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A B S T R A C T   

Herein, we show that the substitution of Sr2+ by trivalent lanthanide ions (Lu3+, La3+, Tb3+) in SrTiO3 nano
crystals stabilizes and enhances Ti3+ near-infrared emission (around 800 nm). This emission occurs from the 6- 
fold coordinated Ti3+ luminescent centers that appear in the vacancy–Ti3+–O form after lanthanide doping into 
the Sr2+ site. The strong dependence of the Ti3+ emission on temperature provided means for the tailored 
chemical engineering of luminescent nanonthermometers able to read the temperature in three ways: from the 
changes in Ti3+ emission intensity, excited-state lifetime, and from the ratio of Tb3+ and Ti3+ emission in
tensities. We demonstrated the unprecedented temperature sensitivity of the lifetime-based luminescent ther
mometer (8.83% K− 1) with SrTiO3:Tb3+, along with exceptional repeatability in measurements.   

1. Introduction 

Continuously growing scientific attention on the utilization of inor
ganic phosphors doped with transition metal ions (TM) for remote 
temperature sensing observed in recent years results from their several 
highly important advantages with respect to the other types of dopants 
used for this purpose[1-12]. First of them is the high susceptibility of TM 
luminescence to temperature changes which enables the development of 
highly sensitive temperature probes[13-15]. Moreover, the significantly 
higher absorption cross-section of the d-d type electronic transitions 
occurred in TM with respect to for instance f-f transitions of lanthanide 
ions (Ln3+) enables obtaining bright luminescence which facilitates 
signal collection[16-19]. Additionally, the strong susceptibility of 
spectroscopic properties of the TM doped phosphors, like the spectral 
range of optical response and the luminescence thermal quenching rate, 
on the local ions environment enables facile modulation of the ther
mometric performance of such luminescent-based temperature probe 
almost on demand[8,13,15,20]. The optimal spectral range in which a 
given luminescent thermometer should work strongly depends on the 
type of its application. Luminescent thermometers emitting in the visible 
range are definitely cheaper to use, because the cost of the equipment 
required to register their luminescence is much lower than those 

emitting in the infrared range. However, for biomedical applications, for 
example, this spectral range is not particularly useful due to the high 
scattering and absorption of biological media in the visible range. 
Therefore, in this case, it is much more advantageous to develop 
infrared-emitting luminescent thermometers. Although the studies 
devoted to the temperature dependence of the TM emission intensity are 
significantly important to understand the mechanism of the thermal 
quenching of the emission, the reliability of the temperature readout 
based on the luminescent thermometry (LT) which exploits single band 
emission as a thermometric parameter is questionable[21-26]. For this 
reason, a ratiometric LT that exploits the luminescence intensity ratio of 
either a different emission bands of TM or involves an emission band of 
the lanthanide ion co-dopant as an internal luminescent reference has 
been proposed[1]. However, as shown recently, the introduction of the 
lanthanide ion itself may strongly modify the local ions environment and 
thus the luminescence thermal quenching rate[27]. 

In this study, we show that even more far-reaching consequences 
may result from the introduction of the lanthanide ions into SrTiO3 
structure. The difference in the electric charges and ionic radii between 
Ln3+ dopants and Sr2+ in the SrTiO3 host material may lead to the sta
bilization of the Ti3+ oxidation state and appearance of the Ti3+ emis
sion. Upon suitable Ln3+ doping, the intensity enhancement of Ti3+
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emission and the spectacular elongation of the lifetime of the 2E excited 
state can be obtained. Taking advantage of the strong thermal depen
dence of the spectroscopic properties of the Ti3+ ions in this host ma
terial, the luminescent thermometer exploiting different thermometric 
approaches has been proposed and carefully evaluated, i.e. Ti3+ emis
sion intensity-based LT, Ti3+ lifetime based LT, and the ratiometric 
approach which involves Ti3+ to Tb3+ emission intensity ratio. Since the 
Ti3+ based luminescent thermometry has been scarcely explored so far, 
the presented studies are an important contribution to understanding 
the spectroscopic properties of the Ti3+ ions and to the development of 
the highly sensitive luminescent thermometry. Further, to the best of our 
knowledge, this study presents the highest ever reported relative 
sensitivity of the lifetime based LT of SR = 8.83% K− 1 obtained using 
SrTiO3:Tb3+ nanocrystals. This undoubtedly indicates the high appli
cative potential of these nanocrystals for the remote temperature 
sensing. 

