis-
sion spectra of ALaLiTeOg:5%Yb**,0.2% Tm>*" phosphors were
measured at different laser pump powers. The relationship
between UC luminescence intensity (I) and laser power (P)
from the excitation source can be fitted through the following
equation:**

Iocp® (3)

where n represents the exact number of photons involved in
the UC process. By taking logarithmic functions on both sides
of eqn (3), the functional relationship curve between In (I) and
In (P) can be obtained, as shown in Fig. 3b and Fig. S5.1 By
linear fitting, the corresponding power exponents (n) of the
emission at 475 nm, 649 nm and 694 nm in CaLaLiTeOg4:5%
Yb3*,0.2%Tm>" are 2.40, 2.39 and 1.82, respectively. The calcu-
lated value of n for these luminous transitions is almost equal
to 2, indicating that 'G, — *Hs and ‘G, — °F, are mainly two-
photon absorption processes with a small amount of three-
photon absorption processes, this may be because the CET
process of Yb®" ions involved in UC luminescence is a two-
photon process. The calculated 7 value of *F, ; — *Hp is 1.82,
which indicates a two-photon absorption process. Yb®" and
Tm>" co-doped SrLaLiTeOg and BaLaLiTeO, phosphors exhibit
the same UC photon absorption characteristics as CaLaLiTeOg.

As demonstrated in Fig. 3a, it is worth noting that the emis-
sion intensity of ALaLiTeOg:5%Yb*",0.2%Tm>" exhibits signifi-
cant changes with different types of A-site occupying ions.
Specifically  speaking, the emission intensity of
CaLaLiTeOgq:5%Yb**, 0.2% Tm>" is 15.85 times stronger than
that of BaLaLiTeOs:5%Yb>",0.2%Tm?>". Therefore, in the Yb**
and Tm** co-doped ALaLiTeOg system, the size of the A-site
cation has a significant impact on the photoluminescence per-
formance of the phosphor. However, the probability of a radi-
ation transition from °F, ; to *H, occurring at room tempera-
ture is still very small, because the 694 nm intense red-light
emission corresponding to this transition was observed to be
weak in the measured emission spectrum. Based on the FT-IR
and Raman spectroscopy test results shown in ESI Fig. S6,f the
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strongest cutoff band phonon frequencies generated by
stretching vibration in the crystal are located at 650 cm™" and
720 cm™*, respectively, indicating that the maximum phonon
energy distribution in the crystal is in the range of
650-720 cm™'. At room temperature, Tm>" ions tend to decay
from level-’F,; to level’H, with the assistance of 2-3
phonons, as the non-radiative transition of 3F2,3 — *H, only
need to span an energy interval of 1530-2030 cm™'. With the
increase of temperature, the phonon-assisted cross relaxation
process of Tm*-Tm>" gradually plays a dominant role in UC
luminescence, and the transition probability of *F,; — *Hs
gradually increases. This will be discussed further in section
3.4.

