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Abstract: Noncontact optical thermometers have attracted widespread attention, but existing problems such as single-
mode and low-sensitivity thermometers still urgently need to be solved. Herein, a novel multiple-mode thermometer was
designed for the polymorphism LaSc;(BO3),:Eu***,Li*. X-ray diffraction (XRD) patterns revealed a slight transition between
a- and B-phases with the concentrations of the dopants, which is further proved by structure refinements and first-principles
calculations. The coexistence of Eu? and Eu® in the phosphors and their relative percentages were confirmed by X-ray
absorption near-edge structure (XANES) spectra. Benefiting from appropriate emissions from Eu* and Eu** without obvious
energy ftransfer and their opposite changing trends with temperatures under 307 nm excitation, a triple-mode optical
thermometer is obtained for this material within the temperature range of 150—450 K. The highest sensitivities of 27.65,
14.05, and 7.68 %K™ are achieved based on two fluorescence intensity ratio (FIR) modes of Eu* and Eu*" (5d—4f/"Dy—"F, 4)
and the fluorescence lifetime (FL) mode of Eu®, respectively. To the best of our knowledge, the former is almost the highest
in Eu** and Eu* co-doped thermometers. These results indicate that this material may be used as an excellent multiple-
mode optical thermometer.

Keywords: europium (Eu) ions; phase transition; multiple-mode optical thermometer; thermal quenching properties;
fluorescence intensity ratio (FIR); fluorescence lifetime (FL)

1 Introduction

Temperature, a crucial thermodynamic parameter, not only
influences daily life but also plays important roles in industrial
production, scientific surveys, and many other fields [1-3]. To
meet the demands for highly accurate and sensitive temperature
measurements,  exploring thermometers with  excellent
performance has attracted widespread attention [4-6].
Conventional thermometers based on the thermal expansion and
contraction characteristics of liquids or metals have difficulty
avoiding direct contact with targets [7,8]. Therefore, it is difficult
to satisfy the measurement requirements under many harsh
conditions, such as extreme temperatures and strong corrosion
[9,10]. To overcome these difficulties, noncontact optical
thermometers, which depend on the real-time response of the
temperature-dependent optical properties of rare earth or other
metal ions, have become popular due to their advantages of high
sensitivity, rapid response, high spatial resolution, etc. [11-13].
The abundant optical properties of luminescent materials,
including fluorescence emission intensity, emission peak position,
bandwidth, band shape, and fluorescence lifetime, show close
relationships with temperatures, which provides important bases
for optical temperature measurements [14—16].

To date, fluorescence intensity ratio (FIR) and fluorescence
lifetime (FL) have become the two most commonly investigated
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parameters used for temperature monitoring [17,18]. FIR-based
thermometers are generally divided into two kinds: those with
thermally coupled energy levels and those with nonthermally
coupled energy levels [19]. The former must meet the requirement
of an appropriate energy difference of 200-2000 cm™, which
greatly impedes the improvement of sensitivity and the
enhancement of accuracy [20]. In contrast, the latter utilizes the
regular and significant temperature responses of dual-luminescent
centers without energy limitations, so it can not only effectively
avoid interference from external factors but also contribute to
widening the temperature range and increasing the temperature
sensitivity [21]. The FL-based method experiences fewer
uncertainties arising from light sources or measurement
conditions compared with the FIR-based technique, but the
equipment is relatively more expensive, and the working
temperature is not flexible [22]. Many luminescent materials, such
as YNbO,:Yb*/Er* nanoparticles, LaPO,Yb*/Nd* nanourchins,
and Sr,InTaOgMn* phosphors, have been used in FIR- or FL-
based thermometers [23-25]. However, most of the reports only
focus on single-mode temperature sensing techniques, which
possibly induce some deviations due to insensitivity in certain
temperature regions [8,18]. Therefore, developing dual- or
multiple-mode thermometers is highly important for increasing
the measurement accuracy. Recently, Ca;LiZnV;0,,:Sm*
phosphors have been reported as four-mode luminescent
thermometers with maximal relative sensitivities of 2.41 %-K*
(342 K) based on fluorescence intensity, 1.91 %K™ (336 K) based
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on FIR, 0.567 %K' (303 K) based on the Commission
Internationale de LEclairage (CIE) coordinates, and 1.27 %-K™
(303 K) based on the excitation intensity ratio [26].
Ca;LiMgV;0,,:Sm* and LnPysV,s0,Er*/Yb* (Ln = Y, Gd, and
La) phosphors have also been reported as triple- and dual-mode
thermometers with maximal relative sensitivities of 1.99 %K
(357 K) and 1.05 %-K" (300 K), respectively [27,28]. Although
remarkable progress has been made in multiple-mode
thermometers, the sensitivity and thermometry range still need to
be further improved to meet the demands of practical
applications.

As a typical rare earth element, europium (Eu) may be a
suitable activator of phosphors for noncontact luminescent
thermometers. Both Eu** and Eu* are often used as luminescent
centers, but their luminescence properties are quite different. Eu**
is known for its 4f" electron configuration and generally exhibits
broadband emission arising from the parity-allowed 4f5d'-4f
transition [29]. Due to the exposed 5d excited-state outer orbital,
the emission of Eu™ is easily affected by the host lattice
environment and coordination conditions [30]. Unlike Eu*, Eu*
possesses a stable 4f electronic configuration, and several sharp
peaks in its emission are attributed to parity-forbidden 4f-4f
transitions [31-33]. The luminescence of Eu* is basically
undisturbed by the external environment due to the shielding of
the outer 5s* and 5p° electrons, so Eu* is an appropriate internal
reference in optical thermometers [34,35]. Therefore, Eu**- and
Eu*-co-doped phosphors are proposed to be ideal temperature-
sensing materials [35]. However, the selection of hosts and the
synthesis conditions for mixed-valence phosphors should meet
specific requirements, such as an appropriate reducing
atmosphere, coordination environment, and lattice size, which can
hinder the preparation of such materials [36,37]. There are several
reports on Eu** and Eu* co-doped phosphors for the temperature
measurement, such as Eu*** co-doped Sr, o5, Li,_,Si; ALO,F (0 <
x < 0.25) [36], SrsP,0,5 [38], and MgAl,O, [39]. However, only
the FIR-based technique has been adopted, and the relative
sensitivities of 0.83, 1.06, and 0.83 %-K™ are not satisfactory.

