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A B S T R A C T

In this work, we study the possibility the use of Nd3+, Yb3+:CeF3/CeO2 nanoparticles in ratiometric luminescence 
thermometry. In order to explain the mechanism of the luminescence temperature sensitivity, we physically 
characterized the samples by means of transmission electron microscopy (TEM), X-ray diffraction (XRD), laser 
spectroscopy, and electron paramagnetic resonance (EPR). In particular, Nd3+, Yb3+:CeF3 nanoparticles were 
synthesized via co-precipitation method and annealed in air at 600 ◦C for 0, 15, 30, 60, and 120 min to obtain 
double-phase Nd3+, Yb3+:CeF3/CeO2 nanoparticles as well as single-phase Nd3+, Yb3+:CeO2 ones (at 120 min). 
The physical diameter of the samples gradually increases from 19 ± 2 (doped CeF3) to 409 ± 18 nm (doped 
CeO2). It was suggested, that the double-phase samples consist of sintered doped CeF3 and CeO2 nanoparticles 
having average grain diameter around 65 nm. The single-phase CeO2 sample also consists of sintered CeO2 
nanoparticles, suggestively. The luminescence intensity ratio (LIR) was analyzed in the 80–320 K range (LIR =
INd/IYb, where 848–925 nm (4F3/2 – 4I9/2) Nd3+ and 925–1048 nm (2F5/2 – 2F7/2) Yb3+). The maximal relative 
temperature sensitivity was achieved for Nd3+, Yb3+:CeO2 sample (~0.2 %/K), which is very competitive value. 
The LIR function has a simple linear temperature dependency in the broad 80–320 K which allows uniquely 
identifying the temperature at least in the studied broad temperature range. The mechanism of temperature 
sensitivity was suggested.

1. Introduction

Luminescence temperature sensing is a very powerful tool in order to 
obtain information about the temperature of the studied object with 
submicron spatial resolution. In addition, this technique allows per
forming temperature sensing remotely in the depth of the object or from 
its surface [1–6]. This feature is in demand in cancer hyperthermia, 
microcircuit manufacturing, dentistry, etc. In particular, this method is 
required in noninvasive probing and monitoring the temperature during 
photopolymerization of dental materials [7]. This method allows high 
spatial resolution temperature mapping in order to determine the sta
bility of microcircuits [8]. In the case of hyperthermia, this method 
makes it possible to control the temperature of the tumor which is 
heated is the use of biocompatible luminescence nanoparticles operating 
in the so-called biological window [9,10]. In turn, the overheating leads 

to necrosis and the damage of the neighboring healthy tissues. Very 
promising nanomaterials for the above-mentioned purposes are 
considered rare-earth doped fluoride nanoparticles. Indeed, due to the 
low phonon energy [11], high chemical and mechanical stability [12], 
lack of photobleaching, and low cytotoxicity [13–15], these materials 
serve as luminescent probes for many scientific, medical, and industrial 
purposes.

Among a huge variety of rare-earth doped nano- and microparticles, 
the Nd3+/Yb3+ ones are considered very promising for temperature 
sensing in the “biological window” [16–18]. Here, Nd3+ serves as a 
donor of the energy, and Yb3+ serves as an acceptor. In the case of the 
biological window, Nd3+ can be excited at least by ~790 and ~808 nm 
corresponding to 4I9/2 – 4F5/2 and 4I9/2 – 4F3/2 Nd3+ absorption bands, 
respectively. Having excited Nd3+ ions, the phonon-assisted energy 
transfer to Yb3+ occurs (4F3/2 (Nd3+) – 2F5/2 (Yb3+)) [19]. Thus, the 
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temperature sensitivity of the spectral characteristics is based on the 
temperature-dependent phonon-assisted energy transfer. Here, the in
tegrated luminescence intensity ratio (LIR) of Nd3+ (~900 nm, 4F3/2 – 
4I9/2 transition) and Yb3+ (~1000 nm, 2F5/2 – 2F7/2 transition) is often 
taken as a temperature-dependent parameter. However, the character of 
the LIR temperature dependence for different matrices differs from each 
other. Specifically, the Nd3+/Yb3+ ion pair in LilaP4O12 shows 
decreasing character in the 100–500 K temperature range [20]. In turn, 
in our previous works, the LIR demonstrated more complicated char
acter with increasing and decreasing parts. Such interesting LIR 
behavior probably occurs because of more complex character of energy 
exchange between Nd3+ and Yb3+ ions. There are Nd3+ - Yb3+ energy 
transfer, Yb3+ - Nd3+ back energy transfer, energy diffusion between 
Yb3+ ions, and cross-relaxation between Nd3+ ions. The cross-relaxation 
between Nd3+ and Yb3+ ions is also possible under UV or blue excitation 
[21]. In the case of “biological window” excitation, this process is not 
considered. In the work, it was mentioned, that the phonon-assisted 
energy transfer can occur via 4F5/2 (Nd3+) and 2F5/2 (Yb3+). The ther
mal expansion phenomenon which affects the distances between doping 
ions can also play a notable role [22].

