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ARTICLE INFO ABSTRACT

Keywords: The determination of temperature is a very important property in many biomedical and industrial fields. In this
Thermometry case, the optical thermometer is an excellent alternative for conventional thermometer due it offers a fast
Luminescence

response and can be a non-contact thermometer. In this work, a study to obtain a near-infrared optical ther-
mometer was realized using a Nd*'-doped fluoroborontellurite marrix. The study was based on the measured
emission intensities of the (*Fg /25 4F3/2) -4 /2 transitions in the wide range of temperature from 280 up to 480
K. The changes in the emission band profiles were calibrated by means of the luminescence intensity ratio
method, and the results showed that this matrix is a good candidate for an optical thermometer in the near-
infrared with a relative sensitivity of 1.58% K ! at room temperature. The samples with different concentra-
tions of Nd®' ions were prepared using the melt-quenching technique.
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1. Introduction tensity ratio (LIR) by calculating the relative emission intensity of two

thermally-coupled excited states. This method allows the monitoring of

The determination of temperature is a very important property in
many areas such as biomedical and industrial. For biological applica-
tions it is interesting to use optical thermometry where the detection of
temperature can be made by observing changes in the luminescent
spectrum [1-3]. In the last few years, these optical thermometry were
studied based on the luminescence of coupled levels of the rare-earth
ions (RE*") such as Er®* [4,5], Eu®* [6,7], Pr* [8,9] and Tm>* [10,
11]. For example Er°" has been extensively used as a primary ther-
monieter since its luminescence intensity ratio (LIR) responds linearly to
changes in temperature mainly in the physiological temperature range
from 293 to 343 K.

However, many studies have focused, mainly, in the Er®* and Eu’t
ions that have a strong emission in the visible light (green and red,
respectively) [12-15]. Nevertheless, these emissions are affected by the
biological tissues due to the strong scattering and absorption phenom-
ena. To avoid thar, the RE Nd®T is a perfect replacer temperature
sensing, since it has thermally couple levels, 4Fj (j=7/2,5/2,and 3/2),
and can generate far-red and near-infrared luminescence just located at
the second optical window of the biological tissue [16].

The optical thermometer sensors are based on the luminescence in-
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only the relative changes in intensity, reducing fluctuations from other
emissions, excitation source power, light scattering and other external
events [17]. For the Nd>7 ion the LIR of the thermally coupled levels
(4F3/2 and 4F5/2) show remarkable change with T and thus acts as an
index to probe surrounding temperature [18-20]. In this way, as Nd>*
ions present closely thermal-coupled energy levels, and since they are in
thermal equilibrium the corresponding LIR of these states can be
expressed by the Boltzmann distribution

LIR = I)I" = Aexp( — AE [ kgT) + yy (0

where I and I" are the integrated intensities corresponding to the
observed transitions that change with temperature. The parameters A
and yp are adjustable constants, kg is the Boltzmann constant, T is the
absolute temperature, and AE is the energy difference between the
excited states. Based on the expression of LIR, its value can be plotted
against the absolute temperature (T) and the adjustable parameters can
be obtained by the exponential fitting. As a consequence, the energy gap
E is used to obtained the relative sensitivity (Sg) of temperature detec-
tion, defined by the following equations
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In this work, a set of Nd®>*-doped fluoroborotellurite glass was syn-
thesized by the melt-quenching method and their thermal-optical
properties were studied with the objective of application in optical
thermometry in the near-infrared region. Absorption and Raman spec-
troscopy measurements were recorded to verify the optical and struc-
tural properties of the matrix. Experimental measurements of excited
state lifetime in function of Nd>* concentration were performed at room
temperature under 532 nm diode laser excitation. The temperature-
dependent luminescent properties of Nd>-doped glass and the lumi-
nescence intensity ratio (LIR) of the Nd>™, (*Fs/2, *Fa/2) = /2, emission
were measured to address its probable application in optical thermom-
etry. The results show that the material can be used as a near-infrared
optical thermometer from 280 to 480 K.

