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Abstract

Here we analyze alternative luminescence thermometry techniques to FIR, such
as intensity ratio luminescence thermometry between the emission arising from two
electronic levels that are not necessarily thermally coupled, but that show different
evolutions with temperature, and lifetime luminescence nanothermometry in
(Ho,Tm,Yb):KLu(WOs4)2 and (Er,Yb):NaY2FsO nanoparticles. (Ho,Tm,Yb):KLu(WOs):
nanoparticles exhibited a maximum relative sensitivity of 0.61 % K, similar to that
achievable in Er-doped systems, which are the upconverting systems presenting the
highest sensitivity. From another side, (Er,Yb):NaY2FsO nanocrystals show great
potentiality as thermal sensors at the nanoscale for moderate temperatures due to the
incorporation of additional non-radiative relaxation mechanisms that shorten the emission
lifetime generated by the oxygen present in the structure when compared to
(Er,Yb):NaYF4 nanoparticles exhibiting the highest upconversion efficiency. We used
those nanoparticlesfor ex-vivo temperature determination by laser induced heating in
chicken breast using lifetime-based thermometry. The results obtained indicate that these
techniques might constitute alternatives to FIR with potential applications for the
determination of moderate temperatures, with sensitivities comparable to those that can

be achieved by FIR or even higher.
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1. Introduction

Heat is produced in several processes, which generates an increase of temperature,
that in general is interesting to know and be measured. Examples include monitoring the
evolution of temperature in chemical reactors [1], detection of “hot spots” in
microelectronic devices [2], detection of local temperatures within integrated photonic
devices to prevent irreversible damages [3], monitoring heat dissipation during optical
trapping [4], monitor temperature changes in microfluidic systems [5] and monitoring
metabolic processes in living organisms [6], to name a few.

Typical systems used to control the temperature increment require contact, which
generates technological challenges when spatial resolution decreases to the submicron
scale. Fortunately, there are various types of non-contact nanothermometry approaches,
one of the most attractive of which is luminescence thermometry, based on the
temperature-dependent emission intensity, lifetime value, band shape or position of
emission bands of luminescent nanoparticles [7,8]. These methods offer relatively high
detection sensitivity and spatial resolution in short acquisition time, even in fluids, strong
electromagnetic fields and fast moving objects [9-11].

The use of upconversion nanoparticles, which exhibit efficient visible emission
properties after excitation in the near infrared, can provide simultaneously the dual
function of imaging and temperature sensing at the nanoscale [12].

The potentiality of Er®*, Yb® codoped upconversion nanoparticles for
nanothermometry in the range of moderate temperatures has been especially highlighted
[13,14], especially due to the suitable energy gap between the 2Hiiz and “Ss2 energy
levels of Er¥* , which are thermally coupled, using, for instance, (Er,Yb):NaYF4
nanoparticles.

However, there exist other alternative materials and thermometry techniques with
potential use for the determination of moderate temperatures that can offer a similar or
even higher sensitivity with respect to those offered by Er¥*-doped systems. Here, we
analyze the possibilitites offered by two dielectric phosphors, (Ho,Tm,Yb):KLu(WOQ4)
and (Er,Yb):NaY2FsO, by measuring the luminescence thermometry intensity ratio
between the emission arising from two electronic levels that are not necessarily thermally
coupled, but that show different evolutions with temperature in the former, with
sensitivities comparable to those obtained in Er®*-doped systems, and by measuring

lifetimes in the second.