2. Experimental 

The SrTiO3, SrTiO3:x% Ln3+ (x = 0.1, 0.2, 0.5, 1, 2, 5; Ln3+ = La3+, 
Lu3+) and SrTiO3:1% Tb3+ nanopowders were synthesized using the 
modified Pechini method[28]. Lanthanum oxide (La2O3 of 99.99% pu
rity from Stanford Materials Corporation), lutetium oxide (Lu2O3 with 
99.995% purity from Stanford Materials Corporation), terbium oxide 
(Tb4O7 with 99.999% purity from Stanford Materials Corporation) 
strontium nitrate (Sr(NO3)2 of 99.9965% purity from Alfa Aesar), tita
nium(IV) n-butoxide (Ti(OC4H9)4 with 99+% purity from Alfa Aesar), 
2,4-Pentanedione (C5H8O2 with 99% purity from Alfa Aesar) and citric 
acid (C6H8O7 of 99% purity from Sigma Aldrich) were used as the 
starting compounds. An appropriate amount of nitrates was dissolved in 
deionized water. In the case of the Ln3+ co-doped nanocrystals, to obtain 
nitrates from oxides, their stoichiometric amounts were diluted in a 
water solution of ultrapure nitric acid. Then, all aqueous solutions of 
nitrates were mixed and, subsequently, the appropriate amount of Ti 
(OC4H9)4 was measured out into a small laboratory beaker, then a so
lution of 2,4-pentanedione in the stoichiometric amount was added to 
stabilize Ti(OC4H9)4 solution. The contents of the beaker were gently 
stirred to obtain a transparent, yellowish solution, which then was 
combined with the nitrate solution. After this, the solution was mixed 
with anhydrous citric acid. Subsequently, the obtained solution was 
dried for 1 week at 363 K until a resin was formed and annealed at 1173 
K for 3 h in air atmosphere. 

All of the synthesized materials were examined by X-ray powder 
diffraction (XRPD) measurements carried out on PANalitycal X’Pert 
diffractometer, equipped with an Anton Paar TCU 1000 N temperature 
control unit, using Ni-filtered Cu-Kα radiation (V = 40 kV, I = 30 mA). 

Transmission electron microscope (TEM) and selected-area electron 
diffraction (SAED) images were taken using Philips CM-20 SuperTwin 
TEM microscope. The samples were dispersed in methanol, and a droplet 
of such suspension was put on a microscope copper grid. Next, the 
samples were dried and purified in a plasma cleaner. Studies were 
performed in a conventional TEM procedure with 160 kV parallel beam 
electron energy. The sizes were determined manually using ImageJ 
software by measuring the longest linear size (Feret diameter) of each 
particle. 

The emission spectra were measured using the 400 nm excitation 
lines from a laser diode and a Silver-Nova Super Range TEC spectrom
eter from Stellarnet (1 nm spectral resolution) as a detector. The tem
perature of the sample was controlled using a THMS 600 
heating–cooling stage from Linkam (0.1 K temperature stability and 0.1 
K set point resolution). 

The X-ray Photoelectron Spectroscopy (XPS) has been used for sur
face chemical composition analysis. The non-monochromatized X-ray 
Mg Kα excitation source was used. All measurements have been per
formed using an AES/XPS system EA10 (Leybold-Heraeus GmbH, Co
logne, Germany). The overall resolution of the spectrometer during the 

measurements was 0.96 eV as a full width of half maximum (FWHM) of 
the Ag3d5/2 line. During measurements pressure was kept at a 10–9 
mbar range. All acquired spectra were calibrated to adventitious carbon 
C1s at 285 eV. After subtraction of the Shirley-type background, the 
core-level spectra were decomposed into main components with mixed 
Gaussian–Lorentzian lines (70% G + 30% L for majority of photo-peaks) 
by a non-linear least squares curve-fitting procedure, using CasaXPS 
software. The atomic concentration was determined on the basis of XPS 
spectra analysis, taking into account the presence of individual elements 
O, C, Sr and Ti. 

The excitation spectra and luminescence decay profiles were recor
ded using a FLS1000 Fluorescence spectrometer from Edinburgh In
struments (0.1 nm spectral resolution) equipped with a halogen lamp 
and μFlash lamp as an excitation sources and Hamamatsu R928P side 
window photomultiplier tube as a detector. The emission and excitation 
spectra at 10 K were measured using helium cryostat. 

The average lifetimes of the excited states were calculated from the 
experimental data fit to the double exponential function using (Eq. S1 
and S2). Emission spectra and the luminescence decay profiles were 
measured every 10 K. 