The main problem is, that in some cases, the LIR function shape is 
complicated, and there are two or\and more LIR values corresponding to 
a particular temperature value. It leads to the ambiguous definition of 
temperature. Hence, it is necessary to choose an appropriate host-matrix 
as well as the concentrations of the doping ions.

Here we considered Nd3+/Yb3+ doped CeF3 nanoparticles annealed 
in air for different times in order to obtain double-phase Nd3+/Yb3+

doped CeF3/CeO2 nanoparticles as well as single-phase Nd3+/Yb3+

doped CeO2 ones (at the highest annealing time). The objective of this 
research is to create a material for optical temperature sensing operating 
in the “biological window” that is capable of ambiguous definition of 
temperature (simple LIR function). In addition, we synthesized Nd3+/ 
Yb3+ doped CeO2 nanoparticles via chemical method in order to 
compare of the thermometric performances of Nd3+/Yb3+ doped CeO2 
obtained by different methods.

The tasks were: 

- The chemical synthesis of the Nd3+/Yb3+ doped CeF3 and CeO2 
nanoparticles;

- The annealing in air of the synthesized Nd3+/Yb3+ doped CeF3 
nanoparticles in order to obtain double-phase Nd3+/Yb3+ doped 
CeF3/CeO2 nanoparticles as well as single-phase Nd3+/Yb3+ doped 
CeO2 ones;

- Physical characterization of the obtained samples via transmission 
electron microscopy, X-ray diffraction, and Raman spectroscopy;

- Luminescence characterization of the samples;
- Electron paramagnetic resonance characterization of the samples;
- Calculation of the LIR functions, absolute, and relative temperature 

sensitivities;
- The choice of the appropriate sample for temperature sensing in the 

“biological window”.

The choice of the above-mentioned ceria compounds was based on 
the fact, that both CeO2 and CeF3 demonstrated low cytotoxicity [23]. 
Both types of nanoparticles showed sufficient antioxidant activity which 
is very important for biomedical applications [24]. Moreover, CeF3 
showcased the photodynamic activity under X-ray irradiation. All the 
above-mentioned facts make CeO2, CeF3, and their combinations very 
promising materials as multifunctional nano-platforms for the huge 
variety of biomedical applications.

2. Materials and methods

2.1. The synthesis of the samples

The Nd3+/Yb3+ doped CeF3 nanoparticles were synthesized via the 

conventional water-based co-precipitation method. The Ce 
(NO3)3⋅6H2O, Nd(NO3)3⋅6H2O, Yb(NO3)3⋅4H2O, and NH4F were taken 
as starting materials. The nanoparticle synthesis was conducted ac
cording to the chemical reaction [25]: 

Ce(NO3)3 +3NH4F → CeF3 + 3NH4NO3 

In order to synthesize the double-doped Nd3+(0.1 mol.%), Yb3+(0.5 
mol.%):CeF3 nanoparticles we took Ce(NO3)3⋅6H2O (m = 13.020 g), Nd 
(NO3)3⋅6H2O (m = 0.013 g), Yb(NO3)3⋅4H2O (0.013 g). The powders 
were dissolved in 30 ml of distilled water. In turn, 3.33 g of NH4F was 
dissolved in 90 g distilled water. Two solutions were mixed and the 
obtained mixture was placed on the magnetic stirrer for 30 min (400 
rpm). The obtained precipitate was purified via centrifugation (eight 
times, around 10 000 rpm for 10 min) using distilled water. The pre
cipitate was dried in air in the dust-proof chamber.