2. Experimental section

Synthesis of luminescent nanoparticles. 1.5 at. % Ho, 1 at.% Tm, and 1 at. % Yb
doped KLu(WOs4)2 nanocrystals were synthesized by the sol-gel modified Pechini method
[20] Analytic grade purity reagents of H0203 (99.9999%), Tm203 (99.9999%), Yh203
(99.9%), and Lu203 (99.9999%), were dissolved in hot nitric acid in the specific
proportions to form the nitrate precursors. Citric acid (CA) was used as the chelating
agent while ethylenglycol (EG) was used as the estherification agent in the synthesis
process. The nitrate precursors were dissolved in distilled water with citric acid in a molar
ratio of CA to metal cations equal to 1. Ammonium tungstate (NH4).WO4 (99.99%) and
potassium carbonate K>CO3 (99.99%) were added to the aqueous solution and we heated
it at 353 K under magnetic stirring during 24 h until complete dissolution. Further, EG
was added to the mixture in a molar ratio [EG]/[CA] = 2. The solution was heated at 373
K in order to evaporate water and generate the polymeric gel. After that, the polymeric
gel was calcinated at 573 K for 3 hours, and later at 1023 K for 2 hours to eliminate the
organic compounds and crystallize the desired nanoparticles. The raw (Er,Yb):NaY2FsO
nanoparticles were purchased to Boston Applied Technology.

Raman scattering measurements. Micro-Raman spectra were obtained at room
temperature with a Labram HR800 UV Raman spectrometer from Horiba-Jobin-Yvon
attached to a metallographic microscope with confocal optics, and equipped with a LN-
cooled charge-coupled-device (CCD) detector. The excitation was carried out with a UV
laser at 325 nm using a 40 X UV microscope objective with 0.5 numerical aperture (NA).
The scattered light was also collected by the objective, thus working in a nearly
backscattering configuration.

Temperature-dependent luminescent experiments. For upconversion emission
measurements, (Ho,Tm,YDb):KLuW nanoparticles were introduced in a Linkam THMS
600 heating stage. The sample was excited with a diode laser emitting at 808 nm, which
corresponds to the maximum absorption wavelength of Tm®*. The beam from the laser
source was focused on the sample and the emission was collected in 90° geometry in order
to eliminate the residual laser pump. Emission radiated from the sample was collected
and dispersed on a Jobin Yvon HR 460 monochromator. For detection, a Hamamatsu
PMTR 928 photomultiplier tube, connected to a Perkin Elmer DSP-7265 lock-in

amplifier was used.



Lifetime thermometry. For luminescence decay-time experiments as a function of
temperature, (Er,Yb):NaY2FsO nanoparticles were introduced in a Linkam THMS 600
heating stage and excited at 980 nm with an optical parametric oscillator (OPO) from
Opotek (Vibrant HE 355 11+UV) with a pulse duration of 6 ns and a repetition frequency
of 10 Hz. The fluorescence light emitted by the sample was collected with a microscope
objective, transferred to the monochromator for the selection of specific wavelengths, and
then detected using a Hamamatsu R928 photomultiplier. The decay of the signal was
measured as a function of time with a digital oscilloscope, averaging the signal from 3000
laser pulses.

Lifetime thermal sensing experiments. After calibration, (Er,Yb):NaY2FsO
nanoparticles were dispersed in distilled water and injected in a fresh chicken breast. A
heating laser with emission at 1090 nm and a pumping laser with emission at 980 nm,
spatially overlapping, were simultaneously focused in the chicken breast using a
microscope objective. The fluorescence arising from the nanoparticles was collected by
the same objective, and after passing the selected filters, was focused into the

photomultiplier tube connected to the digital oscilloscope.

3. Results and Discussion

3.1.(Ho,Tm,Yb):KLu(WOs4)2 nanoparticles

We studied the upconversion emission of Ho**, Tm**, and Yb** codoped KLu(WOQ4),
nanoparticles, and analyzed the possibilities of their emissions for temperature sensing
applications. As a host material the KLu(WO4)2 monoclinic matrix has several
advantages. For instance, the Yb3* absorption cross-section in KLu(WO4), single crystals
has been measured to be 11.8 x 10%° cm? [15], which is around 15 times bigger than that
on Yb%* in YAG crystals [16]. Furthermore, this host allows for large doping
concentrations, up to 100%, without emission quenching effects [17].
(Ho, Tm,Yb):KLu(WOa.)2 single crystals [18] and nanocrystals [19] have been used, for
instance, for the generation of white light through the combination of the blue, green and
red light emitted by this material when excited with 980 nm light by tuning the
concentrations of the doping ions to equilibrate the intensity of the RGB emissions. Thus,
they show a rich emission structure with possibilities to be used in thermal sensing. Its
quantum yield in comparison to that reported for (Er,Yb):NaYFs nanoparticles [20], the
most efficient up-converting system presented up to date, is around one order of