3.3 First principles calculations

In order to further explore the changes in the crystal structure
and luminescence properties caused by the substitution of
basic metals Ca, Sr and Ba in the ALaLiTeOq system, we per-
formed first-principles calculations of the system. All density
functional theory (DFT) calculations for structure optimization
energies, and band structures were implemented in the
Cambridge Serial Total Energy Package (CASTEP) with the
ultrasoft pseudopotentials (USPs). The generalized gradient
approximation (GGA) using Perdew-Burke-Ernzerhof (PBE)
functional was adopted to treat the exchange and correlation
energy. The electronic band structures and density of states of
the ALaLiTeOs (A = Ca, Sr, and Ba) and the Yb, Tm-doped
ALaLiTeO4:Yb,Tm (A = Ca, Sr, and Ba) were calculated by using
the first-principles calculation based on density functional
theory. The initial crystal configuration of ALaLiTeOs (A = Ca,
Sr, and Ba) was constructed according to the experimental
results reported by M. L. Veiga et al.*® The 2 x 2 x 1 and 2 x 1 X
1 supercells of ALaLiTeOq (A = Ca, Sr, and Ba) that have 80
atoms were constructed for the DFT calculation in this work.
The plane-wave cutoff energy was set to 450 eV to ensure accu-
racy. An appropriate Monkhorst-Pack Brillouin sampling grid
with a spacing of 2x x 0.04 A™" was used for all structures. The
convergence criterion of optimization for the total energy and
force on the atoms, were 0.02 meV per atom and 0.05 eV A,
To examine the influence of ion doping on the electronic
structure, the electronic band structure and the density-of-
states of the ALaLiTeOg (A = Ca, Sr, and Ba) matrix, Yb doped
and Yb, Tm-doped ALaLiTeOg¢ (A = Ca, Sr, and Ba) were calcu-
lated based on density functional theory (DFT). As shown in
Fig. 4 and Fig. S7,f the monoclinic structures CaLaLiTeOs and
SrLaLiTeO¢ have indirect band gaps of 2.567 eV and 2.515 eV,
respectively. After Yb ion doping, the sample changes from an
indirect band gap to a direct band gap, and the band gap
value decreases significantly, which is beneficial for the exci-
tation of electrons. With co-doping Yb and Tm ions, the direct
band gap decreases to 2.161 eV and 2.251 eV located in the
Brillouin zone at the same G symmetry point in the region, it
can be seen that the band gap change of CaLaLiTeOsq is the
most obvious. Due to its minimum band gap value, it can be
concluded that the transition of electrons from the valence
band to the conduction band is more likely to occur, and in
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the best CaLaLiTeOg system the luminous intensities confirm
each other. The band gap change of the cubic structure
BaLaLiTeOg is different from that of the monoclinic structure,
its direct band gap is 2.237 eV. With the doping of Yb and Tm
ions, the sample still has a direct band gap (2.241 eV and
2.194 eV). In addition, we also tested the UV-Vis diffuse reflec-
tance spectra of the samples, and calculated the band gap
values corresponding to each sample using the Wood-Tauc
(W-T) formula and the Kubelka-Munk (K-M) function, as
shown in Fig. S8.1 The band gap value calculated by the first-
principles calculation is generally smaller than the band gap
value calculated by the UV-visible diffuse reflection experi-
ment, which is consistent with our results.

To obtain further insight into changes in the electronic
structure, we analyzed the density of states (DOS) of the
ALaLiTeOg (A = Ca, Sr and Ba), as shown in Fig. 5 and Fig. S7
and S9.1 For the monoclinic CaLaLiTeOg, the s orbitals and p
orbital show dominant contribution near the Fermi level,
which is composed of Te-5s/Li-1s hybridized with O 2p orbi-
tals.Te 5s states are completely empty lying 3 eV above the
Fermi level in the conduction band, indicating that the elec-
tron density of the undoped sample is concentrated in the
[TeOs] eight-coordinated dodecahedron, while the La-5d states
are completely filled or empty. With the introduction of rare
earth element Yb at the La site, the corresponding s/p/d
orbital contribution does not change significantly, but the Yb
4f orbital appears at the Fermi level,*” and due to the relatively
large absorption cross-section, introducing Yb and Tm ion can
effectively improve the luminescence properties of the sample.
The similar density of states characteristics also appears in
SrLaLiTeOg:Yb and BaLaLiTeOg:Yb. After Yb and Tm co-doping

2790 | Inorg. Chem. Front., 2024, M, 2784-2797

in ALaLiTeOs, it can be observed that the valence band (VBM)
of ALaLiTeOe:Yb,Tm is composed of the 4f state of Yb and Tm
atoms and the 2p state of O atoms. The CBM moves slightly
towards the Fermi level, and the main contribution state still
comes from the Te-5s state and O 2p, Ca/Sr/Ba/La d states lie
far above the Fermi level, which is consistent with the nominal
Ca®*/sr**/Ba**/La®" valence state. It is noted that the intensity
of the f electrons near the Fermi level significantly increases in
the PDOS of CaLaLiTeOq:Yb,Tm and SrLaLiTeOg:Yb,Tm, while
the contribution value of the 4f orbital in of the BaLaLiTeOg:
Yb,Tm has not increased significantly. The calculation results
are consistent with the experimental results that the lumine-
scence intensity of ALaLiTeOg (Ca, Sr and Ba): Yb, Tm gradu-
ally decreases with the change of substituted cations Ca, Sr,
and Ba.