In order to obtain double-phase CeF3/CeO2 samples, the synthesized 
CeF3 powder was divided into several 0.37 g portions which were 
annealed in air into a ceramic crucible for 15, 30, 60, and 120 min at 
600 ◦C using muffle furnace. As in will be revealed belong, the sample 
annealed for 120 min is single-phase doped CeO2. We also compared 
spectral characteristics of this single-phase doped CeO2 with the Nd3+, 
Yb3+:CeO2 nanoparticles synthesized co-precipitation method [26,27].

For the sake of the comparison of the Nd3+, Yb3+: CeO2 (annealed for 
120 min) we also synthesized Nd3+, Yb3+: CeO2 nanoparticles via co- 
precipitation method. We also took Ce(NO3)3⋅6H2O (m = 4.992 g), Nd 
(NO3)3⋅6H2O (m = 0.005 g), Yb(NO3)3⋅4H2O (0.0258 g). The powders 
were dissolved in 120 ml distilled water. 16.224 g of hexamethylene
tetramine were dissolved in 390 ml distilled water. Two solutions were 
mixed and the obtained mixture was placed on the magnetic stirrer and 
heated to 60 ◦C. The solution at 60 ◦C had been stirred for 12 h. The 
obtained precipitate was also washed via centrifugation.

Here we consider six samples:
Sample Composition Annealing temperature (0C) 

and annealing time (min.)

1 Nd3+ (0.1 mol. %), Yb3+ (0.5 mol. %): 
CeF3 (synthesized by co-precipitation 
method)

Annealed at 150 ◦C in 
vacuum fot 60 min

2 Nd3+ (0.1 mol. %), Yb3+ (0.5 mol. %): 
CeF3/CeO2

600 ◦C annealing in air, 15 
min

3 Nd3+ (0.1 mol. %), Yb3+ (0.5 mol. %): 
CeF3/CeO2

600 ◦C annealing in air, 30 
min

4 Nd3+ (0.1 mol. %), Yb3+ (0.5 mol. %): 
CeF3/CeO2

600 ◦C annealing in air, 60 
min

5 Nd3+ (0.1 mol. %), Yb3+ (0.5 mol. %): 
CeO2

600 ◦C annealing in air, 120 
min

6 Nd3+ (0.1 mol. %), Yb3+ (0.5 mol. %): 
CeO2 (chemically synthesized by co- 
precipitation method)

300 ◦C annealing in vacuum, 
60 min

In summary, we studied five samples (1–5) of doped CeF3 which was 
annealed in air for 15, 30, 60, and 120 min. For 15, 30, and 60 min, we 
obtained doped-double phase CeF3/CeO2 composites. After the 120 min 
annealing procedure, we got single-phase doped CeO2 oxide. We also 
synthesized doped CeO2 nanoparticle by a chemical route in order to 
compare some thermometric performances of both doped CeO2 obtained 
by different routes. The physical characterization (TEM and XDR) of the 
1–5 samples is presented in the manuscript. The physical characteriza
tion of the chemically synthesized doped CeO2 is presented in the Sup
plementary file.

The Nd3+ (0.1 mol. %) and Yb3+ (0.5 mol. %) concentration values 
were determined via the ratio of the starting materials Ce(NO3)3⋅6H2O, 
Nd(NO3)3⋅6H2O, and Yb(NO3)3⋅4H2O. Since we consider only one Nd3+

(0.1 mol. %) and Yb3+ (0.5 mol. %) concentration ratio, we will not 
specify concentration values in the manuscript. In the case of annealed 
samples, we will use name:

Nd3+ (0.1 mol. %), Yb3+ (0.5 mol. %): CeF3/CeO2 (“time” of 
annealing), (time = 15, 30, 60, or 120 min.
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The chemically synthesized Nd3+ (0.1 mol. %), Yb3+ (0.5 mol. %): 
CeF3/CeO2 will be called “Nd3+, Yb3+:CeO2 synthesized via chemical 
rout”