magnitude lower [21]; however, it is comparable to other up-converting oxide



nanoparticles currently used for nanothermometry applications [22-27]. Furthermore,
halide-based materials tend to be hygroscopic, showing relatively poor chemical and
photophysical stabilities compared to oxide matrices; on the other hand, most of the
preparative routes for halide-based nanoparticles are complex and environmentally
harmful.

(Ho,Tm,Yb):KLu(WOQas)2 nanoparticles have been synthesized by the sol-gel
modified Pechini method. Figure 1 shows a TEM image in which the aspect of these
nanoparticles can be seen. Particles show irregular shapes, with sizes below 50 nm, as
can be seen in the histogram, in which we statistically analyzed the nanoparticles size
distribution, furthermore, a relatively low degree of agglomeration is observed.
(Ho, Tm,Yb):KLu(WOa4)2 nanoparticles crystallize in the monoclinic system, with spatial

group C2/c, as it was reported for single crystals with the same chemical composition

[18].
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Figure 1. TEM image of (Ho,Tm,Yb):KLu(WO.). nanoparticles and histogram showing the mean sizes of

these nanoparticles.

Figure 2(a) shows the evolution of the upconversion emission spectra of
(Ho,Tm,YDb):KLu(WOa)2 nanocrystals excited at 808 nm in the range of temperatures 22
— 250 °C, which exhibits three emission bands in the blue, green and red region of the
electromagnetic spectrum. In order to understand the origin of the different emission

lines, we have studied the upconversion mechanism in detail by pumping at specific



wavelengths in the visible to excite specific energy levels of the different emitting ions.
Figure 2(b) summarizes the different excitation and emission mechanisms deduced for
this material. From this analysis, it is clear that the green and red emissions arise from
different ions of the system, and occurred due to energy transfer processes that are
temperature dependent. In fact, we observed that while the green emission generated by
Ho3" decreases in intensity when the temperature increased, the red emission intensity
generated by Tm3®" increased, showing that, despite we cannot consider, strictly speaking,
that those levels are thermally coupled, they are somehow thermally linked through
phononic processes associated with energy transfer processes. In fact, by increasing the
temperature, the multiphonon nonradiative depopulation rate of the °S; and °F4 energy
levels of Ho®** (from which the green emission originated) will become faster, populating
the °Fs energy level of this ion. From here, an energy transfer process occurs to the *F2
and °Fs energy levels of Tm®" from which the red emission occurs. Thus, although we
cannot apply the FIR technique as defined by Wade et al. [28] in that case for temperature
sensing purposes, this allows us to apply the intensity ratio technique to analyze the
thermal evolution of the emission from these ions, and use these nanoparticles as
luminescent nanothermometers.

In order to explore the possibilities of using these nanoparticles as a nanothermometer
suitable for moderate temperatures, we have focused on the range of temperature between
22 and 50 °C. The ratio between the integrated intensities of the two emission bands,
located in the red and the green spectral windows, as a function of temperature is plotted
in Figure 2(c). The experimental data could be fitted to a linear equation: lred/lgreen = -0.8
+ 0.0061T. The relative sensitivity, calculated as the first derivative of the intensity ratio
divided by the intensity ratio is plotted in Figure 2(d). This parameter allows us to
compare the performance of our system with respect to other luminescent thermometers
reported before. The maximum relative sensitivity was found to be 0.61 % °C™, similar
to those previously reported for Er®* based systems, which up to date were the highest
ones reported in the literature [29,30]. Thus, Tm* and Ho®*" ions in the KLu(WO4), host