3.4 Temperature sensing properties of ALaLiTeOg:5%
Yb**,0.2%Tm>"

Under 980 nm excitation, the temperature-dependent spectra
of ALaLiTeO4:5%Yb*",0.2%Tm>" (Ca, Sr and Ba) ranging from
303 to 693 K were measured and presented in Fig. 6(a, ¢ and
e). A series of emission peaks located at around 450, 475, 649
and 694 nm can be distinguished, which can be assigned to
transitions of 'D, — °F, (450 nm), 'G, — *Hg (475 nm), 'G, —
°F, (649 nm), °F, ; — *He(694 nm), respectively. However, the
response of different radiation transition intensities to temp-
erature changes exhibits different or even opposite trends. The
emission intensity generated by 'D, — °F, (455 nm), 'G, —
*H¢ and 'G, — °F, (475 nm and 649 nm: CET from Yb*' ions
and ET from Yb** — Tm*" ions) continue to decrease with the
rising of temperature. In contrast, the emission intensity gen-
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Fig. 5 The PDOS, bonding and anti-bonding orbitals of (a—c) ALaLiTeOg and (d—f) ALaLiTeOg:Yb,Tm with (A = Ca, Sr, and Ba).

erated by °F,; — *Hg (694 nm: ET from Yb** — Tm*" ions)
increases with the temperature over a certain temperature
range.

Considering that the response of fluorescence intensity at
694 nm to temperature changes is completely different from
the radiation at 475 nm and 649 nm, we use the fluorescence
intensity ratios of FIR; = Isg4/lg40 and FIR, = Ig94/I475 as dual-
mode thermometry, respectively. The NTCL with an energy
interval greater than 2000 cm™", and its fluorescence intensity
ratio changes with temperature, which does not conform to
the Boltzmann distribution.*® From Table S5,} it can be seen
that the energy gap difference of the emission energy levels of
Tm>" at 475 nm, 649 nm and 694 nm is about 6500cm ™, since
they have a large energy gap difference, this is a non-thermally
coupled level, it is difficult to fill them through thermal
activation. According to previous reports,*® one knows that the
relation between temperature and FIR values of emissions
originating from nonthermally coupled levels can be expressed
as:

FIR = Aexp (— ?) +C (4)

where T is the absolute temperature and A, B and C are fitting
constants. The calculated results of FIR in Fig. 6(b, d and f)
indicate that FIR highly fits eqn (8). The calculated correlation
coefficients R of linear curve fitting are all above 99.7%.

In order to facilitate the evaluation of the fluorescence
thermal sensitivity characteristics of materials, two important
parameters, absolute sensitivity (S,) and relative sensitivity
(Sy), are usually introduced to compare the temperature

This journal is © the Partner Organisations 2024

measurement accuracy between different thermometers. The
calculation formulas for S, and S, are as follows:*%°*

s, R ol B) « (B 5)
@ = ar AP\ 77 T2
Aexp B
1 dFIR -7 B
=R AT BT X g X 100% (6)
Aexp—?—l—C

The calculated S, and S, values of the three UC phosphors
in the two temperature measurement modes FIR; and FIR, are
shown in Fig. 7.

The crystal structure distortion of the matrix induced by the
change in the ion radius of the A-site has a greater impact on
the thermometry performance of the ALaLiTeOg:5%Yb**,0.2%
Tm®" phosphor. As shown in Fig. 7a-d, the values of S, con-
tinue to increase as the temperature rises. As the radius of the
A-site ion in the matrix crystal ALaLiTeOg increases, the slope
of the increase in the S, value with increasing temperature
continuously increases. Therefore, in the BaLaLiTeOg:5%
Yb**,0.2%Tm>" system, under the FIR; temperature measure-
ment mode, we calculated the maximum value of S, to be
10.05% K™ (693 K). In the FIR; thermometry mode, the S; of
CaLaLiTeO¢ and SrLaLiTeOgs phosphors decreases as the temp-
erature increases. In the FIR, thermometry mode, the S, values
of the three phosphors showed a trend of rising first and then
falling as the temperature increased. The maximum S, value of
4.69% K™' (303 K) can be achieved with SrLaLiTeOg:5%
Yb**,0.2%Tm>" in the FIR; thermometry mode. ALaLiTeOg:
Yb**,Tm>" (A = Ca, Sr, Ba) exhibits excellent thermometry sen-
sitivity in both FIR; and FIR, temperature measurement
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Fig. 6 (a, c and e) The temperature-dependent PL spectra of AlaLiTeOg:5%Yb**,0.2%Tm>* phosphors (inset: the PL emission intensity versus
various temperatures). (b, d and f) The calculated temperature-dependent fluorescence intensity ratios of FIR; = (3F2,3 - 3Hg)/(*G4 — 3F4) and FIR, =