Optical thermometry is currently considered a valuable
research field. However, most researchers have focused on pure-
phase materials in this field, and they are likely to ignore the
improvement in the performance induced by structure-phase
transitions in mixed-phase materials. In fact, not all inorganic
compounds are easily prepared with a pure phase, and materials
with structure-phase transitions, such as the electrostatic-doping-
driven phase transition in monolayer molybdenum ditelluride
(MoTe,) [40] and temperature-induced structural transition in a
photoluminescent thermometer of Na[(Gd,4Eu,,Tb,,;)SiO,], may
have regular and excellent optical, electrical, or magnetic
properties [41]. Unfortunately, relatively few investigations on
multiphase materials for optical thermometry have been reported.
Therefore, it is of theoretical significance and application value to
explore optical thermometers based on multiphase materials co-
activated with Eu** and Eu™.

In our previous work [42], Eu*-doped polymorphic
LaSc;(BO;), (denoted LSBO) phosphors were studied in detail,
and the thermal stability of the resulting luminescence was shown
to be excellent. More importantly, increasing the doping
concentration of Eu* from 0 to 0.80 has been proven to induce
the phase transition from a to  and improve the luminescence of
Eu* in the LSBO. Herein, Eu* and Eu* co-doped LSBO
polymorphism with Li* as a charge compensation agent is chosen
to obtain a multiple-mode optical thermometer with high
sensitivity. Similar to our previous report, the doping of Eu*** or
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Li* can induce the slight transformation of the LSBO phase from a
to B. The phase percentages with different concentrations of Eu*"**
and Li* were confirmed by two-phase X-ray diffraction (XRD)
refinements, and the phase transition process was explained by the
total energy of the system based on first-principles calculations. As
the phase transforms from o to {3, the percentage of Eu** increases,
which is proven by the XANES spectra. According to the
refinements of the temperature-dependent XRD patterns, the
phase percentage and crystal structure can hardly be influenced by
the temperature within 200-600 K, which provides a good
foundation for this material to serve as an optical thermometer.
The temperature-dependent emission spectra under 307 nm
excitation showed that the changes in the emission intensities of
Eu* and Eu™ were opposite within the temperature range of
150-450 K. Three modes, including two FIR-based and one FL-
based mode, were detected in this material, and the highest
relative sensitivities of FIR; (5d-4{/°Dy—"F,), FIR, (5d-4{/°"D,~"F,),
and the FL of Eu* reached 27.65, 14.05, and 7.68 %K,
respectively. The minimum values of their temperature
resolutions are 0.0004, 0.0007, and 0.018 K. Compared with recent
reports, the relative sensitivities of this work show apparent
advantages, giving great potential for application in optical
thermometry.

2 Experimental

21 Raw materials and sample preparation

Two series of La,_,Sc;(BO;)gxEu** (x = 0, 0.02, 0.04, 0.06, 0.08,
and 0.10) and LayeeSc;(BO5):0.02Ew** yLi* (y = 0.02, 0.05, 0.08,
0.10, 0.15, and 0.20) samples were prepared via a high-
temperature solid-state method. The raw materials, including
La,0; (99.99%), Sc,0; (99.99%), H,BO; (99.99%), Eu,0,
(99.99%), and Li,CO; (99.99%), were mixed in an agate mortar
according to stoichiometric ratios, and 20% excess H;BO; was
added to the mixtures. After being thoroughly ground for more
than 20 min, the mixtures were transferred into an alumina
crucible and preheated at 873 K for 3 h in an air atmosphere with
a heating rate of 5 K:min™. Then, the mixtures were reground and
heated at 1573 K for 5 h under a reducing atmosphere containing
5% H, and 95% N,. After naturally cooling to room temperature,
the synthesized samples were reground for subsequent
measurements.

2.2 Measurements and characterizations

Powder X-ray diffraction (PXRD) data at room temperature for
the phase characterization and crystal structure analysis were
collected on a diffractometer (D-Max 2200 VPC, Rigaku) at 40 kV
and 26 mA with Cu Ka radiation (1 = 1.5405 A). The temperature-
dependent XRD data were measured with a diffractometer (D8
Advance, Bruker) with Cu Ka radiation (1 = 1.5405 A). The XRD
data were collected with the JADE 6 software. The XRD
refinements were conducted with the GSAS software [43]. The
morphology and elemental composition of the samples were
analyzed on a scanning electron microscope (SEM; Quanta, FEI)
equipped with an energy-dispersive spectrometer. X-ray
absorption spectra at the Eu L;-edge XANES were collected at
beamline BL14W1 of the Shanghai synchrotron radiation facility
(SSRF) using a Lytle detector with a Cr filter. The measurements
were performed at room temperature, and the excitation energies
were selected by a Si(111) double-crystal monochromator.
Photoluminescence excitation (PLE) and emission (PL) spectra
were measured by a fluorescence spectrophotometer (FLS980,
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Edinburgh Instruments Ltd.) equipped with a 450 W xenon lamp
and a 345 nm laser. With the help of an additional Oxford
OptistatDN temperature controller, temperature-dependent PL
spectra and decay curves within the temperature range of 150—
450 K were collected on the same instrument.