Not-annealed initial sample will be called Nd3+, Yb3+: CeF3

2.2. Physical characterization of the samples

The phase compositions of the samples were investigated by an X-ray 
diffraction method (XRD) using Bruker D8 Advance X-ray diffractometer 
(Cu Kα radiation λ = 0.154 nm). The morphology of the samples was 
studied via transmission electron microscopy (TEM) using Hitachi 
HT7700 Exalens transmission electron microscope. Luminescence 
spectra were obtained using a CCD spectrometer (StellarNet) having 0.5 
nm spectral resolution. The optical excitation of the luminescence signal 
was carried out using a laser system based on optical parametric oscil
lator produced by SP LOTIS 4 (λexc = 790 nm corresponds to the 4I9/2 - 
4F5/2 absorption band of Nd3+ ion). The pulse duration and pulse 
repetition rate were 10 ns and 10 Hz, respectively. The spectral width of 
the laser radiation was less than 0.15 nm. The excitation energy density 
was less than 10 mJ per 1 cm2.

The EPR measurements were carried out using continuous wave 
spectrometer Bruker ESP-300 operating at X-band (~9.4 GHz). The 
standard modulation frequency was 100 kHz, the modulation amplitude 
1–5 G, the typical power level was 25 mW. Low temperatures were 
obtained with a commercial liquid-helium flow cryostat system (Oxford 
Instruments).

The spectral characterization was carried out in the 80–320 K tem
perature range using the “cold finger” method using a CRYO Industries 
cryostat with a LakeShore Model 325 temperature controller (USA). 
Liquid nitrogen was used as a cooling agent. The luminescence decay 
curves were recorded using a BORDO 211 A digital oscilloscope 
(bandwidth 10 bits, 200 MHz), MDR-3 monochromator, and PEM-62 
photomultiplier (operating spectral range ~ 600–1200 nm).

3. Results and discussion

3.1. Physical characterization of the samples via TEM, XRD, and Raman 
spectroscopy

The XRD spectra of the samples and the VESTA simulations are 
presented in Fig. 1. Analysis of the XRD spectrum of the CeF3 nano
particles (before annealing) demonstrates a hexagonal structure, corre
sponding to the structure of the CeF3 host. After the annealing of CeF3 
nanoparticles using the above-mentioned method, a gradual structural- 
phase transition occurs from the hexagonal phase to the cubic one. The 
cubic phase corresponds to the structure of CeO2 host.

In particular, there is a XRD pattern of single-phase Nd3+, Yb3+:CeF3 
nanoparticles which is in good agreement with the VESTA simulation of 
CeF3 as well as with the literature data [28,29]. After the 15 min 
annealing, the peaks corresponding to the CeO2 phase appear. The in
tensity of CeO2 peaks increases with the increase of the annealing time 
compared to the peaks of the CeF3 phase. TEM image and size distri
bution histogram of single-phase Nd3+, Yb3+ doped CeO2 nanoparticles 
synthesized via the chemical rout are presented in Fig. S1b of the Sup
plementary file. The average diameter of the obtained nanoparticles is 
27 ± 1 nm. According to the XRD data (Fig. S1c) the chemically ob
tained doped CeO2 nanoparticles also demonstrate desirable cubic phase 
corresponding to CeO2 host.

After 120 min annealing, the sample becomes single-phase one cor
responding to the cubic CeO2 phase. We also compared VESTA simula
tion with the corresponding JCDS (Fig. S1d of the Supplementary). It can 
be seen, that they are match together. In particular, CeO2 corresponds to 
JCPDS-34-0394. In turn, CeF3 corresponds to JCPDS-08-0045.

TEM images of Nd3+, Yb3+:CeF3/CeO2 (15 min), and Nd3+, Yb3+: 
CeF3/CeO2 (120 min) nanoparticles are presented in Fig. 2a and b, 
respectively. Fig. 2a and b also show the corresponding size distribution 
histograms.