3. Results and discussion 

3.1. Structural and morphological characterization 

SrTiO3 crystallizes in the cubic system of centrosymmetric Pm-3 m 
space group with lattice constant a = 3.90528 Å. It belongs to the family 
of perovskite compounds of the ABX3 general chemical formula, where 
‘A’ is a larger cation than ‘B’ and the X is an anion (in most cases - oxygen 
O2–). In strontium titanate, the ‘B’ site is occupied by Ti4+ ions in 6-fold 
octahedral sites with Oh symmetry (Fig. 1a), while in the ‘A’ site, Sr2+

ions are located in the vacancy spaces between the ‘A’ octahedrons in 
pseudo-12-fold cuboctahedral coordination. The comparison of the ionic 
radii reveals that the Sr2+ site (Shannon ionic radius equals 144 pm for 
Sr2+ in 12-fold coordination) is more suitable for Ln3+ substitution than 
Ti4+ (60.5 pm for 6-fold Ti4+). Since, the ionic radii have not been 
calculated for 12-fold coordination of most of Ln3+ ions (expect La3+ - 
equals 136 pm), the effective ionic radii of Ln3+ ions in its preferential 
coordination will be used in the discussion of this work (10-fold La3+: 
127 pm and 8-fold Lu3+: 97.7 pm). On the other hand, the charge dif
ference between Sr2+ and Ln3+ has been noted. That may be concluded 
that the incorporation of Ln3+ ions is SrTiO3 matrix generate the defects 
in a structure that may be compensated by 3 routes: strontium vacancies, 
titanium vacancies or conduction electrons and expressed by the 
following formulas: Sr1-3/2xLnxTiO3, SrTi1-xLnxO3-δ or Sr1-x/2Ti1-x/ 

2LnxO3, respectively [29-32]. However, so far in some reports, the 
perovskite-type titanate structures LnTiO3 with most of Ln3+ ions have 
been successfully presented with appropriate charge distribution of the 
form Ln3+Ti3+O3 in comparison to Sr2+Ti4+O3. As it will be shown in 
this manuscript, it is confirmed that that the incorporation of Ln3+ ions 
in SrTiO3 leads to the creation of oxygen vacancies ([ ]–Ti3+–O, where [ 
] - oxygen vacancy) and thus local defected 6-fold coordinated Ti3+

centers adjacent to Ln3+ polyhedrons [33]. The comparison of the ob
tained XRPD patterns of synthesized SrTiO3 nanocrystals undoped and 
doped with La3+, Lu3+ and Tb3+ ions with the reference data (ICSD 
5229) confirms the phase purity of obtained phosphors (Fig. 1b, 
Figure S1-S2, see also Figure S3 and S4 for Rietveld refinement analysis). 
No additional reflections can be observed in XRPD after Ln3+ doping 
which is in agreement with the previously published reports [34,35]. 
The careful XRPD analysis indicates that the introduction of La3+ causes 
the shift of the XRPD reflections toward higher angles which is associ
ated with the reduction of the unit cell size. This effect is expected since 
the ionic radii of Sr2+ is larger with respect to the La3+ ones. However, 
for La3+ doping concentrations>0.2% a gradual shift of the XRPD re
flections toward smaller angles was observed. This effect may be 
explained in terms of either (i) substitution of the Ti4+ ions by the La3+
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ions or (ii) by the gradual reduction of the Ti4+ to Ti3+ (ionic radii of 
Ti3+ is 67 pm) associated with the introduction of the La3+ ions ac
cording to the mechanism described above. Since the ionic radii of La3+

is twice larger than the Ti4+ counterpart the second hypothesis is only 
possible. The shift of the XRPD peak positions of SrTiO3:Ln3+ patterns by 
0.06–0.15◦ toward higher angles in respect to the undoped SrTiO3 
sample corresponds with the contraction of the cell size related to the 
introduction of Ln3+ ions with the lower ionic radii to the Sr2+ sites. The 
transition electron microscopy (TEM) images of representative SrTiO3 
and SrTiO3:2% Lu3+ materials indicate that they consist of well- 
crystallized and mostly agglomerated particles of average size around 
30 ± 8 nm (Fig. 1c, d, additional TEM images can be found in Figure S5 
and Figure S6). Further, the selected-area electron diffraction (SAED) 
image produced for a single crystal of undoped SrTiO3 powder assures 
the entire crystallization in the cubic system by the lack of the reflection 
rings and well-ordered location of the reflection spots corresponding 
with the cubic system (Figure S7, histogram of particle size distributions 
are shown in Figure S8). The XPS measurements confirms the presence 
of the some signal associated with Ti3+ in the case of the un-doped 
SrTiO3 (Fig. 1e, Figure S9). However, the increase of the Lu3+ ions 
concentration to 1% leads to the meaningful increase of the number of 
Ti3+ ions. 