2.3 Calculations of system total energy

Considering that each unit cell of a- and -LSBO encompasses 4
and 3 chemical formulas of LaSc;(BOs),, respectively, 3 x 1 x 1
and 2 x 2 x 1 supercells were individually constructed for a- and
B-LSBO. The total number of atoms in the simulated supercells is
240, incorporating 12 La™ sites. Predicated upon the supercell
structures of each phase of the LSBO, we randomly substituted
one Eu* and one Eu™ for two La™ sites to create the LSBO:Eu**
doping model. Subsequently, one Li* ion was placed on the basis
of this doping model to obtain the novel structure of
LSBO:Ew**,Li. All the structures thus established were
optimized, and their respective total energies were obtained.

The structural optimizations were performed by the projector
augmented wave (PAW) method [44] with the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional

[45] in the Vienna ab initio simulation package (VASP) (version
6.2.1) [46]. Monkhorst-Pack k-point meshes of 1 x 2 x 2 and 1 x
1 x 3 were used for the a- and B-phases, respectively, during the
structural optimizations. The cutoff energy for the plane-wave
basis set was 320 eV. The convergence criterion for the total
energy was set to 10 eV, and the residual force on each atom
should be smaller than 0.05 eV-A™. For the system total energy
calculations, k-points of 1 x 4 x 4 and 1 x 1 x 6 Monkhorst-Pack
grids were used for the a- and B-phases, respectively. Moreover,
the cutoff energy for the plane-wave basis set was 500 eV. The
convergence criterion for the total energy was set to 10° eV.

3 Results and discussion

3.1 Structure and composition analyses

LSBO crystals were reported to be polymorphic compounds with
different phases, including the a- and P-phases [47-49]. As
presented in Fig. 1(a), the a-LSBO crystal belongs to the C12/cl
space group (ICSD#83404). The [ScO4] octahedra connect with
each other by sharing edges, generating pieces of twisty chains.
The [LaO4] octahedra and [BOs] triangles connect with [ScOg]

(b)

ICSD # 89013
3 ‘ [-phase |
ﬁ 1, ‘|. | A | ET Y P I
LSBO:0.02Eu>***,0.20Li"
[LaOg] ~Liv L l USRI |
;‘/ LSBO:0.02Eu™**,0.10Li"
& A j. I |
@ s D g
E R y
: ot —
A l. L PO | : H
o : : ICSD#83404
E @-phase
° |
(-] (+] i It 'I. Mt 1 el lI nII.
[BO;] 10 20 30 40 50 60 15 20
20 () 20 ()
c d e
© LSBO:0.02Eu*"** 0.10Li* @ — 12.86% © E S2000{ T e- oo -
X Rawdata 0 ,o\ s ~ -2020 Tj-plmse
Calculation line \ ’ . ] _ Q= = - - . o
- —— Difference §° AN g N 10.389%) S -20401 9--phase
3 I phase & . 990% 7 o S 270
£ I f-phase § . @ b 2 2707 @---.__ _. e
> g N/ -@- o-phase = 252 S~
=z R = 6.99% 2 N -@- pP-phase s T
§ Rep=991% 2 “ o N E 23.4 ~e
ix] L
= A it N . %9.6204 gouz{ o---___. &
n LR (00| D] OO 1 R O I | S 0’ h Cd . \10'104- h = es
II‘ WO wImyene smnm \I‘IIIIII i 5.73% * ‘\\
$ ] 87.14% 5 0.096 @
20 40 60 80 Host y=0 y=010 y=020 LSBO  LSBO:Eu* LSBO:Eu?"*,Li*
20 (°) Sample Sample
® © (h) s
LSBO:0.02Eu***yLi" ~——LSB0:0.02Eu****,0.10Li" 214
S| —»=0 Eu¥ T |- Baseline Eu™
g —y-om & Eu* 220 LN Q 84 Q)
P y=010 = Eu™* s 0\ 7 S
2 —y =020 =2 |-- ~Fitting line gn ‘\ 7 83 gan
g £ 5199 B 4 E
£ z s % ‘ 82 5
= = £ 18 N / £
= 8 2 X\ / F81 =
= = Y/ A #5171 N, d &
§ § = N 80 =
z Sl I S 161 @ Eu* [79

6960 6970 6980

Energy (eV)

6990 7000 6970 6975 6980

Energy (eV)

6985 6990 0.00 005 010 015 020

y

Fig.1 (a) Crystal structure of a-LSBO, (b) XRD patterns of host and LSBO:0.02Euw**,yLi", (c) XRD refinement of LSBO:0.02Eu***,0.10Li", (d) a- and B-phase
percentages of host and LSBO:0.02Eu*"yLi’, (e) calculated E,,, AE,, and AE,, of LSBO, LSBO:Eu**, and LSBO:Eu**Li", (f) Eu L;-edge XANES spectra of
LSBO:0.02Eu*™yLi", (g) peak fitting for XANES spectra of LSBO:0.02Eu***,0.10Li", and (h) relative percentages of Eu** and Eu* in LSBO:0.02Eu***yLi".
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octahedra by sharing angles, forming a low-symmetry monoclinic
phase. The crystal structure of B-LSBO shown in Fig. SI in the
Electronic Supplementary Material (ESM) is similar to that of
a-LSBO, but it belongs to the trigonal R32 space group with
greater symmetry (ICSD#89013). It is clear from the crystal
parameters listed in Tables S1 and S2 in the ESM that the atomic
surroundings in the a-phase are more complex than those in the
B-phase. Therefore, the phase transition of the prepared samples
can be easily distinguished from the XRD patterns.