(F,35 = *He)/(*G4 — *Hg).

modes. Moreover, the presence of two high sensitivity tempera-
ture measurement modes FIR; and FIR, can construct a self-
calibrating thermometer, further improving the accuracy of
temperature monitoring.

The origin of the high-sensitivity optical thermometry of
ALaLiTeO4:5%Yb",0.2%Tm?" is related to the significant
difference in the response of the transition emission intensity
of the three-photon process and the two-photon process to
temperature changes. The emission intensities of 475, 649 and
694 nm are mostly determined by the collaborative action of
two non-radiative transitions (NR1: *Hs — °F, and NR2: *H; —
3F,) and three cross-relaxation processes (CR1: *H, + 'G, —

2792 | Inorg. Chem. Front,, 2024, 11, 2784-2797

D, + 3F,, CR2: *°H, + 'G, - °F, + 'D,, CR3: *H¢ + 'G, —» °F, +
%F,,5).*>°** However, it should be noted that the occurrence
probability of these two non-radiative transition processes and
three cross relaxation processes highly depends on the phonon
energy of the matrix crystal. At room temperature, the UC
luminescence is mainly affected by multi-phonon-assisted
non-radiative transition processes of NR1 and NR2, while the
cross-relaxation process probably has little effect on the up-
luminescence process. As the temperature
increases, the three cross-relaxation (CR1, CR2 and CR3) pro-
cesses may readily take place with phonon-assistance due to a
small energy mismatch (about 590 cm™" for CR1, 290 cm™" for

conversion
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Fig. 7 (a and b) The calculated S, and S, values of ALaLiTeOg:Yb®**,Tm>* based on FIR;. (c and d) The calculated S, and S, values of ALaLiTeOg:Yb®*,

Tm3* based on FIR,.

CR2 and 730-1230 cm™" for CR3). Coincidentally, by replacing
A-site ions in the matrix crystal of ALaLiTeOq, we effectively
regulate the phonon energy, which can better match the
energy difference in the Tm*'-Tm®" cross relaxation process,
thereby enhancing the occurrence of the three cross relaxation
processes of CR1, CR2 and CR3. In the ALaLiTeO4:5%
Yb*",0.2%Tm>" system, the increase of temperature will
further intensify the lattice vibration of the matrix, and thus
enhance the Tm*'-Tm*®*" phonon-assisted cross relaxation
process.

As shown in Fig. 3c, the enhancement of the three phonon-
assisted cross relaxation processes CR1, CR2 and CR3 will
reduce the population of particles in the 'G, level, thereby
weakening the transition emission intensity of the three-
photon process (475 nm and 649 nm). In contrast, the
enhancement of the CR3 cross relaxation process can directly
increase the population of particles in °F,; level, thereby
strengthening the emission intensity of the two-photon
process (694 nm).

On this basis, we compared the thermometry performances
of ALaLiTeOg:5%Yb*",0.2%Tm>" with other published Yb**

This journal is © the Partner Organisations 2024

and Tm*" co-doped phosphors, as shown in Table S6t and
Fig. 8. For the Yb-Tm co-doped system, the fluorescence inten-
sity ratios of 694 nm/649 nm, 694 nm/475 nm, and 694 nm/
800 nm were mainly selected as optical temperature measure-
ment energy level pairs. And among them, the optical tempera-
ture measurement method based on FIR = 694 nm/649 nm
normally exhibits a large S, but a small S, value. While the
optical thermometers constructed by FIR = 694 nm/475 nm
and FIR = 694 nm/800 nm usually demonstrate a large S; but a
small S, value. It is worth noting that in this work, the optical
thermometers constructed based on FIR = 694 nm/649 nm in
ALaLiTeOg:5%Yb**,0.2%Tm*" phosphors exhibit significant S,
and S, values simultaneously. In particular, as the core metric
of optical thermometry, the obtained maximum S, value is
much higher than previously reported results. It can be fore-
seen that Yb** and Tm>" co-doped ALaLiTeOg phosphors have
broad prospects in temperature detection.