3.2. Luminescent properties characterization 

The SrTiO3 host material can be considered as optically inactive due 
to the d0 electronic configuration of Ti4+ ions. Hence the absorption or 
emission bands result from the O2–→Ti4+ or Ti4+→O2– charge transfer 
transitions, respectively. However, the emission intensity of Ti4+→O2– is 
expected to be of rather low intensity. The previously described reduc
tion of the Ti4+ to the Ti3+ by the introduction of the Ln3+ ions causes 
significant changes in the luminescent properties of the SrTiO3:Ln3+. 
The spectroscopic properties of the Ti3+ ions located in the octahedral 
sites with Oh symmetry may be described with the configurational co
ordinate diagram (Fig. 2a). For the 3d1 electron configuration there are 
no crystal field induced splittings of energy levels, so the energy levels 
scheme is a simple two-level system: the ground 2T2 and the excited 2E. 
Therefore, the excitation of electrons in the Ti3+ ions by the λexc = 400 

nm (violet arrow) leads to the population of the 2E excited level. Sub
sequently, after the nonradiative relaxation process to the bottom of the 
2E parabola, the radiative depopulation of the 2E level to the 2T2 ground 
state is observed as the deep red emission (red arrow). The Ti3+ lumi
nescence was found to be strongly thermally quenched; therefore, the 
emission and excitation spectra of SrTiO3 and SrTiO3:Ln3+ nanocrystals 
were studied at 10 K (Fig. 2b and c). It was found that upon λexc = 400 
nm excitation wavelength only a very weak emission signal of a broad 
emission band associated with the 2E→2T2 electronic transition of Ti3+

was recorded. However, when the La3+ or Lu3+ are introduced, the 

Fig. 1. Structural characterization of synthesized materials: the polyhedral visualization of substitution of pseudo-12-fold Sr2+ sites with Ln3+ ions in the SrTiO3 
structure – a; the X-ray diffraction patterns of SrTiO3 with different Ln3+ dopants – b; the representative TEM images (scale bar: 20 nm) of undoped SrTiO3 – c and 
doped with 2% Lu3+ – d; XPS – e. 

Fig. 2. Configurational coordinate diagram for Ti3+ and Tb3+ ions – a; the 
excitation spectra measured for λem = 791 nm – b and the emission spectra 
excited by λexc = 400 nm for SrTiO3 undoped and doped with 0.1% Lu3+ or 
0.1% La3+ ions measured at 10 K – c. Therefore the; the comparison of the 
luminescent decays of 2E excited state of Ti3+ ions for SrTiO3 undoped and 
doped with Lu3+ or La3+ ions – d. 
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increase of the Ti3+ emission intensity was observed with the change of 
the shape of the emission band. In the case of the SrTiO3:Lu3+ and 
SrTiO3:La3+ nanocrystals much narrower, with respect to the undoped 
counterpart, emission band centered at 800 nm with the clear vibronic 
structure was observed. It is difficult to quantitatively compare the 
emission intensities between the doped and undoped nanocrystals, but 
roughly an order of magnitude stronger signal was found for the Ln3+

doped nanocrystals. A small number of Ti3+ ions associated mainly with 
the surface states of the titanium ions and the distortion of their local 
ionic environment in the case of the SrTiO3 nanocrystals results in their 
low emission intensity. However, the introduction of the Ln3+ ions and, 
therefore, reduction of the Ti4+ to Ti3+, results in the increase of the Ti3+