According to the TEM imaging, the single-phase Nd3+, Yb3+:CeF3 
nanoparticles synthesized via the co-precipitation method (without 
annealing) demonstrated a relatively regular oval shape with 19 ± 2 nm 
average diameter (corresponding TEM image and the size distribution 

Fig. 1. XRD patterns of the Nd3+, Yb3+:CeF3 and Nd3+, Yb3+:CeF3/CeO2 nanoparticles and the VESTA simulation patterns (in this figure we name the samples 
without doping ions for brevity’s sake).
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Fig. 2. TEM images of Nd3+, Yb3+:CeF3/CeO2 (15 min (a)), and Nd3+, Yb3+:CeF3/CeO2 (120 min (b)). The insets show the size distribution histograms.
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histogram are presented in Fig. S1a of the Supplementary file). However, 
after 15 min of the annealing procedure, the average diameter increased 
to 212 ± 14 nm. We expect, that it occurs due to the sintering of the CeF3 
nanoparticles during the annealing process. Then, the average diameter 
increases with the increase of the annealing time. In order to conclude 
about the structure of the obtained composites, we analyzed the Brag 
peak widths at half maximum (β). It is well known, that the size of the 
coherent scattering domain (CSD) of a nanoparticle is inversely pro
portional to β (the Debye-Scherrer formula [30], equation S(1) of the 
Supplementary file, where β is a peak width at half of the maximum).

It can be seen, that the physical diameter increases to 212 ± 14 nm 
even after 15 min of the annealing. Then, it gradually increases to 409 ±
18 nm (after 120 min of annealing). It can be suggested, that the increase 
of the diameter is related to the increase of the efficiency of the nano
particles sintering.

According to the analysis of the CSD diameters of both CeF3 and 
CeO2 phases, the CSD of both phases demonstrated nano-sized dimen
sionality several times less than the physical diameters (in the 50–70 nm 
range, Table S1 of the Supplementary file). Probably, the relatively huge 
(larger, than 200 nm) nanoparticles consist of the sintered nanosized 
CeF3 and CeO2 ones. In addition, the XRD peaks corresponding to the 
different hkl (Miller indices) have the same peak broadening. It can be 
suggested, that there are no directions of preferable growth of CeF3 and 
CeO2 phases and the phases of CeF3 and CeO2 have relatively regular 
shapes.

Finally, it can be suggested, that the studied Nd3+, Yb3+:CeF3/CeO2 
composites are sintered Nd3+, Yb3+:CeF3 and Nd3+, Yb3+:CeO2 nano
particles having relatively regular shapes and diameters of CSD around 
60 nm.

3.2. EPR spectroscopy of Nd3+, Yb3+:CeF3/CeO2 nanoparticles

Fig. 3 shows experimental EPR spectra of composite Nd3+, Yb3+: 
CeF3/CeO2 (15, 30, and 60 min) nanoparticles.

These measurements were carried out with an X-band CW Bruker 
ESP300 spectrometer at a low temperature of 15 K. Because composite 
nanoparticles consist of two parts, paramagnetic CeF3 and diamagnetic 
CeO2, we suppose that these rather well-resolved powder spectra are due 
to CeO2 part. As was shown in our recent research [31], the EPR spec
trum of Er3+ ions, doped in CeF3 nanoparticles, could not be observed 
due to the magnetic interactions between Ce3+ ions and doped 
rare-earth ions. EPR spectra look similar for all three samples and consist 

