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Here, the very high thermal sensing capability of Er**,Yb** doped
LaFs nanoparticles, where Er**-to-Yb®* energy transfer is used, is
reported. Also Pr*,Yb®>" doped LaFs nanoparticles, with Pr’*-to-
Yb®** energy transfer, showed temperature sensing in the same
temperature regime, but with lower performance. The investigated
Er**,Yb>* doped LaFs nanoparticles show a remarkably high rela-
tive sensitivity S, of up to 6.6092% K~ (at 15 K) in the near-infrared
(NIR) region, in the cryogenic (15-105 K) temperature region
opening a whole new thermometric system suitable for advanced
applications in the very low temperature ranges. To date reports
on NIR cryogenic sensors have been very scarce.

The downshifting and upconversion emissions of trivalent
lanthanide (Ln*") materials (e.g. phosphors, complexes, and
MOFs) have been extensively explored for use in optical temp-
erature sensing." > The Er’',yb®" system has been greatly
explored for temperature sensors based on upconversion,
mostly showing good performance in the high temperature
regime.*"*"'® Also there have been some reports on Pr’* based
thermometers, which also show good performance at high
temperatures, but they are rather rare.'”'® Most thermometer
materials operating in the NIR region are based on single ion
materials. For example Benayas et al. reported Nd*'-doped
Y;Al;0,, nanoparticles where the two Stark sublevels of the
*F;, — *Iy, transition were used for ratiometric sensing.19
Wawrzynczyk et al. reported Nd**-doped NaYF, nanoparticles,
and here also the temperature evolution and sensing pro-
perties were realized by measuring the intensity ratio of the
two Stark sublevels of the *F,;, multiplet in the Nd*" ion.*°
More recently Marciniak et al. have reported exciting results of
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a new type of luminescence thermometer - LiLaP,04,:Cr,Nd,
which showed NIR sensing in the physiological range reaching
4.89% K, which was one to two orders of magnitude higher
than most reported NIR sensors.”’ Optical temperature
sensing in the cryogenic region is very important for appli-
cations in energy storage industries and aerospace. To date
only a few reported materials have showed good temperature
sensing in the cryogenic region, such as
[Tbo.014EU0.0862(pda)s(H,0)]-2H,O0 measured from 10-325 K,
showing S, of 5.96% K™ (at 25 K), TbygsEuqosHL (H,L =
5-hydroxy-1,2,4-benzenetricarboxylic acid) exhibiting S, of 31%
at 4 K or 1.6% Eu®" doped [Thg(M0O,),(H,0)26(M0;0,4)s**~
showing S, of 4.76% K" (at 50 K).>>” Not much work can be
found on NIR sensors operating in the cryogenic temperature
regime. Very recently Ananias et al. have reported on a NIR
thermometer based on Er*",Yb*":Na,K[Lu,Sis0,;], where Yb*'-
to-Er’* energy transfer was observed and the material was used
as a cryogenic thermometer (S, = 2.6% K ' at 26.8 K).*?
Compared to MOFs and POMs, purely inorganic materials are
much easier to prepare, significantly more stable, and highly
processable (when at nanosize). In this communication we
report Er**,Yb®" and Pr**,Yb** doped LaF; nanoparticles, using
a well-known low phonon fluoride matrix, where the energy is
transferred from Er**/Pr** to Yb*" yielding S, = 6.6092% K" (at
15 K) for Er*",Yb*":LaF; and S, = 1.0839% K (at 25 K) for
Pr’*,Yb*":LaF;, which are very high values for the NIR region
and one of the few reports of NIR cryogenic optical sensors.
The materials were fully characterized by powder X-ray
diffraction (PXRD), X-ray fluorescence (XRF), transmission
electron microscopy (TEM), and luminescence spectroscopy.
The powder XRD patterns of Er**,Yb*":LaF; and Pr**,yb*"
LaF; (after heat treatment at 600 °C) could be well matched to
the standard PDF No. 32-0483 (Fig. 1). XRF analysis was per-
formed to determine the exact doping percentage of the doped
lanthanide ions in the LaF; materials and it was found to be
2.96% Er, 1.57% Yb and 95.47% La for Er*',Yb*":LaF; and
2.20% Pr, 1.43% Yb, and 96.37% La for Pr**Yb*":LaF;, respect-
ively. In the synthesis we used 3% Er/Pr, 1.5% Yb and 95.5%
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Fig. 1 Powder XRD patterns of 2.96% Er**,1.57% Yb®*:LaFs and 2.20%
Pr,1.45% Yb:LaFz compared to the standard powder XRD pattern of LaFs
(PDF # 32-0483).

