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ABSTRACT

Luminescence thermometry is the most versatile remote temperature sensing technique and can be employed from living cells to large sur-
faces and from cryogenic temperatures to the melting points of metals. Ongoing research aims to optimize the sensitivity of the ratio
between the emission intensity from two coupled excited states. However, this approach is inherently limited to temperature-dependent pro-
cesses involving only the excited states. Here, we develop a novel measurement technique, called luminescence intensity ratio squared (LIR?)
for the Yb?*/Er’" pair, that combines the temperature sensitivity of ground- and excited-state populations. We use Y3Al;O,,:Er’*,Yb*"
nanoparticles as a promising model system with both visible and infrared emissions. To apply our method, we record two luminescence
spectra at different excitation wavelengths and determine the LIR® using one emission in each of the two spectra. The LIR? testing with
Y;Al50,, nanoparticles showed a sensitivity increase of 70% in the visible region and an impressive 230% increase in the NIR region com-
pared to the conventional LIR method. This enhances the measurement precision by a factor of 1.5-2.5. The LIR? based on the visible
upconversion emission is particularly useful for measurements of high temperatures, while the LIR* based on the downshifted ~1.5 um
emission may revolutionize temperature measurements of biological samples in the range of physiological temperatures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0149757

I. INTRODUCTION

The luminescence intensity ratio (LIR) is the most common
metric in luminescence thermometry. It typically uses the ratio
between emission intensities from two thermally coupled states as a
measure of the local temperature.”” The advantages of LIR over
other luminescence thermometry methods are numerous. For
example, it is highly sensitive and self-referenced.” It is unaffected by
instabilities in the excitation source and the detection device." The
implementation only requires relatively cheap optical and electronic
components and it can be easily used in industrial applications.””

Among the different types of materials used for LIR thermom-
etry, phosphors activated by trivalent lanthanides (Ln**) have
proven to be particularly well suited due to their high number of
closely lying excited states that show emission from the ultraviolet
(UV) to the near-infrared (NIR).*’ Their narrow emission bands at

well-defined wavelengths lead to small spectral overlaps and allow

for the accurate determination of LIRs. The syntheses of these
materials are well-mastered, and they can be prepared in different
forms, from bulk single crystals to nanoparticles."” For these
reasons, Ln>* phosphors are, by far, the most exploited materials in
luminescence thermometry.

Among all Ln** phosphors, Er’" is one of the most popular
ions in LIR thermometry.'' With this ion, thermometry can be
realized in three distinctive spectral regions and has already found
valuable applications across many fields, from engineering to bio-
medicine.'” Transitions from the H;;/, and *S;/, excited states to
the *I;s, ground state provide green emissions, which strongly
depend on temperature.”” Transitions from the same excited states
to the “I;3/, state lead to emissions in the near-infrared at around
800 nm.'>'> These NIR emissions, however, have low intensities
and are often barely measurable. The LIR based on the strong emis-
sions from Stark components of the 1,5/ state to the *I;s), ground
state operates at around 1540 nm, in the important third biological
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transparency window (BW-IID)."°"*® Due to the non-linear spectral

distortions, when measured within a tissue, the emissions used for
LIR must be spectrally close so that the differences between the
ratio of intensities are weakly affected.'”

The main weakness of Ln>*-based LIR thermometers is a sensi-
tivity limit imposed by the energy difference between thermally
coupled emissive states, which causes relatively large temperature
measurement uncertainties. The relative sensitivity is around 1.2%
K™' for Er’* LIRs in the green and NIR spectral regions, and 0.3%
K~! for the BW-III LIR. To overcome the limitations in sensitivity,
two approaches have recently been introduced. The first is based on
emissions from the energetically higher Ln®" excited levels'**"~** and
provides a gain in sensitivity due to a larger energy difference
between the emissive states. However, the intensities of these emis-
sions are weak, which results in higher measurement uncertainties. In
addition, they work only at high temperatures, which are required for
thermal equilibrium between the observed excited states. For example,
for the Eu** °D,-"Dy, levels, the calculated relative sensitivity is 2.8%
K™ at 300K, but the large energy gap prevents Boltzmann equilib-
rium at 300 K.**~*° When equilibrium is established at higher temper-
atures, the very low emission intensities from the higher °D; level
introduce large uncertainties in the measured intensity. In the second
approach introduced by Malta et al,”” named the dual-excited single-
band ratiometric (SBR) method,”" luminescence is sequentially
excited at two different wavelengths, which induces absorption from
the ground state or a state slightly above it. Then, the LIR is deter-
mined from the ratio of intensities of one emission band excited from
the ground and from the slightly higher excited state thermally
coupled to it. Thus, thermal coupling between the absorbing states
makes this LIR sensitive to temperature. This provides a new range of
thermally coupled states to choose from in the design of thermome-
ters, but the gain in sensitivity is modest since the energy differences
are similar to those exploited in the conventional LIR.”’