The XRD patterns of the host and LSBO:0.02Eu**,yLi* (y = 0,
0.10, and 0.20) are shown in Fig. 1(b). An enlarged image of
Fig. 1(b) clearly shows that the intensities of the peaks
corresponding to the o-phase gradually decrease while those
corresponding to the B-phase increase, which implies a phase
transition from a to B with the doping of Euw*** or Li*. However,
when y is greater than 0.10, the percentage of the [-phase
decreases (Fig. S2 in the ESM). Due to the coexistence of the two
phases, XRD refinements were conducted to further identify the
percentage  of each  phase. The  refinement of
LSBO:0.02Eu**,0.10Li* in Fig. 1(c) shows that the final reliability
factors of R, and R,, are low enough, and no other evident
impurities exist in the sample. The refined results of the other
samples are shown in Fig. S3 and Table S3 in the ESM. All the
peaks corresponded well with the standards of ICSD#83404 and
89013, and the good fitting parameters demonstrated the
satisfactory phase purity of the as-prepared samples. The cell
parameters in Table S3 in the ESM show that the values of a, b, ¢,
and V decrease with increasing Eu** doping. After codoping Li",
the values of a, b, ¢, and V first decrease and then increase when
the content of Li* is greater than 0.10. The change trend of the
percentage of the B-phase is opposite to this according to the two-
phase refined results shown in Fig. 1(d). Since the cell volume of
the P-phase is evidently smaller than that of the a-phase, as
recorded in Tables S1 and S2 in the ESM, an increase in the
B-phase will lead to a decrease in V.

To further explain the phase transition induced by doping with
Ew** and Li*, the total energies of a- and B-LSBO:Euw***,Li* were
estimated by first-principles calculations. As presented in Fig. 1(e),
the system total energy (E,,) of a-LSBO:Euw**,Li* is always lower
than that of B-LSBO:Ew**,Li", implying that a-LSBO:Ew**,Li" is
easier to form. As shown in Fig. 1(d), the percentage of a-
LSBO:Euw**,Li* is greater than that of B-LSBO:Eu***,Li* under
similar doping conditions. However, it is also worth noting the
system total energy discrepancy (AE,) and average energy
discrepancy per atom (AE,,.), because the two phases tend to form
simultaneously when the discrepancy is small enough. Compared
to those of undoped LSBO, the values of AE,, and AE,,, gradually
decrease after doping with Eu*** and Li*, which contributes to
understanding the phase transition from a to f3.

Because the radii of Eu* (r = 1.17 A, CN = 6, where CN is the
coordination number) and Eu* (r = 0.947 A, CN = 6) are closer to
that of La* (r = 1.032 A, CN = 6) compared with Sc* (r = 0.745 A,
CN = 6), the doped Eu** and Eu™ ions are considered to prefer to
occupy the sites of La™ [50]. To further confirm this point, the
radius percentage difference (D,) and the bond energy difference
(AE) between the dopants (Eu** or Eu™) and the possible replaced
ions (La* or Sc*) were calculated, and the results are shown in
Tables S4 and S5 in the ESM, respectively. The D, and AE values
for the pairs of Eu***-La* are always much smaller than those for
the pairs of Eu***-Sc*, implying that both Eu* and Eu* are more
likely to replace La* rather than S¢** in LSBO.

The SEM images and energy dispersive X-ray spectroscopy
(EDS) elemental mappings of LSBO:0.02Eu***,0.10Li" in Fig. $4 in
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the ESM show that the sample particles have irregular geometric
shapes with an average diameter of approximately 15 pum, and the
elements La, Sc, and Eu are uniformly dispersed in the
as-prepared sample, which illustrates the successful doping of
Euw**. Table S6 in the ESM shows the atomic percentage of
LSBO:0.02Eu**,0.10Li", and the metal elemental composition is
basically in accordance with the stoichiometric ratio, suggesting
the successful synthesis of LSBO:0.02Eu**,0.10Li".

To further verify the coexistence of mixed-valence Eu, the
XANES spectra of LSBO:0.02Ew**yLi* (y = 0, 0.02, 0.10, and
0.20) were obtained, and their Eu L;-edge spectra are shown in
Fig. 1(f). Two peaks at approximately 6975 and 6983 eV can be
observed, which correspond to the transitions from 2p;, to 5d of
Eu* and Eu*, respectively [51]. The relative percentages of Eu™
and Eu* in LSBO:0.02Eu*"*,0.10Li" are determined to be 20.57%
and 79.43%, respectively, by peak fitting, as shown in Fig. 1(g).
The results for the other samples are shown in Fig. S5 and
Table S7 in the ESM. The percentage of Eu* in
LSBO:0.02Eu**,0.10Li" is the highest, while in LSBO:0.02Eu*** is
the lowest, as depicted in Fig. 1(h).