La, therefore the exact percentages determined by XRF were
reasonably comparable with the amounts of lanthanide ions
used in the synthesis. These particles were analysed by TEM to
obtain information about their morphology (Fig. 2a and b).
The obtained nanoparticles were a mixture of spherical and
cubic particles and were of around 10-20 nm on average in
size. Due to the high temperature heat treatment process they
showed some tendency to aggregate, but single particles could
still be identified (Fig. 2c and d). On average the particles
slightly increased in size usually up to 20-30 nm.

Fig. 2 TEM images of (a, b) the 2.96% Er**,1.57% Yb>*:LaFs nano-
particles before heat treatment and (c, d) after heat treatment at 600 °C.
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Luminescence at room temperature and temperature
dependent measurements were performed on the heat-treated
Er¥,Yb’":LaF; and Pr’’,Yb*:LaF; samples. The excitation
spectrum of Er*",Yb*:LaF,; recorded at RT is shown in
Fig. S1.1 All of the sharp f-f peaks could be assigned to well-
known Er’" transitions peaks (Table S1t). The excitation spec-
trum was also recorded at 15 K and showed stronger intensity
as well as some differences in the observed peaks (Fig. S2
and Table S2t). The sample was excited at 377.9 nm (into the
*G11/2 < *L5, transition) at RT and the obtained NIR emission
spectrum is shown in Fig. $3. At 988.3 nm (10118 cm ™) the
*F5;, — ’F5, transition of Yb®" is visible and at 1539.8 nm
(6494 cm™") the *Liz, — *Li5 transition of Er’" is visible,
respectively. The performed luminescence measurements give
convincing evidence of the energy transfer from Er’** to Yb*". It
is very likely that the observed energy transfer in this sample
and the Pr’*,Yb®":LaF; material is a downconversion process
as it has previously been reported that these lanthanide pairs
(Pr/Yb, Er/Yb) and particularly in the LaF; matrix as well as in
other inorganic matrixes show downconversion.”*>> This
would show that the downconversion process can also be used
for designing very efficient NIR optical temperature sensors.

The excitation source and/or the detector often affect tem-
perature-sensing measurements based on a single transition
band.***” Thermometers based on the intensity ratio of two
transitions, preferably well separated to ensure the material
has a good signal discriminability, overcome these drawbacks.
In the Er*",Yb** co-doped sample and the Pr**,Yb*" co-doped
sample, a big advantage is the good separation of the observed
peaks. The thermometric parameter A can be expressed using
the following equations (1)-(4).
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where I; and I, are the maximum intensity of the peaks at the
selected wavelengths; 4, is the thermometric parameter at 7 =
0 K; a = Wo/Wr is the ratio between the nonradiative rates (W,
is at T'= 0 K) and radiative rates (Wg); K3 is the Boltzmann con-
stant; T is the absolute temperature (K); and AE is the acti-
vation energy of the non-radiative process.” For dual-center
thermometers (as is the case presented in this paper), the
most commonly employed equation used for the conversion of
luminescence intensity to temperature is eqn (3). However, in
some cases when two non-radiative processes take place eqn
(4) should be used."?
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The absolute sensitivity S, and the relative sensitivity S; can
be expressed using eqn (5) and (6).
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Fig. 3 (a) Emission map of spectra recorded at 15-105 K for 2.96%

Er®*,1.57% Yb**:LaFs; (b) plot presenting the calibration curves for com-
pound Er®*,Yb®*:LaFsz when eqn (4) is employed. The points show the
experimental A parameters and the solid lines show the best fit of the
experimental points using eqn (4). The opened points represent A calcu-
lated from the peak maxima, whereas the filled points represent the A
calculated from the integrated areas under the peaks; and (c) plot pre-
senting the relative sensitivity S, values at varied temperatures
(15-105 K) for 2.96% Er’*1.57% Yb>*:LaFs The opened points show
results for the peak maxima, whereas the filled points show results for
the integrated areas under the peaks. The solid lines are a guide to the
eye.
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S; is a more important parameter compared to S, for quan-
tifying and comparing the sensitivity of different thermo-
meters as S, is strongly dependent on the sample features and
the experimental device. S, indicates the relative change of the
thermometric parameter per degree of temperature change
(% K'). All of the thermometric parameters in this work were
calculated using the TeSen MATLAB based software developed
by us.”®

The emission map of 2.96% Er’",1.57% Yb*":LaF; was
recorded over a 15-105 K range and is shown in Fig. 3a. With
an increase in temperature the intensity of both the *F5, —
’F,, transition of Yb*" and the *1,5,, = 1,5, transition of Er**
decreases. As the measurement data consist of signals of inter-
est, but also contain baseline offset and noise, and in some
cases even measurement artifacts, it is therefore important,
especially when measurements are recorded in the NIR region
(where the signal is low compared to noise), to properly treat
the data before performing calculations to assess the thermo-
meter performance.”” Such pre-processing includes reducing
signal noise, removing baseline offset and other instrumental
artifacts. This pre-processing can heavily influence the final
results of the calculations. For our Er’",Yb®":LaF, material
we have performed baseline offset removal and smoothing
(5 point S-G smoothing) of the emission peaks and showed its
influence of the experimental A points at different tempera-
tures. This is shown in Fig. S4-S6.1 Generally discussion on
the influence of data pre-processing on the thermometric para-
meter value is currently lacking in most papers on optical
sensors, yet it has an important effect on the calculation
outcome.

