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YOF:Pr nanoparticles prepared by Pechni sol-gel method were investigated for temperature sensing in
this work. Structural investigation such as XRD, Raman, SEM and EDS were done. Photoluminescence
experiments at ambient temperature for three different concentrations and with variation in temperature
were performed for application in fluorescence intensity ratio (FIR) technique. The FIR of the thermally
coupled levels (TCL) 3P0 and 3P1 was determined with respect to temperature and found that the relative
sensitivity of the material is 9.37 and 0.87% K�1 at 90 and 300 K, respectively. Results proved that Pr3+ in
YOF nanoparticles can be used for non-contact temperature determination.

� 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Corrosion-resistant materials with different functional proper-
ties are highly essential for specific rude environments, for exam-
ple, fluorine plasma experiments etc. Rare earth oxyfluorides
especially yttrium oxyfluoride (YOF) is a highly corrosion-
resistant material [1,2]. Determination of temperature at certain
highly corrosive environments like fluorine plasma experiments
is a challenging task due to deterioration of material at the con-
tacts. A non-contact way of determining the temperature would
be more favourable for those types of environments.

Among different rare-earth ions, Pr3+ is one of them that has the
ability to emit in the visible region with blue excitation. Particu-
larly, the ion is having two thermally coupled levels (TCL) viz. 3P0
and 3P1 that do alter their emission intensities with temperature.
This property could be used to monitor the working temperature
using the fluorescence intensity ratio (FIR) technique [3]. Nanopar-
ticles on the other hand encounter many losses in the form of pho-
non dissipation due to their smaller size and large surface area
which is vulnerable to the external environment [4]. In spite of
the small size of the nanoparticles, in this work, sharp photolumi-
nescence arising from the TCL of Pr3+ were reported along with
temperature sensing ability of the YOF:Pr nanoparticles.
2. Experimental

YOF nanoparticles doped with different concentrations (1, 2 and
5 mol%) of Pr3+ ions were prepared by sol-gel method. Nitrate pre-
cursors of yttrium, praseodymium were used along with ammo-
nium fluoride as a fluoride substitute. Ample amount of citric
acid was added to de-ionised water containing stoichiometric
amounts of metal nitrates and ammonium fluoride. Ethylene glycol
was used as a gelating agent. The solution of the ingredients was
gelified at 100 �C after continuous stirring for 12 h. The gel was cal-
cined at 250 �C for 4 h and sintered at 600 �C for 2 h.

The crystal structure of the prepared samples was identified by
X-ray diffraction (XRD) using Philips PANalytical Xpert Pro analy-
ser with Cu-Ka radiation. Raman spectrum of host YOF was mea-
sured by Jobin Yvon HR800 spectrometer with a 532 nm laser
excitation source in reflection mode. The morphology and elemen-
tal analysis of prepared phosphor powders were investigated by
Hitachi SU-70 scanning electron microscopy (SEM) coupled with
Bruker Quantax 400 (B-U) EDS. Luminescence excitation and decay
analysis were made on a Horiba Jobin Yvon Fluorolog-3
instrument. Temperature-dependent photoluminescence was
measured in the Jobin Yvon HR800 spectrometer equipped with
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Fig. 1. (a) X-ray diffraction pattern of prepared YOF nanoparticles with and without dopants along with the standard JCPDS data, (b) Raman spectrum of YOF host material, (c)
SEM image of YOF nanoparticles with particle size distribution curve as inset and energy dispersion spectra of (d) YOF, (e) YOF: 1% Pr3+, (f) YOF: 2% Pr3+ and (g) YOF: 5% Pr3+.