Our group recently introduced the luminescence intensity
squared (LIR®) method, which combines the conventional LIR and
SBR methodologies to increase the relative sensitivity while maintain-
ing the intensity uncertainties of LIR- and SBR-based measurements
and thermal equilibrium in a relatively low-temperature range.””
Again, a measurement requires the acquisition of two luminescence
spectra at different excitation wavelengths, but, in this case, the LIR is
determined from only one emission band in each spectrum instead of
the total spectrum. Specifically, we are interested in the emission
intensity of the higher emitting state after excitation from the higher
absorbing state and in the emission intensity of the lower-emitting
state after excitation from the lower-absorbing state. At elevated tem-
peratures, the ratio between these emissions increases due to thermal
coupling between both the absorbing and the emitting state, which
drastically increases the sensitivity compared to the individual ratios.
The new technique gives high relative sensitivities similar to that for a
AE that is the sum of the two energy differences involved but now
allows for Boltzmann equilibrium, a temperature range where this is
not possible for the high AE values and with high emission intensities
resulting from the relatively high populations of the higher excited
states determined by the two energy differences.

Herein, we engineered a LIR? luminescent thermometer with
the Er’*/Yb®" luminescent pair with improved performance in
both the visible and NIR spectral range. For this purpose, we used
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a well-known Y;Al50,,: Er**/Yb>" phosphor material. Yb** is espe-
cially famed for its sensitization of different Ln>* ions, providing
them with sufficient light absorption for intense emission. In the
LIR?, this ion takes on an additional and vital function by affording
excitations from the two thermalized Stark components of its *F;,
ground state. We measured emission and analyzed LIR, SBR, and
LIR* thermometer performances with the same material and
showed LIR? superiority over the two other approaches in terms of
sensitivity, temperature resolution, and measurement range.

Il. EXPERIMENTAL

Y;Al;0;, nanoparticles doped with 10% Yb and 2% Er (with
respect to Y) were synthesized via the modified Pechini method
described in detail in Ref. 16. The material crystal structure and
phase purity are checked by x-ray diffraction measurements
(Rigaku SmartLab instrument; Cu-Ka,;, radiation, 0.1540 nm)
(Fig. S1 in the supplementary material). It is formed from particles
of around 35nm in diameter according to transmission electron
microscopy (Fig. S1 in the supplementary material), performed on
TESCAN MIRA3 and Philips CM-20 SuperTwin, respectively (the
material was coated with Au by a typical sputtering process using
Polaron SC502—Fison Instruments).

The sample was excited with a focused Ekspla NT342B OPO
laser. The laser gives short (~10 ns) pulses with typical pulse energies
of 10 mJ at wavelengths that can be tuned from 210 to 2200 nm. For
the excitation spectra, the relevant emission lines of Er’* were selected
using a Triax 550 monochromator and recorded with an R928 photo-
multiplier tube [see Fig. S2(b) in the supplementary material]. The
visible and infrared Er’* luminescence was recorded using a fiber-
coupled Andor Kymera 193i spectrometer, equipped with an air-
cooled Andor iVac Front-illuminated deep depletion CCD and a
water-cooled Andor iDus 1.7pum InGaAs CCD, respectively. The
heating and cooling of the samples were achieved with a Linkam
THMS600 microscope stage equipped with a liquid nitrogen pump.

The diffuse-reflectance of YAG:Er’*/Yb** was recorded by
Shimadzu UV-2600 [see Fig. S1(a) in the supplementary material].
The absorption of Yb®* at different temperatures was estimated by
the Kubelka-Munk function, F(R), from the measurement of
diffuse reflection, R, using an integrating sphere and an Ocean
Insight FX spectrometer,’;’}3

2
_A-Rr 1)

F(R) R

lll. THEORY

The conventional LIR is constructed as the ratio of intensities
of emissions from energetically higher (H) and energetically lower
(L) excited states. If emitting levels are in thermal equilibrium,
meaning that the thermal energy can effectively populate H from
the L state faster than radiative decay from either state, then LIR
follows the Boltzmann distribution given by’

_ Ig(T) _AE
LIR(T) = L) = Bexp< kT)’ (2)
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where B is the temperature invariant parameter that depends on the
properties of a host material and an activator ion,”> AE represents
the energy difference between the thermalized levels from which
emissions occur, and k = 0.695 cm™' K~! is the Boltzmann constant.