3.2 Photoluminescence properties of LSBO:Eu** and
LSBO:Eu**,Li*

The PLE and PL spectra of LSBO:0.02Eu*** are shown in Fig. 2(a).
Under excitation at 310 nm, there is a broad band from 350 to
650 nm and four sharp peaks at 590, 616, 652, and 701 nm in the
PL spectra, which are ascribed to the 4£°5d'-4f transition of Eu**
and the *Dy-"F; (J = 1, 2, 3, and 4) transitions of Eu™, respectively.
When the emission at 430 nm was monitored, only a broad band
at 240-400 nm attributed to Eu* was detected. At 616 nm, a
broad band within 235-335 nm and several sharp peaks at 361,
375, 380, 394, 414, and 465 nm are detected, which are the charge
transfer bands of O*-Eu* and the 4f-4f transitions of Eu* from
its ’F, ground state to the excited states, including °D,, °Gy, °G,, °L,
‘D5, and °D,, respectively. Although the PLE spectrum of Eu*
overlaps with the PL spectrum of Eu** from 350 to 480 nm, the
characteristic excitation peak of Eu* is not observed when the
emission at 616 nm is monitored, which means that there is no
obvious energy transfer between Eu* and Eu™. A similar
phenomenon has been reported for Eu* and Eu** co-doped Sc,O;
nanoparticles, which may contribute to the high reliability of
temperature monitoring [35]. The schematic energy-level diagram
of LSBO:Eu*”** presented in Fig. 2(b) can be used to explain the
excitation and emission processes of the phosphors.

Because the luminescence of Eu* is sensitive to its
environment, the excitation wavelength of 340 nm, where Eu* has
no obvious absorption, was selected for further analysis. As
presented in the middle of Fig. 2(a), the broadband emission
ascribed to the 5d—4f transition of Eu* is clearly observed, whose
full width at half-maximum is approximately 77 nm. Figure 3(a)
shows the concentration-dependent PL spectra of LSBO:xEu*"".
The emission intensity first increases until x reaches 0.02 and then
decreases with further increases in the x value due to the
concentration quenching effect. Since the emission spectra are
obviously asymmetric, Gaussian fitting of LSBO:0.02Eu*** with
two peaks belonging to the a- and B-phases was conducted, and
the results are shown in Fig. 3(b). According to Dorenbos’s
studies, the crystal field strength (e) has a negative correlation
with the average bond length of cation sites (R,.), which is
expressed as Egs. (1) and (2) [52,53]:

Ecfs = ﬁpoly/Rive (1)
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where f,,, is a constant related to the type of coordination
polyhedron; n refers to the coordination number of the Eu* ion;
R, represents the bond length between Eu** and the coordination
anions, and AR refers to the difference in the ionic radii between
Eu** and La*. On the basis of Eq. (2), R,,. of La* is calculated to be
2.388 A in the a-phase and 2.400 A in the B-phase (Table S8 in the
ESM). Due to the very small difference in R, between the a- and
B-phases, the effect of the next nearest neighboring ions is taken
into consideration. As depicted in Fig. S6 in the ESM, three [ScOg]
octahedra connect with each other via common edges and points
in the a- and B-phases, respectively. Then, they connect with the
La atom by sharing oxygen atoms and forming a closed ring. The
bond lengths of [ScOq] octahedra in the a- and P-phases are
summarized in Table S9 in the ESM, and the average bond
lengths are calculated to be approximately 2.1 and 22 A,
respectively. Clearly, the average bond length of [ScO,] octahedra
in the B-phase is greater than that in the a-phase. Therefore, the
[LaOg] octahedra in the B-phase receive more pressure from
[ScOq4] octahedra, which leads to more distorted and shrunken
[LaOg4] polyhedra in the p-phase and results in greater crystal-field
splitting. A stronger crystal field results in a lower emission
energy. Therefore, the emission at 2.65 eV shown in Fig. 3(b) is
attributed to the B-phase. With increasing x from 0.01 to 0.05, an
evident redshift in the emission from 420 to 447 nm can be easily
observed in Fig. 3(c), and the fitting emissions for the a- and
B-phases shift from 418 to 444 nm and from 460 to 490 nm,
respectively. The reasons will be explained later.

Due to the imbalanced charge after the substitution of La** with
Eu*, Li* ions are co-doped to compensate for the charge. The PLE
and PL spectra of LSBO:0.02Eu**,0.10Li* shown in Fig. S7 in the
ESM are very similar to those of LSBO:0.02Eu*”* in Fig. 2(a), but
the optimal excitation and emission wavelengths slightly shift. The
strongest excitation wavelength of Eu* in LSBO:0.02Eu***,0.10Li"
shifts to 307 nm, while the emission wavelength moves to 455 nm.
As presented in Fig. 3(d), the emission intensity of
LSBO:0.02Ew**,yLi* becomes greater as the concentration of Li*
increases to y = 0.10, and then it gradually weakens with
increasing concentrations of Li", which is similar to the results
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from XANES of the Eu L;-edge. The reason may be that Li" is
easily evaporable during the preparation process. Thus, excessive
amounts are more appropriate. However, the charge is still
difficult to balance, and even more defects may be generated if the
Li* concentration is too high. The internal quantum efficiencies
(IQEs) of LSBO:0.02Eu*”** and LSBO:0.02Eu**,0.10Li* shown in
Fig. S8 in the ESM are 16.0% and 21.1%, respectively. The results
of Gaussian fitting of LSBO:0.02Eu***,0.10Li* are presented in
Fig. 3(e). The effect of the codoping of Li* on the environment of
Eu* in the two phases is almost the same. Therefore, the two
emissions located at 2.74 and 2.49 eV in Fig. 3(e) should belong to
the o- and [-phases, respectively. Compared with that of
LSBO:0.02Euw** in Fig. 3(b), the emission of LSBO:0.02Eu*"**,yLi*
shifts to a lower energy, as described in Fig. 3(f).