of the intensive line with g~3.43 surrounded by the weaker lines. The 
line with g~3.43 is due to even isotopes of Yb3+ ions in the cubic crystal 
field of CeO2 structure and observed earlier in bulk crystals [32], and 
nanoparticles CeO2 [33]. The less intensive lines are due to odd isotopes 
171Yb (with an abundance of 14.28 %, a nuclear spin of 1/2) and due to 
173Yb (with an abundance of 16.13 %, and a nuclear spin 5/2). The line 
with g~3.066 is assigned to trigonal sites, observed in bulk crystals [34,
35], and in nanoparticles CeO2 [36]. The intensity of this line increases 
with the increase of the annealing time, that is, the concentration of 
trigonal sites increases. In this case, the trigonal site is formed by sub
stitution of one of the nearest-neighbor oxygen ions around the Yb3+ ion 
by the fluorine ion or a hydroxyl group. In case of composite Nd3+, Yb3+: 
CeF3/CeO2 nanoparticles the most probable substituting ion is the 
fluorine ion. The line with g~2.76 is assigned to the second type of 
trigonal sites, related to the oxygen vacancies in the nearest-neighbor 
environment of Yb3+ ion [37]. The intensity of this line also increases 
with increasing annealing time. This means more vacancies form with 
annealing time in close vicinity of Yb3+ ion. In contrast to the 
well-resolved EPR spectra of Yb3+ ions, the EPR lines of Nd3+ ions were 
not detected in the studied samples. EPR of Nd3+ ions in bulk CeO2 
crystals was observed by W.Low and S.Maniv [38], who reported a 
g-value of 2.415 and hyperfine structure constants of A143 = 219.3 G and 
A145 = 136.4 G. More detailed study of Nd3+ ions in bulk CeO2 crystals 
was carried out by Abdulsabirov et al. [39], who found a weak splitting 
of the cubic line merging in one line with g = 2.422 at a trigonal 
orientation of the crystal. In a cubic crystal field, the lowest state of Nd3+

ion is a quartet Г8 [40], which may be the reason of the observed 
splitting. Fig. 4 shows extended EPR spectrum of Nd3+, Yb3+:CeF3 
annealed at 60 min.

It is seen in Fig. 4 a weak line with g~1.97, which can be attributed 
to the small number of Gd3+ ions. The line around g value of 2.41–4.42 
was not present in the spectrum, which means an absence of Nd3+ cubic 
sites in CeO2 nanoparticles. Authors of ref. [39] reported that no any 
trigonal sites of Nd3+ ions were observed in bulk CeO2 crystals. This was 
explained by L.Y.Shekun [41], that the lowest level of Nd3+ ions in 
trigonal crystal field is non-resonating doublet Г4,5 and transition 
probability is zero for any orientation of magnetic fields. We suppose 
that in studied CeO2 nanoparticles the doped Nd3+ ions are located in 
the trigonal crystal field, with a charge compensator situated along the 
local <111> axis.

Fig. 3. EPR spectra of Nd3+, Yb3+:CeF3/CeO2 (15, 30, and 60 min) 
nanoparticles.

Fig. 4. Extended EPR spectrum of Nd3+, Yb3+:CeF3/CeO2 (60 min) 
nanoparticles.

A.K Ginkel et al.                                                                                                                                                                                                                                Optical Materials 159 (2025) 116580 

5 



3.3. Spectral characterization of the samples

Energy level diagram of Nd3+/Yb3+ system is presented in Fig. 5. 
Here, the excitation wavelength λex = 790 nm corresponds to the 4I9/2 – 
4F5/2 absorption band of Nd3+ ion [42]. After excitation, the 4F5/2 – 4F3/2 
non-radiative transition occurs. In addition, there are phonon-assisted 
4F3/2 (Nd3+) – 2F5/2 (Yb3+) energy transfer.

Room temperature luminescence spectra of the Nd3+, Yb3+:CeF3 and 
Nd3+, Yb3+:CeF3/CeO2 (15, 30, 60, and 120 min) nanoparticles are 
presented in Fig. 6. All the luminescence peaks were interpreted as Nd3+

(4F3/2 - 4I9/2 (≈870 nm)) and 4F3/2- 4I11/2 (≈1050 nm) transitions, as 
well as Yb3+ (2F5/2 - 2F7/2 (≈980 nm)) transition.

The presence of intense Yb3+ emission upon excitation of Nd3+ ions 
indicates an effective energy transfer from Nd3+ to Yb3+. It can also be 

seen, that the Yb3+ peak shifts toward shorter wavelengths closer to 
Nd3+ peak for the single-phase Nd3+, Yb3+:CeF3/CeO2 (120 min). It 
indicates, that the energy gap between 4F3/2 (Nd3+) and 2F5/2 (Yb3+) 
is decreases compared to single-phase Nd3+, Yb3+:CeF3 sample 
(without annealing). Probably, this decrease in the energy gap value 
implements the more effective Nd3+ - Yb3+ energy transfer, and the 
higher Yb3+ luminescence intensity compared to Nd3+ one is clearly 
observed.