The SBR is constructed as the ratio of emission intensities
obtained under excitations from energetically higher and lower
states (these excitation processes are often termed ground-state
absorption and excited-state absorption, respectively). The mathe-
matical formulation is the same as in a conventional LIR [Eq. (2)].
The only difference is that in this case, AE represents the energy
difference between the two thermally coupled levels from which
the excitation occurs.

The luminescence intensity ratio squared (LIR?) is a recently
introduced luminescence thermometry method that combines LIR
and SBR approaches.” It is described by Eq. (2), where AE is the
sum of energy differences between the thermalized emission and
thermalized excitation states.

The relative sensitivity of LIR and SBR Boltzmann thermome-
ters defined by Eq. (2) has a simple form of *

OLIR AE
——| X 100% = — x 100%. (3)

D = oT kT2

1
LIR
The temperature resolution (uncertainty in temperature) is
given by’

_o/(D)

AT(T) = 1’

)

where o, is the relative uncertainty in a measurement, obtained as a
relative standard deviation in a series of measurements.
The uncertainties of measurement for LIR can be estimated
from uncertainties in the emission intensity measurements of tran-
spr . . . 36,37
sitions involved in the calculation,

o,(LIR) = /o2(Iy) + o2(I.) - (5)

IV. RESULTS AND DISCUSSION

A. Engineering of Er**/Yb>* LIR? thermometers for
visible and near-infrared spectral regions

To experimentally verify the superior sensitivity of the LIR?
method that was introduced by some of us in Ref. 32, we chose
YAG: Er’*/Yb®" as the model system. The diffuse reflection spectra
of YAG: Er’*/Yb>" recorded at various temperatures are presented
in Fig. S2 in the supplementary material, revealing peaks that corre-
spond to the absorptions from the *Fys ground level of Yb** to its
only excited 4f level *Fs,,. The crystal field splitting causes sublevels
(known as Stark levels) which are marked with numbers from 1 to
7, where sublevels 1 to 4 form F;, and sublevels 5 to 7 form *Fs/,.
At elevated temperatures, we observe an increase in the 3 —» 5 exci-
tation intensity at 1031 nm and a decrease in the 1 — 7 excitation
intensity at 916 nm [see Fig. 1(a)]. This temperature-dependent
behavior is caused by thermal coupling between the sublevels of *F;,
following Boltzmann statistics. We choose the 1 -7 and 3 — 5 tran-
sitions for the excitation part of LIR? (and SBR) on YAG:Er>"/Yb>*

METHOD scitation.org/journalljap

[see Fig. 1(b)], not only due to their opposite trends with tempera-
ture, but also because those transitions do not overlap with other
transitions between the various sublevels of Yb**.

In the visible region, the emission spectra at various tempera-
tures upon 916 nm excitation present the typical Er’* upconversion
emission from ?H,;,, and *Ss,, enabled by energy transfer from
*Fs;, of Yb** to Er’* [Fig. 1(c)].”*™"" We observe a strong increase
of the relative *H,;,, intensity with temperature, which we again
explain by thermal coupling, this time between 2Hy,, and *S;),.
We use the integrated intensity of these emissions for the conven-
tional LIR (LIR,), as presented in Fig. 1(d) (left). The energy gap
between the emissions in LIR, corresponds to the energy difference
between the *Hy;,, and *S;), levels, and it is approximately equal to
700 cm™", regardless of the host matrix.'""' The emission spectra
of Er’* under excitation at 1031 nm are presented in Fig. S3(a) in
the supplementary material. The emission from *S;, recorded at
this different excitation wavelength can be used for the SBR (LIR;)
method: the *S5,, — “I;5/, emission is observed upon excitation at
916 and 1031 nm and their ratio is taken for LIR;,. Note that, we
assume here that the upconversion intensity is proportional to the
Yb®" excited state population which is not trivial for an upconver-
sion process and only holds in an excitation density limit. The
energy gap corresponds to the energy difference between the sub-
levels 1 and 3 of Yb>* [see Fig. 1(d) (middle)]. Note that, unlike the
energy difference between the 4f spin-orbit levels, the position of
the crystal field sublevels greatly depends on the host matrix and
allows for additional flexibility in finding suitable lanthanide-host
combinations for LIR* thermometry optimized for specific temper-
ature ranges. According to the literature, the energy difference
between sublevels 1 and 3 in YAG is 612 cm™".*