2. Experimental details

A new Nd®*-doped fluoroborotellurite glasses with molar composi-
tion (100-x)[60Te0,-20BaF;-20B5;03]-xNd,03 (x =0, 0.5, 1.0, 1.5, 2.0,
and 3.0 mol%) were synthesized via melt-quenching method. The raw
materials were stoichiometrically weighed, grounded, and mixed in an
agate mortar to improve homogeneity. For each sample, the powder
mixture was loaded in a gold crucible, covered with a platinum lid, and
melted in an electric furnace at 750 °C for 30 min. After melting, the
liquid was poured into a preheated stainless-steel mold at 280 °C and
annealed for 2 h at the same temperature to remove residual stress
before cooling to room temperature. Glass bulks of about 5 g were ob-
tained and optically polished for optical characterization with final
thickness about 2 mm. The characteristic temperatures such as glass
transition (Tg), onset of crystallization (T,), and maximum of crystalli-
zation (T,) temperatures were extracted from differential scanning
calorimeter (DSC) curves with an error of + 2 °C. The T parameter was
used to evaluate the thermal stability against crystallization (error of +4
°C). DSC curves were recorded by using a DSC with DSC TA Q20 in-
strument from 300 to 450 °C at 10 °*C.min~! using aluminum-sealed
crucibles under N, atmosphere. The absorption spectra were obtained
using spectrometer Shimadzu UV3600 with a range of 340 to 1000 nm in
UV-vis-NIR. The luminescence spectra were collected by using a
compact spectrometer model Thorlabs CCS200 with a resolution of 4
pixels/nm, under excitation at 532 nm from 750 to 1000 nm. The
resulting luminescence spectrum is the mean of multiple spectra with a
standard deviation < 1 %. The excitation source was modulated by an
optical chopper at a frequency of 300 Hz. The emitted light from the
samples was collimated and focused in a Si photomultiplier detector.
The lifetime decays present a standard deviation < 5 ps. A long-pass
filter was used for luminescence and lifetime measurements, which
were collected under cryogenic conditions with a cryostat Janis (model
VPF-100) working from 77 K to 500 K (liquid N3). Raman spectroscopy
was performed using a LabRAM HR Evolution Horiba spectrometer in
the range of 150820 cm ! with a spectral resolution of 1 cm !, at 532
nm and a power of 50 mW in all measurements.

3. Results and discussion

Fig. 1 displays the absorbance spectra of the undoped and Nd>'-
doped fluoroborotellurite glass samples obtained as purple bulk samples
in color, optically homogeneous to the unaided eye and strain-free. As it
can be seen the samples are transparent from at least 400 to 1000 nm.
The narrow absorption bands are assigned to the f-f electronic transi-
tions of Nd>* ground state *I9/2 to the excited states as labeled in Fig. 1.
As expected, the absorption bands increase in intensity in function of
Nd>* concentration being the bands 584, 746, and 805 nm more intense
as already related for silicate [21], phosphate [22], and tellurite glasses
[23,24].
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Fig. 1. Absorption spectra of Nd>'-doped fluoroborontellurite glass samples.

Fig. 2 a shows the DSC curves obtained for undoped and Nd**-doped
fluoroborontellurite glass samples. A homogeneous and thermal stable
undoped glass was obrained with T, and A T of 321 *C and > 124 °C,
respectively. With Nd>* doping, the Tg increases up to 1.0% doped
sample (T, = 330 °C), attributed to an increase in the network rigidity as
a function of Nd;O3 content. On the other hand, an exothermic crys-
tallization peak is initially observed for the 0.5% doped sample at a T,
value of 431 °C, which shifts to lower temperatures at (416 °C) for the
1.0% Nd sample. This shift is followed by a decrease in thermal stability,
AT, suggesting that Nd** destabilizes the fluoroborontellurite network
against crystallization and acts as a nucleating agent by reducing the
crystallization energy in function of increased doping concentration.
Despite the samples containing 1.5% and 2.0% of Nd,O; presenting
almost the same T, T,, and AT of about 329 °C, 410 °C, and 62 °C,
respectively, the crystallization peak also shifted to lower temperature
compared to the T, value of the 1.0% Nd sample, and even more when
compared to the T, for the 3.0% Nd sample (404 °C). The T, shift
behavior is also accompanied by a decrease of AT to 30 °C (3.0% Nd),
reinforcing the glass modifier role of Nd,O3. The T, and AT behaviors as
a function of Nd,O3 content are shown in Fig. 2b.