The redshift of the emission of Eu* mentioned above can be
explained by the environmental changes in the [EuOg] octahedra
induced by the increased doping concentration of Eu**** or Li* and
the phase transition between a and p. The schematic diagrams
depicted in Fig. 4 can be used to understand these redshift
phenomena. (i) Because Eu* and Eu* coexist in LSBO:Eu*"*
phosphors and their radii are very close to that of La*, it is difficult
to estimate the changes in [LaO,] octahedra with and without the
substitution of Eu***. However, the phase transition from a to 8
was confirmed after doping with Eu**, and V was accordingly
reduced. Moreover, the calculated R,,. values of [LaOg4] octahedra
in a- and B-LSBO in Table S8 in the ESM are very close, and the
numbers of [LaO4] octahedra in a unit cell, Z, for
LSBO:0.02Ew**+yLi* in Table S10 in the ESM do not show any
obvious changes. These results will lead to an increase in the
pressure exerted on [EuQ¢] octahedra as more Eu** ions are
introduced, and [EuQq] octahedra tend to shrink and distort,
resulting in an increase in the crystal field splitting energy and
emission shifting toward longer wavelengths. (i)) When Li* is
added to LSBO:0.02Eu**, not only does the LSBO phase further
transfer from a to B, but additional Li* ions also squeeze [EuQg],
which leads to greater crystal field splitting and a redshift in the
emission of Eu*. When the doping concentration of Li* is greater
than 0.10, the phase transfer from P to a and V increases. On
account of this point, the received pressure of [EuQg] in
LSBO:0.02Eu*+,0.20Li* weakens, and the emission slightly
blueshifts, as depicted in Fig. 3(f).
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Fig.3 (a) Concentration-dependent PL spectra of LSBO:xEu**, (b) Gaussian fittings of emission spectra of LSBO:0.02Eu*", (c) wavelengths for the strongest emission
of total, a- and B-LSBO:xEuw***, (d) PL spectra of LSBO:0.02Eu**"yLi", () Gaussian fittings of emission spectra of LSBO:0.02Eu***,0.10Li", and (f) wavelengths for the

strongest emission of total-, a-, and p-LSBO:0.02Ew**,yLi".

Fig.4 Changes in crystal structure of LSBO after doping with (i) Eu*** and (ii) Li".

3.3 Thermal stability and optical properties of
LSBO:0.02Eu**,0.10Li*

Figure 5(a) shows the temperature-dependent XRD patterns of
LSBO:0.02Eu**,0.10Li". From 200 to 600 K, the position, shape,
and intensity of the XRD peaks do not change significantly, which
illustrates that the crystal structure of the phosphor remains
almost unchanged. The refinements of LSBO:0.02Eu****,0.10Li" at
200 and 600 K are presented in Figs. 5(b) and 5(c), respectively,
and the final reliability factors are low enough. The refined results
of the XRD patterns measured at other temperatures shown in
Fig. S9 in the ESM are also satisfactory, revealing the
inconspicuous variation in the crystal structures at different
temperatures. The refined results summarized in Table S11 in the
ESM show that the percentages of the two phases at various
temperatures are essentially the same, which further indicates that
the temperature will not significantly affect the crystal structure of
the LSBO.

To study the thermal quenching properties of LSBO:0.02Eu**,
0.10Li", the temperature-dependent PL spectra were measured
and are shown in Fig. 6(a). Under the excitation at 307 nm, the
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shape of the broadband emission belonging to Eu* at various
temperatures was almost unchanged, but the intensity decreased
rapidly. However, the emission intensities at 590, 616, 652, and
701 nm correspond to the *Dy—"F; (J = 1, 2, 3, and 4) transitions of
Eu™ increase continuously. This abnormal thermal quenching of
Eu* can be explained by the edge abnormal thermal quenching
effect found in LSBO:0.02Eu™ (Fig. S10 in the ESM), and similar
phenomena have been observed in CaMoO,, CaWQO,, LuVO,,
Gd;Ta0;, etc. [54-56]. At 450 K, the emission intensity of the
5d—4f transition of Eu* is evidently lower than that of °Dy-F, or
°Dy—'F, of Eu*, which is obviously contrary to that at 150 K, as
presented in Fig. 6(b). The significant difference in thermal
quenching between Eu** and Eu™ in LSBO:0.02Eu*”*",0.10Li* can
account for the evident color shift from cyan to blue and pink, as
shown in Fig. 6(c), which indicates that the phosphor may have
great potential for applications in optical thermometry.

Therefore, the ratio between the emission intensity of the 5d-4f
transition and the °Dy-'F, or *D,~"F, transition was used to
calculate FIR. As shown in Figs. 6(d) and 6(g), the calculated
values of FIR, (5d-4f/°Dy-"F,) and FIR, (5d-4f/°D-"F,) decrease
monotonically with increasing temperature. The experimental
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data can be expressed as Eq. (3) (see Table S12 and Fig. S11 in the
ESM) [57,58]:

_ e _C
FIR = I 7A+Bexp( T> (3)

Eud+

where Iy and Iy are emission intensities of Eu** and Eu™
activators, A, B, and C are related constant parameters, and T is
the absolute temperature. With mathematical fitting by Eq. (3),
both FIR, and FIR, can be obtained and are presented in Figs. 6(d)
and 6(g).

To quantitatively evaluate the performance of the optical
thermometer, the absolute temperature sensitivity (S,) and the
relative temperature sensitivity (S,) were calculated by Egs. (4) and
(5) [59,60]:

dFIR
5= ‘dT @
1 _dFIR

As shown in Fig. 6(e), the absolute sensitivity (S,;) based on
FIR, shows a monotonic downward trend as the temperature
increases from 150 to 450 K, and the obtained maximal value is
0.047 K™ at 150 K. In contrast, as displayed in Fig. 6(f), the relative
sensitivity (S,) increases, and the maximum S, is 27.65 %-K™* at
450 K, which is much greater than that of most of the recently
reported phosphors for temperature sensing listed in Table 1. To
the best of our knowledge, this value is almost the highest among
reported Eu** and Eu* co-doped thermometers. S, and S, of FIR,
depicted in Figs. 6(h) and 6(i) have similar trends as those of FIR,.
The maximal values of which are 0.18 K* and 14.05 %K,
respectively. Although the calculated S, is slightly lower than S, it
is still excellent enough for the application of optical
thermometers, as shown in Table 1.