In the NIR region, we observe a single (downshifting) emission
from the first excited level of Er’*, *I,5,, to the ground level, N5/
centered at ca. 1.5 um [see Fig. 1(e)].*>** The conglomerate emis-
sion *I;3,, = *I;5, is composed of multiple, overlapping compo-
nents, that can be classified into two groups. Peaks between 1450
and 1500 nm and beyond 1555nm increase with temperature as
they originate from the energetically higher Stark sublevels of the
1132 level (H), and peaks between 1500 and 1555 nm decrease in
intensity as they originate from the lower Stark sublevels (L).'° We
determine LIR, from the H and L emission upon excitation at
916 nm. For LIRy, we use the “I;5/, = *I;5,, emission recorded upon
excitations at 916 and 1031 nm, analogous to the LIR;, method in
the visible region [see Fig. 1(f)]. For LIR? first, the material is
excited by the 3 — 5 pathway in Yb>*, and the observable is the
intensity from the H sublevels of Er**. In the second step, the 1 — 7
excitation is performed, while observing the L intensity. Analogous
to the method for Er**/Yb>" in the visible region, the ratio of inten-
sities obtained in those two steps is used for the LIR? method, and
the effective energy gap is equal to the sum of separate energy gaps:
between the H and L sublevels of Er**, and 1 and 3 sublevels of Yb**
(see below for further explanation).

B. Performance comparison of LIR, SBR, and LIR? Er**
/Yb3" LIR?Z thermometers

Emission spectra were recorded for YAG: Er’*/Yb®" under
both 916 and 1031 nm excitations in the visible and NIR in the
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FIG. 1. (a) Temperature-dependent excitation spectrum of Yb®* and (b) the corresponding energy diagram.”® (c) Temperature-dependent emission spectra in (c) visible
and (e) NIR, under 916 nm excitation. Energy level diagram of LIR,, LIR,, and LIR? methods for Yb**/Er** in the (d) visible range by upconversion and (f) the NIR range
by downshifting. Upward-wavy arrows represent excitations by thermal energy, downward-wavy arrows are non-radiative de-excitations, upward-straight arrows are excita-
tions by photons, and downward-straight arrows are the emission of photons. The horizontal arrows from Yb" to Er** represent energy transfer.

300-800 K temperature range. In addition, at three temperatures
(310, 650, and 800 K), a large number of spectra was recorded to
determine the uncertainties in the measured intensities. From the
spectra given in Fig. 1(b) and Fig. S3(a) in the supplementary

material in the visible, and Fig. 1(e) and Fig. S3(b) in the supple-
mentary material in the NIR region, all three methods LIR,, LIR,,
and LIR? [by mechanisms presented in Figs. 1(d) and 1(f)], were
employed to estimate the performance of each method in both
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spectral regions for temperature sensing. Each method is fitted by
the Boltzmann relation in Eq. (2).

The LIR,, LIRy, and LIR?, in the visible region of YAG:Er**
/Yb>*, are then given by, respectively,

LIRS — ICHy2 — s, Aex = 916 nm) — Bexp( — vis )
“ I(4S32 = 4L1512, Aex = 916 nm) 4 kT
(6)
LIRVis _ 1(483/2 - 4115/2) ﬂ’ex = 1031 nm) _ Bvisexp _ AEZiS
b I(*S3;, — L1525 Aex = 916 nm) b kT )’
(7)
LIRS — ICHy2 — *Iisja, Aex = 1031 nm) — Bexp( — AE .
I(*S3/2 — *Li5125 Aex = 916 nm) ab kT

(8)

Equations (6)-(8) were fitted to the experimental data and the
results are given in Figs. 2(a)-2(c), respectively. In the NIR region,
analogous equations are used,

LIRY™® = I(Lis(H) —* Lisp, hex = 916 n1m) BMRexp _AET ;
I(*113/2(L) — *I15/25 Aex = 916 nm) kT
9)
LIRNR — I(*hs — *Is, Aex = 1031 nm) B exp - ABR™Y
I(*I13/2 — 11572, Aex = 916 nm) kT
(10)
LIRANIR _ I(*113/2(H) — *I15/2, Aex = 1031 nm) _ gIbIReXp _AEII;IbIR ,
I(*113/2(L) — 411572, Aex =916 1) kT

(11

and the experimental data are fitted in Figs. 2(d)-2(f). As it was
predicted, the sum of the energy gaps of the LIR, and LIR,
methods is approximately equal to the effective energy gap of LIR?,
both in the visible and NIR regions.