number and thus enhancement of Ti3+ emission intensity observed for 
SrTiO3:Ln3+. Therefore in order to provide a qualitative comparison the 
normalized emission spectra are presented in Fig. 2b. The fact that the 
emission of the Ti3+ was found even for the pure SrTiO3 nanocrystals 
indicates that some traces of the Ti3+ can be found in these crystals. 
Additionally, the broad emission band may suggest that it results from 
the superposition of the Ti3+ ions localized in the different site sym
metries, which can be found for example in the surface part of the 
nanocrystals. These findings agree with the previously reported studies 
on vanadium and titanium doped YAG nanocrystals and vanadium 
doped LaGaO3 nanocrystals where different oxidation states of dopants 
were found at the surface part of the nanocrystals[36-38]. Also, it has 
been shown[39] that in the undoped TiO2 nanocrystals Ti ions are 
trivalent (Ti3+) at terminal planes of the crystal and tetravalent (Ti4+) 
inside the crystal, as evidenced by the Electron energy loss spectroscopy. 
The results obtained in this work confirm that the presence of even the 
0.1% Ln3+ ions in the Sr2+ site enables the stabilization of the octahe
drally coordinated Ti3+ ions. The comparison of low temperature exci
tation spectra of synthesized nanocrystals monitored at 2E→2T2 
transition (λem = 791 nm) for doped and undoped SrTiO3 nanocrystals 
reveals a slight broadening of the 2T2→2E absorption band for SrTiO3 
nanocrystals with respect to the doped ones. This effect results from the 
previously described ordering of the local symmetry surrounding the 
Ti3+ ions induced by the presence of the Ln3+ dopant (Fig. 2c, 
Figure S10, Figure S11). Additionally, a small spectral shift of the band’s 
maximum was found from 411 nm (24 330 cm− 1) for SrTiO3 to ~ 399 
nm (25 060 cm− 1) for SrTiO3:La3+ nanocrystals. It should be noted here 
that the weak luminescence signal of Ti3+ from the SrTiO3 nanocrystals 
resulted in the occurrence of the scattering lines of the Xe lamp in the 
excitation spectrum. Therefore in order to eliminate this additional line 
from the spectrum the break was used (black curve in Fig. 2c). It was 
found that the inhomogeneously broadened excitation band is a super
position of two bands. This effect is especially clearly seen in the spectra 
measured at higher (77 K) temperature at which the emission intensity 
of Ti3+ is partially quenched (Figure S12 Figure S13). The spectra consist 
of the band centered at 365 nm (27 310 cm− 1) and a band at 410 nm (24 
354 cm− 1) which can be attributed to the O2–→Ti4+ and 2T2→2E ab
sorption bands respectively. The decrease of the temperature results in 
the enhancement of the 2T2→2E absorption intensity which overlaps and 
dominates over O2–→Ti4+ one. Additionally, an increase of La3+ and 
Lu3+ ions causes the increase of the contribution of the 2T2→2E band 
with respect to the O2–→Ti4+ one in the excitation spectra, which results 
from the increase of the number of stabilized Ti3+ ions in the SrTiO3: 
Ln3+ nanocrystals. To quantify observed changes their ratio was calcu
lated as a function of the dopant concentration (Figure S10c): 

δ =

∫
I( 2E→ 2T2(Ti3+))dλ

∫
I(CT(Ti4+))dλ

(1) 

When Lu3+/La3+ ions concentration increases, the values of the δ 
parameter increases up to 2.2 for 5% Lu3+ and 2.62 for 5% La3+ in 
respect to δ = 0.62 for undoped SrTiO3 nanocrystals. The increase of 
Ln3+ ions does not cause any changes in the shape of the emission 
spectra of SrTiO3:Ln3+ nanocrystals (Figure S12 and Figure S13). The 

measurements of the luminescence decay profile of the Ti3+ ions reveal 
that the obtained cure for SrTiO3 nanocrystals is strongly non
exponential (Fig. 2d). However, the incorporation of Ln3+ ions causes 
the change of the decay profile shape increasing its exponentiality for 
SrTiO3:Lu3+ and even more for SrTiO3:La3+. The average lifetime value 
calculated from the double exponential fitting shows that the elongation 
of τavr from τavr = 1.23 for SrTiO3 up to τavr = 41.59 ms and τavr = 64.75 
ms was obtained when Lu3+ and La3+ dopant ions, respectively, were 
introduced to the nanocrystals. 

The strong susceptibility of Ti3+ luminescence in SrTiO3:Ln3+

nanocrystals to thermal quenching of emission intensity can be exploi
ted in terms of luminescent thermometry. Therefore, the spectroscopic 
properties of the synthesized nanocrystals were investigated in a 
77–350 K temperature range. The 2E→2T2 emission band of Ti3+

strongly decreases in intensity at elevated temperatures (Fig. 3a). The 
analysis of the thermal dependence of the integral emission intensity of 
Ti3+ ions reveals that the initial increase in the temperature causes a 
slight increase in the emission intensity. However, at temperatures 
above 170 K quenching of the emission intensity occurs (Fig. 3b). On the 
other hand, in the case of the SrTiO3:La3+ the thermal quenching starts 
at 150 K, while for the SrTiO3:Lu3+ nanocrystals the initial increase in 
the emission intensity of the Ti3+ luminescence was not found and its 
luminescence starts to be quenched above 100 K. In the case of the Ti3+