N. Yang, Z. Li, T. Zhou, et al.

Considering that cycling stability is an important parameter for
evaluating the performance of optical thermometers, the PL
spectra are measured for several cycles within 150-450 K. The
Lssom/Toinm @nd Lissp/Lonm ratios presented in Fig. S12 in the
ESM are basically stable over several cycles, which means that the
LSBO:0.02Eu**,0.10Li* thermometer is reliable and repeatable.
Another crucial parameter for evaluating thermometers is the
temperature resolution (87). Based on several consecutive
measurements, the minimum values of 8T for FIR;- and FIR,-
based thermometers are determined to be 0.0004 and 0.0007 K,
respectively (see Fig. S13 in the ESM). Evidently, the relatively low
OT wvalues further suggest the good temperature-sensing
performance of the phosphor prepared in this work.

As listed in Table 1, most of the reported Eu**- and Eu*-
codoped phosphors for optical thermometry are based only on
FIR. However, multiple-mode temperature sensing is far more
popular than single-mode temperature sensing because multiple
modes not only improve the accuracy of detection but also greatly
broaden the scope of applications. Therefore, the temperature-
dependent fluorescence decay curves of LSBO:0.02Eu**,0.10Li*
were measured. The decay curves of Eu™ with excitation and
emission wavelengths of 345 and 455 nm are shown in Fig. 7(a).
Due to the coexistence of the two phases, the double-exponential
model is adopted for estimating the lifetime at various
temperatures, and the details are provided in Table S13 in the
ESM. Clearly, the average lifetime rapidly decreases from 571.05 to
9.44 ns as the temperature increases from 150 to 450 K. Such a
large lifetime variation with the temperature implies good
potential for applications in temperature sensing. As shown in Fig.
S14 and Table S14 in the ESM, the decay time of Eu™ hardly
changes. Therefore, the FL-mode thermometry applied in this
work is based on Eu™.

The sensing sensitivity of the FL mode can be fitted by the
model described in Eq. (6) [72,73]:

Table1 Comparison of performances of this work with those of reported optical thermometer materials based on FIR, including parameters Sy —max and Sr—max

and temperature range
Material Sa—max (K™ St—max (%K) Temperature range (K) Ref.
LSBO:0.02Eu*”**,0.10Li*(5d-4{/°"Dy-"F,) 0.047 27.65 150-450 This work
LSBO:0.02Eu*”**,0.10Li*(5d-4{/°"Dy-"F,) 0.18 14.05 150-450 This work
Sc,05:Eu*”* — 3.06 77-267 [35]
St, 45Lig oSip oAl ;O F:Eur™ 0.0294 0.83 298-573 [36]
BaMgP,0;:Eu*"* 0.0094 0.66 300-520 [37]
Sr;P,0,5:Eu** 0.008 1.06 293-573 [38]
MgAL O :Eu*** 0.084 0.83 298-523 [39]
Ca,Mg, ;(PO,),:Eu>” 0.064 1.192 293-473 [61]
CayZn, 5(PO,),Eu 0.0034 14 293-473 [62]
SrALSi,OgEu> 0.056 0.30 303-583 [63]
CaYGaOEu*?* 0.04 3.68 300-570 [64]
CaBPOs:Eu*"* 0.0184 3.444 303-403 [65]
Ca,NaZn(PO,),:Eu*" 0.0228 0.81 298-498 [30]
GdNbOBi*,Eu* 0.0367 3.81 303-523 [66]
Ca,ScSbOg:Bi**,Eu** 0.0996 2.002 293-573 [67]
Na,Y,TeB,0,,:Tb** 0.0102 5.74 300-475 [68]
Ba;(VO,),:Sm* 0.039 2.24 303-463 [69]
Ca,TbSn,ALO,,:Sm™ 0.15 0.50 300-550 [58]
Lu,SrALSiO ,:Cr,Nd* — 1.43 303-483 [57]
K;ZnSc,B,5050:Mn* 0.0311 1.84 300-520 [70]
K,NaScFgYb*,Mn* 0.018 0.525 298-573 [71]
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= (6)
1+ Dexp (—%)

where Ty, D, AE, and k are the lifetime at the initial temperature,
the constant, the thermal activation energy, and the Boltzmann
constant, respectively. The relationship between 7 and T can be

571.05

fitted as 7(T) = , and is

1+ 473351.71xexp (— 2 4453)

kT

plotted in Fig. 7(b). A method similar to that of FIR is adopted to
calculate the absolute (S,-.) and relative sensitivity (S,_) of the FL
mode with Egs. (7) and (8) [74]:

dr

sa—‘r - E—, (7)
1 dr

S = ’TXdT x100% (8)

As shown in Figs. 7(c) and 7(d), S._. shows a gradually decreasing
trend, but S,_, first increases and then decreases. The maximal
values of S, ; and S,_, are 6.46 ns:-K™ at 150 K and 7.68 %-K™' at
250 K, respectively. Compared with some reported optical
thermometer materials based on FL, such as Gd,ZnTiOgMn*
with a maximum S, of 243 %K™ and InTaO.Cr* with a
maximum of 2.27 %K™ [73,75], the parameters of higher S,_, and
wider temperature range of LSBO:0.02Eu*"*,0.10Li* show obvious
advantages. Several measurements of FL at 250 K were conducted
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to calculate 67, and the minimum value was determined to be
0.018 K, as depicted in Fig. S15 in the ESM. The sufficiently low
OT suggested the good reliability of the LSBO:0.02Eu**,0.10Li*
thermometer.