A comparison of the relative sensitivities of LIR* with the LIR,
and LIR;, methods is shown in Fig. 3. The relative sensitivities were
obtained from Eq. (3) by using the AE values fitted in Fig. 2. The
relative sensitivity of the LIR*> method in both visible and NIR is
equal to the sum of the relative sensitivities of LIR, and LIR,.
According to Eq. (3), this was anticipated, as the effective energy
gaps obtained from the fitting in Figs. 2(c) and 2(f) are equal to
the sums of energy gaps of LIR, and LIR,. This presents a signifi-
cant increase. In the visible region, the sensitivity is increased by
~70%, and the LIR* method could show the largest perspective at
higher temperatures, where the LIR, and LIR, methods demon-
strate low sensitivities (e.g., 0.14% K™' of LIR, vs 0.24% K' of
LIR?). In the NIR, with potential temperature sensing applications
on the biological samples with nanoparticles, the LIR, method
suffers from a minuscule energy gap of ~180 cm™', and thus, the
low relative sensitivity. At the normal body temperature of 310K,
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this sensitivity is equal to 0.27% K. Here, LIR, is more promis-
ing, as at the same temperature, it provides 0.36% K™'. LIR? is
again the best method, as at 310 K, the relative sensitivity is 0.61%
K™%, which is a ~230% increase over the sensitivity of the conven-
tional LIR method. Thus, LIR* shows a strong potential to be used
as a NIR-NIR nanothermometer in the physiological range. One
should note, however, that the fitted value of the energy difference
between levels in the LIR;, method for the NIR [Fig. 2(e)] is smaller
than for the visible spectral range [Fig. 2(b)]. At the moment, it is
not clear what the explanation for this is. It may be related to some
overlap of the H and L emission lines and the choice of the integra-
tion areas for the H and L spectral regions. In any case, this does
not affect the applicability of the method. Interestingly, even with
this discrepancy, the energy differences obtained with the LIR?
method are the sums of the energy differences obtained with the
LIR, and LIR, methods, in both NIR and visible thermometry
measurements.

Relative uncertainties of the emission intensity measurements
are determined at two temperatures (in the visible spectral region
at higher temperatures of 650 K and 800 K; in the NIR region at a
body temperature of 310 K, and at 650 K), Fig. S4 in the supple-
mentary material. The obtained uncertainty values are approxi-
mately the same for all three methods in each spectral region (see
Table S1 in the supplementary material). As the uncertainties, and
consequently, temperature resolutions, depend on the experimental
setup, the temperature resolutions presented in Table I are normal-
ized to the temperature resolution obtained for the conventional
LIR [see Eq. (S1) in the supplementary material], allowing a direct
comparison of the methods regardless of the measurement
conditions.

Results in Table I are in favor of the LIR®> method at all tem-
peratures and both in NIR and the visible range. Regarding the
comparison between LIR, and LIRy, the former is better in the
visible, and the latter, in the NIR region.

YAG:Er’*/Yb®" was selected as the testing material for the
LIR? method due to the known high intensity of the 3 — 5 excita-
tion of Yb**, even at room temperature. In other host lattices, the
LIR* and LIR, methods are less advantageous, as the absorptions
from the sublevels 3 and 4 of Yb>* can be very weak. The preferred
material for LIR® and LIR,, of the Er’*/Yb>" system is the one with
the high intensity of the excited state absorption in Yb**. This is
analogous to the previously reported beneficial effect of higher
transition probabilities for emission from the thermally populated
higher excited state,”” which is also fulfilled here for LIR}® where
the *Hj,/,—"I;5/, transition is known to have a higher oscillator
strength than the *S;,,-"I;5,, transition. In general, higher transi-
tion probabilities from thermally populated states (both in excita-
tion and emission) result in higher accuracies of LIR thermometers.