ions, the thermal quenching of emission results from the thermally 
stimulated crossing of the intersection point between 2E and 2T2 pa
rabolas followed by the nonradiative depopulation of the 2E state. Since 
the value of the energy of this intersection point (so called activation 
energy) depends on the local ion environment (crystal field strength) 
even small changes in the local Ti3+ symmetry may modify activation 
energy value and, thus, the emission thermal quenching rate. Hence, 
differences in the thermal quenching rates of Ti3+ luminescence for 
SrTiO3 and SrTiO3:Ln3+ nanocrystals may result from the doping- 
induced changes of the local structure around Ti. It is worth to 
emphasizing that for the SrTiO3:Ln3+ nanocrystals the Ti3+ emission was 
completely quenched already at 275 K. To quantify the thermally 
induced changes in the integral emission intensities of the Ti3+band, the 
relative sensitivity of the luminescent thermometer was calculated as 
follows: 

SR =
1
Ω

⋅
ΔΩ
ΔT

× 100% (2) 

where ΔΩ represents the change in the Ω thermometric parameter 
corresponding to the ΔT change in temperature. In this case, the in
tensity I(Ti3+) was used as Ω (Fig. 3c, Figure S14, Figure S15). The 
maximal value of the SR in the case of the intensity based luminescent 
thermometer in SrTiO3 nanocrystals was found around SR = 2.5% K− 1 at 
250 K, while the spectacular enhancement of the thermometric prop
erties was found for SrTiO3:La3+ and SrTiO3:Lu3+ for which SR = 3.5% 
K− 1 at 210 K and 4.6% K− 1 at 200 K were found, respectively. Addi
tionally, for SrTiO3:Ln3+ emission intensity was much higher with 
respect to the undoped counterpart, also. To understand the role of the 
Ln3+ ions in the thermal quenching process of the Ti3+ emission in
tensity in SrTiO3:Ln3+ nanocrystals the analogous analysis has been 
performed for nanocrystals with different Ln3+ concentrations 
(Figure S14 and S15). It is clearly demonstrated that the increase in Ln3+

concentration results in the reduction in the temperature onset of Ti3+

emission thermal quenching. In addition, when the concentration of 
La3+ ions increases, the initial enhancement of the Ti3+ emission in
tensity observed at elevated temperatures starts to be hampered, while 
for 5% of La3+ ions this effect is not observed. The comparison of the 
excitation spectra measured at 77 K for different Ln3+ concentration 
gives the insight into the this effect. In the case of the SrTiO3:Lu3+ the 
absorption band associated with the 2E→2T2 absorption is slightly 
shifted toward shorter wavelengths. Therefore, the λexc = 400 nm 
excitation line matched almost perfectly with the maximum of this band, 
thus the enhancement in the intensity with the increase in temperature 
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is not observed. However, when the same excitation wavelength 
matched the sideband of the absorption band of Ti3+ ions in the SrTiO3: 
La3+ nanocrystals the electron–phonon coupling which leads to the 
broadening of the absorption band at elevated temperatures leads to the 
increase in the effective absorption cross section for the λexc = 400 nm 
excitation line. This effect is less evident when the intensity of the ab
sorption band with respect to the charge transfer band of Ti4+ increases 
as it was found for the higher La3+ amount. The comparison of the SR 
calculated for different Ln3+ concentration indicates that the 1% of Lu3+

and 0.1% Lu3+ ions are optimal dopant concentrations for thermometric 
application. It is worth noticing here, that although for the 5% of the SR 
were not the highest, the strong and constant thermal quenching rate of 
Ti3+ luminescence in this case results in the relatively high SR > 1% K− 1 

over the whole analyzed temperature range. 
Since the emission intensity of a single band depends on many 

additional experimental factors, it exploitation for the remote temper
ature sensing is problematic. Nevertheless, the analysis of its thermal 
quenching rate is important from the understanding of the quenching 
mechanism process perspective. Nevertheless, to increase the reliability 
of remote temperature determination the kinetics of the Ti3+ lumines
cence was analyzed as a function of temperature (Fig. 3d, Figure S16). 
Since the nonexponential decay profile was found, especially at high 
temperatures, the average lifetime calculated from the double expo
nential fit was used as a thermometric indicator in this case. It was found 
that in the case of the SrTiO3 the τavr is gradually shortened at elevated 
temperatures; however, above 250 K much faster quenching rate can be 
observed. On the other hand, in the case of the Ln3+ doped nanocrystals 
the strong shortening of the τavr is observed in the complete temperature 
range. The shortening of the τavr observed at low temperatures confirms 
that the enhancement of the Ti3+ emission intensity at elevated tem
peratures observed in Fig. 3b results from the population mechanism 
described earlier in the text. Interestingly, when the Lu3+/La3+ content 
was increased, the slight elongation of the τavr is observed. For the Lu3+