Fig. 2. (a) Excitation spectrum of 2 mol% Pr3+ ions, (b) concentration-dependent photoluminescence spectra, (c) decay curves of the prominent emitting states, 3P0 and 3P1
levels of Pr3+ and (d) partial energy level diagram of Pr3+ ions in YOF nanospheres, respectively.
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a temperature adjustable stage of LINKAM instruments in the
range of 90–580 K.
3. Results and discussion

Fig. 1 shows the structural and physical properties of YOF nano-
spheres prepared by sol-gel method. Fig. 1(a) represents the XRD
pattern of the nanospheres in which all the patterns were identi-
fied to be in pure rhombohedral crystal system with the space
group R-3 m and in concurrence with standard data (JCPDS card
no. 04-011-8016). Raman scattering of the host YOF has been pre-
sented in Fig. 1(b) within the range 100–600 cm�1. The Raman
spectrum shows that the scattering of YOF includes bondages of
Y-O and Y-F and the maximum phonon energy of the host YOF
material is well below 500 cm�1 [5]. Fig. 1(c) gives the surface mor-
phology of YOF nanospheres using SEM. It is found that all the par-
ticles are in spherical in shape, but agglomerated. Inset of Fig. 1(c)
gives the particle size distribution using the SEM micrograph. The
mean particle size from the size distribution curve is found to be
~44 nm. Fig. 1(d)–(g) present the EDS spectra of the YOF host
and with the dopants too. The information in the EDS spectra were
categorically presented in the insets of the figures. It has been
observed that the composition and the concentration of the
dopants were as per the expectations in the preparation of the
samples.
Fig. 3. Temperature-dependent (a) emission spectra in the region 450–775 nm, (b) norm
3P1 ? 3H5 and (d) relative and absolute sensitivities in YOF:2%Pr, respectively.
Fig. 2 gives an overview of the emission characteristics of Pr3+

ion in YOF nanospheres. Fig. 2(a) represents the excitation spec-
trum of YOF:2%Pr where the emission being monitored at
657 nm (3P0 ? 3F2). Excitation peaks arising from three transitions
(3H4 ? 3P0, 3P1 and 3P2) were observed in the region 430–510 nm.
Among the three excitation transitions, 3H4 ?

3P1 is found to be the
most intense. From the excitation spectrum, the energy difference
between 3H4 ?

3P0 and 3H4 ?
3P1 was estimated by calculating the

barycentres of the transitions and found to be 755.5 cm�1. This
value suggests that the two energy levels are thermally coupled
and the emission transitions arising from these levels could be con-
sidered for further thermal sensing based on emission transitions
[6,7].

Fig. 2(b) shows the concentration dependent emission spectra
of Pr3+ in YOF when excited with 442 nm. Though there are several
sharp peaks in the spectra, they can be classified into 9 different f-f
transitions within Pr3+ ion. From higher to lower energy side in
Fig. 2(b), the transitions appeared in the emission spectra were
classified as 3P1 ? 3H4, 3P0 ? 3H4, 3P1 ? 3H5, 3P0 ? 3H5,
3P1 ? 3H6, 3P0 ? 3H6, 3P0 ? 3F2, 3P1 ? 3F4 and 3P0 ? 3F4 in the
regions 469–472, 475–515, 515–550, 550–565, 600–620, 620–
645, 650–665, 665–730 and 730–775 nm, respectively. In the
Fig. 2(b) among emission spectra of three doping concentrations
(1, 2 and 5 mol%) of Pr3+ in YOF, 2 mol% of Pr3+ showed the highest
intensity. Concentration quenching has been observed after 2 mol%
due to several cross-relaxation mechanisms [8] and hence YOF:2%
alized emission spectra in the region 515–565 nm, (c) FIR between 3P0 ? 3H5 and
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Pr could be used for further temperature-dependent measure-
ments. Of all the transitions, 3P0 ? 3H4 and 3P0 ? 3F2 is the most
intense. As discussed earlier, a set of transitions arising from TCL
to a similar terminating level could be used for temperature sens-
ing. In this aspect, with the results available, four sets of transitions
(3P1, 3P0 ? 3H4; 3P1, 3P0 ? 3H5; 3P1, 3P0 ? 3H6 and 3P1, 3P0 ? 3F4)
could be analysed. But of all the four sets, only one set (3P1,
3P0 ? 3H5) could be used for sensing analysis. There are several
issues hindering the other sets from thermal sensing such as over-
lapping and ambiguity in assigning of transitions (3P0 ? 3H6 and
3P1 ? 3F2), very low intensities at certain temperatures
(3P1 ? 3H4) and undistinguished transitions such as 3P1 ? 3F4
and 3P0 ? 3F4 and so on. Hence, only the intensities of the pair of
transitions 3P1 ? 3H5 and 3P0 ? 3H5 between 515 and 550 and
550–565 nm, respectively could be used.