These energy transfer processes between Nd3+ and Yb3+ involve the 
4F3/2 (Nd3+) and 2F5/2 (Yb3+) levels. In this work, the 4F3/2 (Nd3+) level 
is populated through multiphonon relaxation from the 4F5/2 higher- 
lying energy states (λex = 790 nm). As it was mentioned above, the 
back energy transfer from Yb3+ to Nd3+ is also possible. There is also 
energy diffusion between Yb3+ ions. However, this process is seemingly 

Fig. 5. Energy level diagram of Nd3+/Yb3+ system. λex = 790 nm corresponds to 4I9/2 – 4F5/2 absorption band of Nd3+.

Fig. 6. Room temperature luminescence spectra of the Nd3+, Yb3+:CeF3 and Nd3+, Yb3+:CeF3/CeO2 (15, 30, 60, and 120 min) nanoparticles. The 790 nm excitation 
wavelength corresponds to the 4F5/2 - 2H9/2 absorption band of Nd3+ ions.
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possible for the higher temperatures (above 400 K) [20]. There is also 
energy diffusion between Yb3+ ions. In the case of energy transfer be
tween Nd3+ ions at 0.1 mol.% concentration, this issue is still ques
tionable. In our previous work, we studied Nd3+ doped fluoride nano- 
and microparticles and made a suggestion, that at 0.5 mol.% of Nd3+, 
the interaction between Nd3+ still occurs (via cross-relaxation) [22]. 
However, for 0.1 mol.% Nd3+ concentration the interaction is absent 
due to a large distance between Nd3+ ions, according to our conclusions. 
The interaction between Nd3+ and Yb3+ is dipole-dipole. The efficiency 
of this interaction is inversely proportional to the distance of degree six, 
which makes it highly sensitive to the change in the distance value. It 
can be seen that the intensities of both Nd3+ (4F3/2 – 4I9/2) and Yb3+

(2F5/2 – 2F7/2) luminescence peaks are interdependent due to the energy 
transfer processes mentioned above. Therefore, for further luminescence 
intensity ratio (LIR) calculations, the 848–925 nm (4F3/2 – 4I9/2) Nd3+

and 925–1048 nm (2F5/2 – 2F7/2) Yb3+ spectral ranges were chosen.

3.4. Temperature-dependent spectral-kinetic characterization of the 
samples

The temperature evolution of the normalized luminescence spectra 
of Nd3+, Yb3+:CeF3 nanoparticles in the 80–320 K temperature range 
is shown in Fig. 7.

The relative intensities of Nd3+ and Yb3+ emission peaks depend on 
temperature for all the samples. To analyze this spectral temperature 
dependence, LIR as a function of temperature was calculated for all the 
samples according to the equation: 

LIR (T)=
∫

INd(λ,T)dλ
∫

IYb(λ,T)dλ
(1) 

The LIR curves and fitting curves are shown in Fig. 8. It can be seen, 
that the shape of the LIR function depends on the phase composition of 
the samples as well as on the ratio of the phases.

It can be seen, that the LIR has a complex dependence on both 
temperature and sample’s structure. Specifically, for single-phase Nd3+, 
Yb3+:CeF3 and Nd3+, Yb3+:CeF3/CeO2 (120 min) nanoparticles, the LIR 
function gradually decreases and increases with temperature, respec
tively. In turn, the double-phase Nd3+, Yb3+:CeF3/CeO2 (15, 30, and 60 
min) nanoparticles showed more complicated LIR dependencies which 
displayed increasing and decreasing parts of the LIR functions. It seems 
that the LIR functions for the Nd3+, Yb3+:CeF3/CeO2 (15, 30, and 60 
min) nanoparticles are combinations of the LIR functions of single-phase 
samples. Thus, in order to explain all the LIR dependencies, we need to 
focus on the single-phase Nd3+, Yb3+:CeF3 and Nd3+, Yb3+:CeF3/CeO2 
(120 min) nanoparticles. To learn more about the physical background 
of the LIR functions, the luminescence decay curves of the Nd3+, Yb3+: 
CeF3 and Nd3+, Yb3+:CeF3/CeO2 (120 min) nanoparticles (λem = 863 
nm, 4F3/2 – 4I9/2 transition of Nd3+) were also detected (Fig. 9a and b, 
respectively). The rest of the decay curves are presented in Fig. S2 of the 
supplementary.