might become a competing technology with Er®* for thermometry applications.
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Figure 2. (a) Evolution of the emission spectra of (Ho,Tm,Yh):KLu(WO4), nanoparticles with
temperature in the range 22 — 250 °C after excitation at 808 nm. (b) Energy level diagram and emission
generated by upconversion after excitation at 808 nm for Ho®*, Tm**, and Yb?*" in KLu(WO4)
nanoparticles. (C) lred/lgreen In the range of temperatures 22-50 °C. (d) Temperature dependence of the
relative sensitivity for the (Ho,Tm,Yb):KLu(WOa4), nanoparticles.

3.2.(Er,Yb):NaY2FsO nanoparticles

The entity to which the temperature wants to be determined may be in movement, or
in a environment where others parameters, such as pH and oxygen concentration, can
affect the luminescent intensity of the emission lines of the nanoparticles. An alternative
means of temperature sensing that overcomes these limitations is lifetime thermometry,
although it has been scarcely used with up-converting materials [31,32]. An additional
advantage of this technique for thermometry consists of the temperature estimation from
the measurement of a single parameter (lifetime), therefore it is to a first approximation
calibration-free. The use of systems that incorporate non-radiative relaxation and
multiphonon phenomena, responsible for the shortening of fluorescence lifetime decays,
such as oxides instead of fluorides, might allow considering this technique as an
alternative to the more conventionally used fluorescence intensity ratio technique.

(Er,Yb):NaY2FsO nanoparticles are promising candidates for this approach [31] since



their phononic response is extended to longer wavenumbers with respect to pure
fluorides, (Er,Yb):NaYF, for instance, see the Raman spectra in Figure 3. This extended
phononic response allows for a more easy activation of the non-radiative relaxation and
multiphonon phenomena, similar to what is happening with oxides [33]. This is due to
the fact that the smaller the number of phonons required to cover the energy gap between
two levels, the higher the non-radiative multiphonon rate to depopulate an excited energy
level to another one, as described by the phenomenological model of Riserberg and Moos
[34]. Therefore, by increasing the phonon energy values in oxifluorides when compared
to fluorides, induces the enhancement of the non-radiative processes, which shorten the

experimental decay times.
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Figure 3. Raman spectra of (Er,Yb):NaYF4 and (Er,Yb):NaYFsO nanoparticles.

Figure 4(a) shows a TEM image of the (Er,Yb):NaY2FsO nanoparticles used in this
work. They exhibit rod like morphologies, with diameters around 70-80 nm and lengths
around 250 nm, as can be seen in the histograms provided in Figures 4 (b) and (c).
However, these particles tend to be densely agglomerated. It is clear, thus, that for real
applications, the morphological characteristics of the samples used in this work must be
improved, but their quality is good enough to provide a trustable “proof of concept” of

the potentiality of lifetime thermometry in the range of moderate temperatures.
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Figure 4. (2) TEM image of (Er,Yb):NaYFsO nanoparticles. Histograms showing (b) the diameter and

(c) lengths of the nanoparticles.

Figure 5(a) shows the emission spectrum of (Er,YDb):NaY2FsO nanoparticles after
excitation at 980 nm. It consists mainly in two emission bands: a weak emission band in
the green associated to the *Hi1/z, *Saro — *l1512 transitions of Er** and another more intense
emission band in the red associated to the *Fe;2 — “l15/2 transition of Er®*. The temperature
dependent normalized lifetime, defined as tnor(T) = (T) / ©(RT), where t(T) is the
fluorescence lifetime measured at a temperature T, and t(RT) is the fluorescence lifetime
measured at room temperature, of the 545 nm and 660 nm emission lines in the range of
RT to 60°C are shown in Figure 5 (b). For that we analyzed only the decay part of the

luminescent lifetimes, thus avoiding the rise time inherent in the energy transfer
T} -c-de

F1)-dt |y photh cases we

T =
upconversion process, using the following expression:
observed a linear decrease of the lifetime values when the temperature increased.