In view of the thermal analysis results related to the decrease of
thermal stability against crystallization as a function of doping con-
centration, Raman spectroscopy has been performed to gain an under-
standing of the glass network modification. In general, the Raman
spectra of Nd®*-doped fluoroborontellurite glass samples are dominated
by the stretching modes attributed to the [TeO,] units regardless of
dopant concentration, as shown in Fig. 3. The Raman bands from 550
cm ! to 1000 cm ! are mainly composed by the stretching modes of
three distinct polyhedral: trigonal bipyramidal units [TeO4], [TeOs 1]
units resulting from [TeO4] conversion due to the presence of BaF,
modifier (one TeO bond is elongated), and less connected [TeO3] units
[25,26]. The band centered at 480 em ™! (from 390 cm ™! to 550 cm™1)
envelops the stretching modes assigned to the symmetric inter- and
intrachain of TeOTe bridge linkages and bending mode of the OTeO
angle, which remains the same intensity regardless of doping concen-
tration, attesting the low degree of glass network depolymerization
promoted by the increase in Nd;Os; content [25,27,28]. The
low-frequency bands correspond to the translatory and rotatory vibra-
tions of the TeO, equatorial in a pure compound. The low-intensity
Raman band centered at 290 cm™! can be attributed to the bending
mode of the OTeO angle because of combined vibration of the equatorial
and axial oxygens atoms from [TeOs,] and [TeO4] units [27,29].

Fig. 4 a shows the lifetime decay curves of 4F3/2 — "19/2 transition
(890 nm) for the Nd>*-doped glass samples. It is clearly observed a
decrease of lifetime with increase of Nd>* concentration from 186.9 ms
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Fig. 2. (a) DSC curves obtained for Nd*'-doped fluoroborontellurite glass, and (b) glass transition, T,, and thermal stability parameter, AT, behavior in function of

the Nd»03 content in molar concentration.
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Fig. 3. Raman spectra of undoped and Nd>'-doped fluoroborontellurite glass.

for 0.5% Nd sample to 48.5 ms for 3.0% Nd sample as shown in Fig. 4b.
This behavior suggests a self-quenching of Nd>* emission resulting from
the increase of dopant concentration, which is responsible to improve
non radiative decays decreasing lifetimes values through cross-
relaxation (CR) effects.

In this case, the CR occurs from an excited ion 4F3/2 that decays to
115> level, emitting a photon and transferring part of its energy to a
nearby ion in the ground state, promoting it to an excited state in which
both quickly non-radiatively decay to the ground state [31] as shown in
the inset of Fig. 4b. Such phenomena increase the non-radiative rate

reflecting on the reduction of luminescence lifetimes [32]. This depen-
dence is normally adjusted by the empirical equation [33]

7o
T ¥
where g is the lifetime value observed at the limit of zero concentration,
Q is the concentration where 7 = 7,/2 and p is an adjustable parameter.
The data in Fig. 4b was fitted with Eq. (3), resulting in 196 us, 1.83 mol%
and 2.1, for 7o, Q and p, respectively.

The fitted value of p being close to 2 is in good agreement with the
theoretical energy transfer involving a pair of Nd>* ions, with CR being
the dominant non-radiative process. It is known that the experimental
lifetime is defined as T;le = 1, L+ Wyg, where ¢}, is the radiative life-
time of the ion and Wy, is the quenching processes of the lifetime, in this
case the CR.