Decay lifetimes of the two luminescent levels 3P1 and 3P0 were
found by measuring the decay curves by exciting at 470 nm and
measuring the intensities of the transitions at 545 and 498 nm,
respectively. They both are found to be double exponential due
to influence of other transitions near to the monitoring wavelength
that would not be so significant when considering emission inten-
sities. The lifetimes for 3P1 and 3P0 energy levels were estimated to
be 12.2 and 17.8 ms, respectively and are shown in Fig. 2(c) along
with the double exponential fitting parameters.

Partial energy level diagram depicting excitation, emission
channels in the YOF:Pr were shown in Fig. 2(d). It is interesting
to note that a usual strong emission in Pr3+ ions in several other
hosts at ~600 nm from 1D2 energy level is absent in the present
host. This may be due to the low phonon energy of the host mate-
rial which hinders the process of de-excitation to 1D2 from the
higher energy levels [9]. A red arrow in Fig. 2(d), from 3P0 to 3P1
represents the thermal excitation of the 3P1 level at higher temper-
atures according to Boltzmann’s distribution law [7,10].

Fig. 3(a) represents the temperature-dependent emission spec-
tra of YOF:2%Pr excited at 442 nm from 90 to 580 K in the entire
emission region 450–775 nm. The spectra show that the overall
intensities of all the emission peaks decreased with the increase
in temperature. For clear perception, the spectra were presented
for every 100 K though experimental data is after every 20/30 K.

Fig. 3(b) represents the normalized temperature-dependent
emission spectra of YOF:2%Pr in the region 515–550 nm
(3P1 ? 3H5) and 550–565 nm (3P0 ? 3H5). It is observed that the
emission intensity of 3P1 ? 3H5 transition increases with the
increase of temperature due to thermal excitation. Fig. 3(c)
represents the ratio of intensities of the two transitions
3P1 ? 3H5/3P0 ? 3H5 fitted according to the equation for FIR given
elsewhere [3]. The absolute sensitivity of optical thermometry is
the rate of change in the FIR in response to the temperature varia-
tion. Hence the absolute sensitivity (SA) along with relative sensi-
tivity (SR) of the TCL were presented in Fig. 3(d) [3,11]. DEf is the
fitting energy difference between the TCL and the error with
respect to experimental energy difference (DEm) and this gives an
in site of the agreement with the experimental values [3,7,12,13].
Fitting parameters and sensitivities are presented in the Fig. 3
and suggests that the material is having considerable SR value for
sensing of temperature. While the SR value of YOF:Pr material is
slightly less than that of their fluoride counterpart but it is very
much comparable with the reported and hence could be a very
interesting material for thermographic phosphor [4,14,15]. In this
point of comparing different sensitivities, it could be analyzed from
the FIR technique that due to the dependency of the relative sensi-
tivity solely on the energy difference between the TCL, further
improvement of sensitivities in the same host and dopant combi-
nations could not be possible which tends to be the only limitation
of the technique. However, search for various hosts with con-
trastive environments in which respective energy differences of
TCL could lead to improved sensitivities.

4. Conclusions

Yttrium oxyfluoride (YOF) nanospheres with a mean diameter
of ~44 nm were prepared by sol-gel method and the structure is
revealed by XRD. Raman scattering reveals that the host matrix
is having a very low phonon energy of ~480 cm�1. SEM and EDS
show the particle size distribution and composition, respectively.
The fluorescence intensity of Pr3+ ions increases till 2% and then
decreases due to concentration quenching mechanism. For 2 mol
% of Pr3+ the FIR of the TCL 3P0 and 3P1 was determined with respect
to temperature and found that the relative sensitivities of the
material are 9.37 and 0.87% K�1 at 90 and 300 K, respectively
and found to be comparable with the other reported host
materials.
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