ions doped nanocrystals, the τavr changes from 29.0 to 41.1 ms for the 
range of 0.1–5% of Lu3+ dopant, while τavr changes from 60.5 ms to 
72.9 ms when the concentration of La3+ increases from 0.1% La3+ to 5% 
La3+ (Fig. 3d, Figure S17, Figure S18). This effect can be explained in the 
decrease in the nonradiative decay rates of the 2E state of Ti3+ associated 
with the ordering of the local ions symmetry after the introduction of the 
Ln3+ ions (Fig. 3e). Strong thermal shortening of the τavr is reflected in 
the high values of the SR calculated for the lifetime based luminescent 
thermometer (Fig. 3f). In this case the highest values of the SR was found 
to be SR = 5.50% K− 1 for SrTiO3 at 290 K, SR = 5.42% K− 1 for SrTiO3: 

Lu3+ at 220 and SR = 4.2% K− 1 at 104 K for SrTiO3:La3+. It is worth 
mentioning that although the highest value of SR was found not for 
SrTiO3:La3+, in the case of these nanocrystals the SR > 2.7% K− 1 was 
found in the whole analyzed temperature range. Additionally, it should 
be emphasized that in the case of the thermal 2D imaging using the 
lifetime-based approach typically two images are captured with the 
exposure time shorter than the lifetime of the thermal probe. Therefore, 
the much shorter value of the τavr observed for SrTiO3 limits the avail
able acquisition time and thus the intensity of the signal. Therefore 
SrTiO3:Ln3+ nanocrystals reveal better performance for low temperature 
thermal imaging in the lifetime-based approach 

To balance the limitation of both proposed approaches: the low 
reliability of temperature determination in the intensity-based approach 
and shorth acquisition time and, consequently, low intensity of the 
signal, the additional ratiometric approach has been proposed in which 
the luminescent signal of the optically active lanthanide ion co-dopant 
was used as an internal reference. The selection of Ln3+ for as a refer
ence single is purposeful and motivated by two aspects: (i) the emission 
intensity of Ln3+ is much less susceptible to temperature changes with 
respect to the transition metal ions, (ii) Ln3+ itself will facilitate the 
reduction of the Ti4+ to Ti3+ ions. The good candidate for being the 
internal luminescent reference should meet several requirements: (i) its 
emission intensity cannot be strongly quenched by the multiphonon 
processes at elevated temperatures, (ii) its emission bands cannot 
spectrally overlap with the Ti3+ emission which may hamper the reli
ability of temperature readout, (ii) its excitation spectrum should enable 
the independent excitation of Ln3+ and Ti3+ ions. All these requirements 
are met by the Tb3+ ions which configuration of energy levels diagram 
facilitates its excitation using λexc = 400 nm, the most intense band 
corresponding to the 5D4→7F5 electronic transition is localized at 540 
nm and the energy difference between metastable 5D4 state and the next 
lower laying state (14 800 cm− 1) prevents luminescence thermal 
quenching in the temperature range considered in this study. Therefore, 
the SrTiO3:Tb3+ nanocrystals have been synthesized and analyzed 
(Fig. 4a). It is observed that the intensity of the Ti3+ emission is 
quenched faster than emission intensity of Tb3+ ions. The analysis of the 
thermal dependence of the Ti3+ emission intensity for the SrTiO3:Tb3+

nanocrystals indicates that the intensity of 2E→2T2 electronic transition 
is quenched faster with respect to the La3+ and Lu3+ counterparts which 
is probably associated with the interionic energy transfer between Ti3+

and the Tb3+ ions (Fig. 4b, Figure S19). Therefore, their luminescence 
intensity ratio can be used as a thermometric parameter: 

Fig. 3. Thermal evolution of the emission 
spectra for SrTiO3:1% Lu3+ sample – a; thermal 
evolution of the Ti3+ band intensity – b and its 
sensitivity SR(I) for SrTiO3 undoped and doped 
with 1% Lu3+ or 1% La3+ ions – c; thermal 
evolution of the luminescent decays of 2E excited 
state of Ti3+ ions for SrTiO3:1% Lu3+ sample – d; 
thermal evolution of the average decays τavr of 
Ti3+ excited state – e and the relative sensitivity 
SR(τavr) for SrTiO3 undoped and doped with 1% 
Lu3+ or 1% La3+ ions – f.   
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LIR =