Fig. 5 a shows the luminescence emission spectra in the range of 775
to 950 nm under 532 nm excitation with pumping power of 50 mW.
Nd>*-doped sample spectra display two broad emission bands in this
range assigned to *Fs, and “Fsj» excited energy levels to the *Iyp
ground state at ~ 820 nm and between 840-940 nm, respectively. As can
be seen, the luminescence profile of the 4F3/2 — 419/2 transition changes
in function of Nd>* content. As one can see, the sample 0.5% Nd has the
876 nm peak more intense than the 896 nm peak. By increasing Nd, 03
content, the intensity of the 876 nm peak reduces in comparison to the
intensity of the 896 nm peak. This peak inversion can be attributed to
the cross relaxation, where the emitted photons with energy equivalent
to 11415 em ! (876 nm) can be reabsorbed by an electron in the ground-
state or at the excited-state, with a fast non-radiative decay. These re-
sults indicate that decay to certain electronic transitions is prioritized
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Fig. 4. (a) Log of luminescence decay curves of x% Nd*' in 300K. (b) Lifetime in different samples at 300K, the inset is the energy diagram of Nd*', withdrawn and

adapted from Bednarkiewicz et al. [30].
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Fig. 5. (a) Luminescence spectra of Nd>'-doped fluoroborontellurite samples at room temperature. The dashed lines mark the wavelength at 876 and 896 nm. (b)
luminescence deconvoluted band of 0.5% Nd sample (c) luminescence area of 876 nm and 896 nm deconvoluted bands in respect to Nd,O3 content.

with the increase concentration. Fig. 5b shows the deconvolution of the
0.5% Nd sample in 3 bands at 865, 876, and 896 nm, which correspond
to the Stark levels of the metastable *Fs/, levels. Fig. 5c¢ shows the
luminescence area of 876 nm and 896 nm deconvoluted bands in respect
to Nd, O3 content. From our best knowledge, this change in the profile of

the 4F3/2 — 419,2 transition was not observed before in function of

doping concentration.

In order to verify if this system is a candidate for an optical ther-
mometer, we also have made the luminescence measurement in function
of temperature. Fig. 6a shows the luminescence spectra 0.5% Nd sample
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Fig. 6. (a) Luminescence spectra of 0.5% Nd**' as a function of temperature, and (b) luminescence intensity ratio of the bands at 820 and 890 nm for x% Nd*! , where
the red line is the Boltzmann distiibution fit (c) relative sensitivity of 0.5% Nd®' for 280-480 K. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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in function of temperature from 280 to 480 K, in which the area of"Fs/z
— *lg2 and *F3/, — *Io/> thermal coupled levels, assigned to the bands
centered at 820 nm and 890 nm, respectively, change with the tem-
perature. As can be seen, the band area centered at 820 nm increases
with temperature while the band area centered at 890 nm decreases. The
luminescence intensity ratio (LIR) of these bands was made for all
samples as presented in Fig. 6b. The data were fitted by Boltzmann
distribution (Eq. (1)) as shown by the red solid line. From the fit was
found the adjustable parameter E and that correspond the energy dif-
ference between the excited states *F5 /2 and 4Fs /> and the values were
(987 +30) em 1, (997 +£30) cm 1, (1002 +30) em 1, (942 £ 30) cm !
and (920 + 30) cm ™! to sample with 0.5%, 1.0%, 1.5%, 2.0% and 3.0%
of Nd>* respectively. The relative sensitivity in function of the temper-
ature can be obtained by using the value of E in the Eq. (2). As the
sample with 0.5% Nd>* has the higher LIR variation in the studied range
of temperature, this sample has the best relative sensitivity and the
found values are shown in Fig. 6¢c. The uncertainty in temperature was
obtained using the equation 6T = 1/SgSLIR/LIR, which varies between
0.6 and 1.8 K in the range of temperature 280-480K, where SLIR /LIR is
about 1%, obtained from the standard deviation of multiple lumines-
cence spectra. Comparing the results with other works from literature, as
shown in Table 1, we can see that our Si value at 300 K is in the same
order of magnitude.