However, the slope of the evolution of the lifetime associated with the 545 nm emission



line is higher, which will provide better temperature estimation sensitivity. In fact, the
lifetime thermal coefficients (ar), defined as the slope of the normalized lifetime vs.
temperature, are 0.015 °C* and 0.007 °C%, thus we can consider that ot (545 nm) = 2 ot
(660 nm). This reduced thermal quenching value for the red emission is not surprising,
since it has been previously reported for Er¥*-doped glasses in the range of temperatures
between 10 K and room temperature [35]. It should be noted here that the high sensitivity
observed for the green emission lays in the order of that previously obtained for other
lanthanide doped systems [36-38] and quantum dots [39] pumped in the UV and blue
regions of the electromagnetic spectrum, furthermore, it shows a better performance than

gold nanoclusters pumped in the green [40].
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Figure 5. (a) Emission spectra of (Er,Yb):NaY2FsO nanoparticles after pumping at 980 nm. Inset shows
the absorption spectrum of these nanoparticles in the 825-1100 nm region. (b) Normalized lifetime values
as a function of temperature for the 545 nm and 660 nm emission lines. Inset shows the fluorescence
decay curves of the 545 nm emission line at 25 and 60 °C (c) Effect of the heating laser emitting at 1090
nm on the lifetime values of the 545 nm emission line on the nanoparticles introduced in chicken breast.
(d) Ex-vivo temperature increment measured through lifetime variations in the 545 nm emission line of

(Er,Yb):NaY2FsO nanoparticles as a function of the increase of the laser heating power.
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Figure 6. Scheme of the experimental set-up used in the ex-vivo thermal sensing experiment of sub-tissue

temperature determination in chicken breast.

In order to show the potentiality of the (Er,Yb):NaY2FsO nanoparticles as a practical
nano-thermometer for moderate temperatures, ex-vivo thermal sensing experiment of
sub-tissue temperature determination in chicken breast were carried out as a function of
the power of a heating laser emitting at 1090 nm. Figure 6 shows a scheme of the
experimental set-up used. (Er,YDb):NaY2FsO were dispersed in water, and injected into a
fresh chicken breast at a depth of 1 mm. A 1090 nm continuous laser beam was slightly
focused into the injection’s area and used as the heating beam due to the non-vanishing
absorption coefficient of tissues at this wavelength (because of the presence of water).
Optical excitation was achieved by using a 980 nm diode laser and the luminescence
generated was first collected and collimated by using a low numerical aperture
microscope objective and later it was focused into a photomultiplier by a using a single
lens. Figure 5(c) shows the decrease of the lifetime of the 545 nm emission line when we
increased the power of the heating laser focused inside the chicken breast. Since
(Er,Yb):NaY2FsO nanoparticles do not absorb energy at 1090 nm (see inset in Figure
5(a)), the reduction of the lifetime is due to the heating of the chicken breast tissues
induced by the laser. By combining these data with those of the calibration previously
performed (see Figure 5(b)), we can determine the temperature inside the chicken breast,

and we show it as a function of the laser heating power in Figure 5(d).



4. Conclusions

In conclusion, we have shown alternative luminescence thermometry techniques to
the most commonly used fluorescence intensity ratio technique for moderate temperature
sensing purposes. (Ho,Tm,Yb):KLu(WOs). nanoparticles can be used as an efficient
luminescence temperature sensor using the temperature-dependent ratio of two emission
lines. From another side, (Er,YDb):NaY2FsO nanoparticles show a great potentiality in
moderate temperature sensing purposes using the lifetime thermometry technique,
demonstrated by the ex-vivo sub-tissue temperature determination experiment in chicken

breast.
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