3.5. Repeatability and stability of optical thermometry

A good optical thermometer not only possesses high sensi-
tivity, but also has good stability and repeatability. In order to
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Fig. 8 Comparison of thermometry sensitivity between AlaLiTeOg:5%Yb®*,0.2%Tm>* and other Yb** and Tm>* co-doped phosphors.

evaluate the thermometry repeatability, ten-cycle temperature
measurements in the range of 303-603 K were carried out in
both FIR; and FIR, thermometry modes, and the results are
shown in Fig. $10.1 Repeatability (R) can be defined as:>

max FIR¢-FIR;
FIRc

R=1 7)
where FIR; and FIR¢ are the measured and mean values,
respectively. It can be seen from Fig. S107 and c that the rep-
etition rates of the three synthesized phosphors for each ther-
mometry mode exceed 97%.

In addition, we continuously measured the FIR spectra of
ALaLiTeO4:5%Yb*",0.2%Tm?*" in two optical thermometry
modes 50 times at an ambient temperature of 603 K, and the
measurement results are shown in Fig. 9a and b. On this

basis, we calculated the temperature uncertainty (67) using the
following formula:**

_ 1FIR
" S, FIR

(8)

where JFIR and FIR are the standard deviation and average
value of 50 measurements, respectively. The curve of the vari-
ation of 67 values with temperature changes obtained from
eqn (8) is shown in Fig. S11.}f In the temperature range of
303-603 K, the 8T values of the ALaLiTeOg:0.2%Tm>",5%Yb*"
phosphor was determined to be about 0.283-0.858 K in the
optical thermometry FIR; mode and about 0.479-0.803 K in
the optical thermometry FIR, mode. Low 6T values and high R
values of the ALaLiTeOg:0.2%Tm>*,5%Yb*" phosphor indicate
that the two temperature measurement modes constructed

d [FIR1 T=603K BLLT:S%Yb“*,O.Z%Tm‘”8F1R=0.074|I b

FIR2 T=603K BLLT:5%Yb>*,0.2%Tm>" FIR=0.025
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Fig. 9 (a and b) FIR distribution at 603 K for 50 consecutive measurements.
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have excellent thermometry sensitivity, stability, and repeat-
ability, making them optical thermometers with great poten-
tial for application.

4. Conclusions

We successfully prepared a type of UC phosphor of
ALaLiTeO4:5%Yb*",0.2%Tm*" (A = Ca, Sr, and Ba) through a
high-temperature solid-state reaction. Based on first principles
calculations and combined with XRD and Raman spectroscopy
measurements, it has been confirmed that replacing the A-site
ions in ALaLiTeOg:5%Yb*",0.2%Tm>" phosphors with Ca®",
Sr** and Ba®" can effectively regulate the phonon energy of the
matrix crystal. The measurement results of temperature-depen-
dent UC emission spectra demonstrate that there is a signifi-
cant difference in the responses of three photon UC emission
(649 and 475 nm) and two-photon UC emission (694 nm) to
temperature changes. Therefore, a dual-mode thermometer
based on FIR; = Igga/lgse and FIR, = I¢94/l475 Was constructed.
The maximum S, = 4.69% K ' (303 K) is achieved in
SrLaLiTeOg, while the maximum S, = 10.05% K" (693 K) is
obtained in BaLaLiTeOg. The origin of high-sensitivity optical
thermometry is related to the phonon-assisted cross-relaxation
channels of CR1, CR2, and CR3 exhibiting varying degrees of
responses to temperature changes. With temperature
increases, involving appropriate phonon cooperation, the col-
laborative action of two non-radiative transitions and three
cross-relaxation processes can degrade the emission intensity
at 475 nm, but enhance the emission intensity at 694 nm, thus
effectively improving the thermometry sensitivity. In addition,
the low 6T value and high R value indicate that the
ALaLiTeO4:5%Yb>",0.2%Tm*" phosphors have excellent ther-
mometry stability and repeatability. Our results not only help
construct a highly sensitive optical thermometer, but also
provide new insights for exploring ultra-sensitive optical temp-
erature Sensors.
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