∫
I(Tb3+)dλ

∫
I(Ti3+)dλ

=

∫
I( 5D4→ 7F5)dλ

∫
I( 2E→ 2T2)dλ

(3) 

The 16-fold increase of the LIR was observed in the 77–330 K tem
perature range hence the maximal value of the SR = 2.20% K− 1 at 210 K 
was found in this case (Fig. 4c). The much lower SR obtained in the 
ratiometric approach with respect to the intensity-based counterpart 
results from the partial quenching of the Tb3+ emission intensity 
(Fig. 4d). The Ti3+→Tb3+ energy transfer can be exploited as an addi
tional channel of the depopulation of the 2E state of Ti3+ which enables 
the improvement of the thermometric properties of the lifetime based 
luminescent thermometer. The much faster shortening of the 2E state 
emission decay observed in the SrTiO3:Tb3+ nanocrystals (Fig. 4e) with 
respect to the SrTiO3 counterpart results in the unprecedently high value 
of the SR = 8.83% K− 1 (at 180 K) for the lifetime based luminescent 
thermometers (Fig. 4f). The high repeatability of the obtained temper
ature readout verified within the several heating cooling cycles confirms 
the high thermometric performance of the SrTiO3:Ln3+ nanocrystals 
(Figure S20). 

4. Conclusions 

In this paper, the strategy of stabilization of Ti3+ ions in the SrTiO3 
nanocrystals by the introduction of Ln3+ ions was intensively explored. 
During the conducted research, it was found that in the nanocrystalline 
SrTiO3 phosphors very weak and broad emission signal assigned to the 
luminescence of Ti3+ ions is observed. The difference in the electric 
charge of the Ln3+ ions substituting Sr2+ site facilitates the reduction of 
the Ti4+ to the Ti3+ ions. Therefore, incorporation of the optically 
inactive La3+ and Lu3+ ions leads to the enhancement of the Ti3+

emission intensity. The increase in the number of the Ti3+ ions in the 
SrTiO3 structure and the ordering of their local crystallographic envi
ronment was manifested also by the change of the shape of the Ti3+

emission band and the elongation of the 2E lifetime from τavr = 1.23 for 
SrTiO3 up to τavr = 64.75 ms for SrTiO3:La3+ nanocrystals. Strong sus
ceptibility of the Ti3+ emission intensity to temperature changes was 

exploited in luminescent thermometry basing on the different ap
proaches i.e. intensity of 2E→2T2 band, a lifetime of the 2E state, and the 
luminescence intensity ratio of Ti3+ and Tb3+ ions. The maximal relative 
sensitivity of the luminescent thermometer based on the Ti3+ emission 
intensity in SrTiO3 nanocrystals was found to be SR = 2.5% K− 1 at 250 K. 
However, the introduction of Ln3+ dopant enables the enhancement of 
the SR up to 4.6% K− 1 at 200 K for SrTiO3:Lu3+. In the case of the lifetime 
based luminescent thermometry the maximal value of the SR = 5.50% 
K− 1 was found for SrTiO3 at 290 K, however, in the case of the SrTiO3: 
La3+ the SR > 2.7% K− 1 was found in the whole analyzed temperature 
range. Additionally, the strategy of ratiometric temperature readout 
using luminescence intensity ratio of Ti3+ and Tb3+ in SrTiO3:Tb3+

nanocrystals was evaluated. Although the relative sensitivity in this case 
was not very high, by the Ti3+ →Tb3+ energy transfer which additionally 
changes the population of the 2E state of Ti3+ ions leads to the 
improvement of the thermometric performance of the lifetime based 
luminescent thermometer. Hence the unprecedented SR = 8.83% K− 1 at 
180 K was found for the SrTiO3:Tb3+ nanocrystals. All the results of 
conducted research clearly confirm the significant spectroscopic impli
cation of coming from the Ln3+ doping in SrTiO3 nanocrystals and the 
high potential on the Ti3+ based luminescent thermometer in SrTiO3 
nanocrystals for remote temperature sensing. However, further studies 
devoted to the enhancement of Ti3+ emission intensity are desirable. 
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Fig. 4. Thermal evolution of the emission spectra for SrTiO3:1% Tb3+ sample – a; comparison of the thermal evolution of the Ti3+ band intensity for different Ln3+

dopants for SrTiO3:Ln3+ samples – b; thermal evolution of LIR – c and the relative sensitivity SR(LIR) for SrTiO3:1% Tb3+ sample – d; comparison of the thermal 
evolution of average decays – e and its sensitivity SR(<τ > ) for SrTiO3 undoped and doped with Tb3+ ions – f. 
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