There are certain limitations to the application of the LIR®
method. Although the YAG host was chosen as a well-known
matrix, another potential candidate, YF;, which has a lower
phonon energy, did not show prominent Yb>* Stark sublevels that
increase with temperature in the excitation spectrum. Further
investigation is required for the evaluation of which type of hosts
can be used for LIR* with Yb**/Er**. The advantage of LIR over
many other methods lies in readout being unperturbed by the fluc-
tuations in excitation. Generally, an excitation lamp’s intensity
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FIG. 2. (a) LIR,, (b) LIRy, (c) LIR? fit to the experimental data of the visible emissions, and (d) LIR,, (¢) LIR,, and (f) LIR? of the NIR emissions of YAG:Yb>"/Er**. Fits to
the Boltzmann relation are obtained by the LumTHools software.*°

8
g
~ 5
fluctuates much more than that of a semiconductor laser. For LIR?, detector system.”” The difference in spectral responses when
it is reccommended to use either high-stability lasers, semiconductor applied within a tissue in comparison to the LIR given in this i
lasers that share the same power source, or simply perform mea- paper is expected, but minimum, since the observed NIR emissions, B
surements for a long-enough time so that random fluctuations in are spectrally very close. Also, the water within the tissue has differ- &
excitation average out. The speed and resolution at which reliable ent (although slightly) absorption coefficients at excitations used
measurements can be performed is, however, mostly dependent on for SBR."” Thus, it is expected that the 1031 nm excitation gets
the experimental setup: excitation power and stability, optics, and slightly weakened in comparison to the 916 nm if the probe is
25
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FIG. 3. Comparison of relative sensitivities for the LIR, LIRy, and LIR? methods of YAG:Er**/Yb* in (a) visible, and (b) NIR regions.
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TABLE I. Comparison of temperature resolutions in the NIR and visible regions, estimated at various temperatures, by the LIR,, LIRy, and LIR? methods, normalized to the

temperature resolution of the conventional LIR, method.

Region NIR Visible

T (K) 310 650 650 800
S, (LIR,) (% K1) 0.84 0.40 1.40 1.14
S, (LIRy) (% K1) 1.11 0.53 1.17 0.95
S, (LIR?) (% K™ 1.90 0.91 232 1.89
8T (LIR,) 1.00 1.00 1.00 1.00
8T (LIRy) 0.77 0.69 1.43 1.52
ST (LIR?) 0.42 0.40 0.60 0.60

inserted too deep within the tissue. A slight excitation delay after
each excitation sequence or using low-power lasers would prevent
the self-heating of water within a tissue, yielding unreliable results.
The obtained LIR within a tissue would be then equal to the LIR of
the nanoparticles at an averaged depth within the tissue; however,
further investigation on the topic and comparison with the well-
established lifetime methods for biomedical applications™® lies
outside of the scope of this paper.

V. CONCLUSION

Conventional luminescence thermometry based on the LIR
methods has limitations in sensitivity and precision imposed by the
value of the energy gap between the thermalized levels. These limi-
tations are mitigated in Er’*/Yb®" thermometers with a LIR® tem-
perature read-out for both wupconversion and downshifted
emissions. The engineering of LIR” for the Er’*/Yb*" pair is based
on the combination of the conventional LIR and SBR read-outs,
which provides the simultaneous exploitation of thermalizations in
both the ground and excited states, increasing the effective energy
gaps while maintaining Boltzmann equilibrium and high emission
intensities. As a result, a significant increase in sensitivity is
obtained in both visible and NIR regions, while preserving low
uncertainties in the emission intensity measurements, which ulti-
mately results in a higher precision of the thermometer.

The drawback in comparison to the conventional LIR method
is the necessity of using two excitation wavelengths. Thus, practical
implementation requires a slightly more complex device than what
is currently being used, but is aided by the availability of compact,
cheap, and powerful diode lasers at almost any wavelength. The
present demonstration of the feasibility of superior LIR* tempera-
ture sensing can be transferred to other Er’*/Yb®* doped hosts.
Our future work will also include other well-known upconverting
systems, such as Tm>*/Yb>* and Ho*/Yb**, while LIR® tempera-
ture sensing can also be extended to simple single ion down-
shifting schemes, such as Nd*". LIR® thermometry offers superior
temperature precision and increased flexibility in both spectral and
temperature ranges, which makes this new technique highly prom-
ising in the field of luminescence thermometry.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional figures and
equations that were mentioned in the manuscript, namely, SEM

and XRD data, diffuse-reflectance spectra, temperature dependent
spectra under 1031 nm excitation, uncertainties of measurement at
each temperature, relative uncertainties, and an equation for the
relative temperature resolution.
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