Considering the crucial parameters based on both the
fluorescence intensity ratio and lifetime, including S:_max> Sr—r-max>
and temperature range. A comparison of this work with some
recent reports is summarized in Table 2. Clearly, both S;_ma.x and
Si-r-max Of this work are evidently higher than those of the
investigated reports, and the temperature range of this work is also
relatively wide. Figure 8 distinctly shows the superiority of this
work over the reports listed in Table 2. The short lines indicating
Se-max and S;_;_max Of this work are located on the far right, and
the temperature sensing range described by the column is
relatively wider, especially in the region below room temperature,
which evidently illustrates the higher S, . and Si . m. and
appropriate thermometry range of this work. Therefore,
LSBO:0.02Eu**,0.10Li* is supposed to have good potential for
applications in multiple-mode optical thermometers.

4 Conclusions

In summary, a multiple-mode optical thermometer was
successfully realized in which dual-emitting Eu** and Eu* co-
existed LaSc;(BOs), with Li* as the charge compensation agent.
The phase transition from a to p with the doping of Eu*** or Li*
was confirmed by the XRD patterns, and the relative percentages
of the two phases were determined with XRD refinement. AE,
and AE,,, of the system energy were calculated via first-principles
calculations to understand the phase transition process. The
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Table2 Comparison of performances of reported multiple-mode optical thermometer materials with LSBO:0.02Eu**,0.10L¥’, including parameters S;_max,

St —r—max» and temperature range

FIR-based FL-based
Material (Sc;)_lr(nj}; Temperature range (K) SEU_A)TIQT; X Temperature range (K) Ref.
LSBO:0.02Eu*"*,0.10Li* 27.65*/14.05 150-450 7.68 150-450 This work
Li,SrCa(SiO,),:Eu* 3.18 303-473 15.0 303-573 [76]
Y, Ti,O0,:Bi** 3.52 78-378 3.53 78-298 [77]
Sr,InSbO4:Sm?** 10.9 298-523 2.15 298-523 [78]
La;Mg, 1, Tay;OsMn*,Eu” 2.722.49° 298-448 3.3673.42¢ 298-448 (79]
CaGdMgSbOgMn*,Sm* 1.54 298-573 1.23 298-573 [80]
La,MgGeOg:Bi*,Eu™ 2.389 293-473 4.09 293-433 [81]
Bag st sAL 030,0:Mn*, Mn* 437 293-406 4.48 293-393 (82]
SrLaLiTeOgaMn*,Dy* 1.60¢/1.44" 298-673 1.59¢/2.18" 298-673 [83]
BaGd,0:Bi*,Sm* 1.105 293-473 1.6621 293-473 [84]
BaAl;,0,4:Eu*,Cr* 0.259 295-476 0.466 293-563 [85]
Lu;Al;0,,:Ce*",Mn* 4.37 100-350 3.22 100-350 [86]
La,MgTiO4:Pr’,Dy** 2.357 298-548 1.814 298-548 [72]

Note: ‘Result based on FIR, (5d-4f/’Dy-"F,); *result based on FIR, (5d-4f/°D,-F,); “excitation wavelength is 300 nm; ‘excitation wavelength is 465 nm;

‘excitation wavelength is 351 nm; ‘excitation wavelength is 453 nm.
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Fig.8 Comparison of this work with reports listed in Table 2.

activators of Eu** and Eu™ tend to occupy the sites of La* rather
than those of Sc* based on the D, and AE values. The relative
percentages of Eu* and Eu* were determined by XANES, and the
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corresponding values for LSBO:0.02Eu*** and 0.10Li* were
20.57% and 79.43%, respectively. Both the characteristic emissions
of Eu** and Eu* can be observed in the PL spectra, and no obvious
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energy transfer between the two activators has been discovered.
The variations in the luminescence of the 4{°5d'-4f" transition of
Eu* were carefully analyzed, and the positive effects of the
appropriate charge compensation agent on the luminescence of
LSBO:0.02Eu** were confirmed. The observed redshift with
increasing doping concentrations of Euw** and Li* can be
explained by the changing pressure exerted on the [EuOg]
octahedra. According to the refinements of temperature-
dependent XRD, the crystal structure and the phase percentage
are hardly influenced by the temperature. Therefore, further
investigations of temperature sensing have been conducted using
temperature-dependent PL and lifetime measurements. Due to
the opposite thermal quenching properties between Eu** and Eu*
under excitation at 307 nm, a shift in the emission color from
cyan to blue and pink can be distinctly observed. Two
temperature sensing modes based on FIR; (5d-4f°D,~'F,) and
FIR, (5d-4f/°"D,-'F,) were realized in the temperature range of
150-450 K, with maximal relative sensitivities of 27.65 and
14.05 %K™ at 450 K, respectively. To the best of our knowledge,
the former is almost the highest among reported Eu** and Eu* co-
doped thermometers. The FL-based method has also been used to
detect temperatures in the same temperature range, with the
highest relative sensitivity of 7.68 %-K™ at 250 K. The minimum
temperature resolutions are 0.0004, 0.0007, and 0.018 K,
respectively. The cycling measurements of the PL spectra showed
that the LSBO:0.02Eu**,0.10Li* thermometer is reliable and
repeatable. By comparing the reported multiple-mode optical
thermometer materials, this work is shown to have significant
superiorities and promising potential for application in multiple-
mode optical thermometers.
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