In addition, in order to verify if the studied optical thermometer is a
primary thermometer, ie. if this thermometer can be used without a
reference, it was calculated the temperature for the LIR values of the
0.5% Nd*' sample (Fig. 6b) using the equation T = [1/T, — (kg/AE)
ln(LIR/LIRU)]_l [41], as shown in Fig. 7 (blue solid circle), where T is

Table 1

Relative sensibility for Nd®" ions in glass and ceramic media.
Optical thermometric materials T (K) Samax (%K 1) Refs.
LaSrGaOs 300 0.19 [34]
Y,Si0Os 300 1.44 [35]
P20s5 — Al203 — NaxO — K20 300 1.5 [36]
TeO; — BaFs — Bo0s : Nd;Os 300 1.58 This work
BayLa;TisNbs 010 300 1.83 [37]
LaPO4 280 1.72 [38]
Y505 290 1.51 [39]
NaYF* : YB3+ /N3 416 1.05 [18]
SiO2 — AlFs — BaFa — LaFa : EuFs 420 1.02 [20]

/NdF
Sry xBaxNbyOg : Nd* 600 0.17 [40]
500

— Expected temperature
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@ Calculated temperature

450 -

400

350 +

300 4

Calculated/expected temperature (K)

N
4]
(=]

250 300 350 400 450 500
Measured temperature (K)

Fig. 7. The black line is the expected temperature, the blue solid circles are the
calculated temperature and the red line is the linear fit of the 0.5% Nd*" sample
experimental data. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 8. Repeatability of 0.5% Nd®' sample for temperature cycling of LIR. The
spectra were collected in heating (320 K) and cooling (290 K) cycles.

the room temperature, LIR is the LIR value at room temperature and AE
=987 cm !. By adjusting the data with a linear expression, the angular
coefficient obtained was 0.995, and the correlation coefficient R =
0.999. As observed, the linear adjustment (red line) of calculated tem-
perature (blue solid circles) matches with the expected temperatures
(black line), indicating thar this studied optical thermometer is a pri-
mary optical thermometer.

Finally, the repeatability of the thermometric correlation was ob-
tained from the integrated intensity ratio between the 4F3/2 — 419/2 (Ig20)
and *Fs/> — *Ig)o (Isa0) Nd®* for the sample of 0.5% Nd>*. The spectra
were collected in heating (320 K) and cooling (290 K) cycles. As can be
seen in Fig. 8, in 290 K the variation of LIR was only 3.5%, which cor-
responds to a maximum temperature variation of §T ., = 2.2 K. More-
over, according to Fig. 8, this variation decreases for highest
temperatures increasing its accuracy and precision.

4. Conclusions

In this work, we demonstrate the application of a Nd°>-doped fluo-
roborontellurite glass as a near-infrared optical thermometer from 280
to 480 K through luminescence intensity ratio of two thermal coupled
transitions. The Nd>* concentration was varied and it did not signifi-
cantly modify the glass network, as shown by Raman spectroscopy, was
observed. From luminescence spectra at room temperature, it was
observed that the profile of the emission bands related to the *F;,, —
*Ig> and *Fsj, — *Ig), transitions changes with the addition of Nd;Os.
Moreaover, the results of measurements of luminescence decay showed
an increase in the cross relaxation with the increase of Nd*>* doping, and
such a process can distort the emission spectrum with a quenching in the
intensity at 876 nm peak. Finally, luminescence measurements in
function of temperature, also show an opposite behavior of emission
intensity of bands centered 820 nm (increase intensity) and 890 nm
(decrease in intensity) showing a thermal dependence between them to
populate these levels. In general, the overall results demonstrated that
stable Nd>*-doped fluoroborontellurite glass can be obtained and is
suitable for application as primary optical thermometer operating in the
infrared region with a relative sensitivity of 1.58% K~! at 300 K, value
comparable to those found in the literature.
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