After data pre-processing, based on the peak maxima as
well as the integrated areas under the peak, the experimental
thermometric parameters were determined (Iogg 3/I1539.5)- They
could be well fitted employing eqn (4) yielding R* = 0.99471
(for peak maxima) and R* = 0.99802 (for integrated area under
the peaks) (see Fig. 3b). For calculations based on the peak
maxima the equation fit yielded 4, = 7.37, @; = 35.30, AE; =
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Fig. 4 Plot showing heating, cooling and reheating tests of 2.96%
Er®*,1.57% Yb*:LaFs when observed at the peak maximum. The material
showed stability from 96.5%—-98.75%.
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Table 1 Overview of the relative sensitivity S, (highest value) for the chosen recently reported materials showing performance in the cryogenic

region

Material Emission Max. S, [% K] Tm (K) Ref.
[(Tbo.914Eu0.0860( pda)s(H20)]-2H,O Visible 5.96 25 3
Tby.95EU0.0sHY Visible 31.0 4 5
[Thg(M0O4)5(H20)56(M050,4)s]*%~ Visible 4.76 50 7
Na,K[(Lug 55 Ybg 20ET0.05)3Si6015] NIR 2.60 26.8 22
Euyg,02Gdy 9s(dsb) Visible 7.14 65 29
[Eg.102Tbo ses(nOtpH,)(NO;)(H,0)]-8H,0 Visible 3.90 38 30

2.96% Er’*',1.57% Yb®":LaF; NIR 6.61 15 This work
2.20% Pr**,1.45% Yb>":LaF, NIR 1.08 25 This work
152.09 ecm™, a, = 17.33, and AE, = 12.27 cm™". For calcu- results are one order of magnitude higher than that of most

lations based on the integrated areas under the peaks the
equation fit yielded 4, = 5.70, a; = 35.30, AE; = 141.87 cm ™",
a, = 8.7499, and AE, = 10.38 cm ™. The larger non-radiative de-
activation energy (AE,) probably involves the I,,, level of Er**
and the °Fs;, level of Yb®'. The smaller non-radiative de-
activation energy (AE,) most likely involves non-radiative de-
activation through the multiple Er’* local sites (Er*'-Er’*
energy migration). In Fig. S71 and Fig. 3c the S, and S, values,
calculated at different temperatures, have been presented,
respectively. The maximum value of S, was 0.076872 K™* (at
15 K) for the peak maxima, and 0.068336 K™* (at 15 K) for the
integrated areas under the peaks. The maximum S, value was
6.6092% K™' (at 15 K) for the peak maxima, and 5.0712% K"
(at 15 K) for the integrated areas under the peaks. The S,
values are higher than those previously reported for NIR
thermometers, proving their excellent performance. To test the
stability of this optical sensor material six cycle tests were
performed (Fig. 4). The thermometer showed stability from
96.5%-98.75% when observing the peak maximum.

Additionally the 2.20% Pr**,1.45% Yb’":LaF; sample was
also investigated for use as a NIR cryogenic sensor. A
maximum S, value of 1.0839% K~ * was obtained at 25 K when
calculated based on the peak maxima, whereas a maximum S,
of 0.528145% K " was obtained at 15 K when calculated based
on the integrated areas under the peaks. These values are
lower than those for the 2.96% Er**,1.57% Yb>":LaF; material,
yet still higher than those of most previously reported NIR
temperature sensors to date, and interestingly they show a
similar trend of being sensitive in the cryogenic region. The
results for this sample are shown in ESI Fig. S8-513.1 In
Table 1 we have overviewed known cryogenic sensors.

In this work we have reported the excellent cryogenic
thermometer properties of a Er’'-to-Yb®* energy transfer
system in the 2.96% Er’**,1.57% Yb’>*:LaF; material (S, > 6%
K™'). We also investigated the 2.20% Pr’*,1.45% Yb’':LaF;
material, which shows lower relative sensitivity (S, > 1% K™%),
yet it is also sensitive in the cryogenic range showing the
usefulness of employing Er*'-to-Yb*" and Pr’*'-to-Yb®" energy
transfer in the very low temperature regime. Such systems have
been rarely considered for use in optical temperature sensors
to date, yet they allow one to obtain very good relative sensi-
tivity in the NIR range in the cryogenic temperature region, as
well as very good stability during cycle tests. The obtained
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reported NIR temperature sensors. Additionally NIR cryogenic
sensing is very scarcely reported.
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