It can be seen, that the luminescence decay curves of Nd3+, Yb3+: 
CeF3 nanoparticles are not perfectly single-exponential. This deviation 

Fig. 7. The temperature evolution of the normalized luminescence spectra of 
Nd3+, Yb3+:CeF3 nanoparticles in the 80–320 K temperature range.

Fig. 8. Luminescence intensity ratio (LIR) dependencies on temperature. Note that the larger standard deviation values for Nd3+, Yb3+:CeF3 sample can be related to 
the lower luminescence intensity due to different quenchers.
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from the single-exponential shape can be related to the different distri
bution of Yb3+ ions around Nd3+ ones, which results in the difference in 
the rate of luminescence decay of each Nd3+ ion. The temperature 
dependence of the decay curves of the Nd3+, Yb3+:CeF3 nanoparticles is 
weak. In the case of the Nd3+, Yb3+:CeF3/CeO2 (120 min) nanoparticles, 
the deviation of luminescence decay curves from single-exponential 
function is more pronounced. The observed phenomena required more 
detailed research. Here, we can make a suggestion, that in the CeO2 host, 
Nd3+ ions tend to form clusters due to the notable difference in the ionic 
radii of Nd3+ and Ce4+, unlike CeF3, where Ce3+ and Nd3+ have closer 
ionic radii, and the distribution of Nd3+, is probably, more homoge
neous. In addition, it can be suggested, that Yb3+ ions also form clusters 
in the CeO2 host.

As it was mentioned above, the LIR function for Nd3+/Yb3+ - doped 
CeF3 nanoparticles is a decay function. This phenomenon can be 
explained by the fact that the energy transfer efficiency from Nd3+ to 
Yb3+ increases with the increase of temperature. Hence, the intensity of 
Nd3+ lowers while the intensity of Yb3+ increases. Thus, LIR function 
(INd/IYb) is a decay function. The LIR function of the Nd3+, Yb3+:CeF3/ 
CeO2 (120 min) nanoparticles is an increasing function. The physical 
background of the LIR function is more complicated due to the ion 

clustering, suggestively. There are the same energy transfer processes 
when Nd3+ transmits the excitation energy to Yb3+, and the efficiency of 
this transition increases with the temperature increase. However, here, 
the Yb3+ intensity is quenched due to the concentration quenching, 
which is more effective in clusters. Finally, the intensity of Nd3+

decrease due to the energy transfer to Yb3+. In turn, Yb3+ intensity de
creases more sharply due to the effective concentration quenching in the 
Yb3+ clusters. In addition, according to the EPR data, there are Yb3+

trigonal centers formed by OH groups and oxygen vacancies. These 
kinds of impurities can also serve as temperature-dependent quenchers 
of Yb3+ emission. Here, the LIR is the ratio of two decreasing functions 
(INd(T)/I(Yb(T)) where the consequent (IYb(T)) decreases faster. Note, 
that we do not show the values of intensity of both ions as functions of 
temperature. The reason that we do not consider these parameters is that 
the luminescence intensity strongly depends on the intensity of the 
excitation irradiation. Even the small fluctuations of the excitation in
tensity affect the luminescence intensity of the ions. The precise mea
surements of intensity as function of temperature require additional 
procedures of calibration and, probably, the use of an integrating 
sphere. Such measurements is the next step of the present work. The 
presence of Yb3+ clusters is intermediately confirmed by the above- 
mentioned EPR data. Indeed, it was established, that there are several 
types of trigonal centers.

In order to compare the temperature behavior of Nd3+/Yb3+ ion pair, 
we conducted spectral characterization of Nd3+/Yb3+ - doped CeO2 
nanoparticles obtained via chemical rout. The Nd3+/Yb3+ - doped CeO2 
obtained via chemical rout nanoparticles demonstrated the same 
increasing character of the LIR function probably, due to similar phys
ical mechanism.

Now it is difficult to make a correct approximation function for the 
obtained LIR dependencies. In order to establish the physical mechanism 
of temperature sensitivity, the additional experiments with different 
concentration of the doping ions are required. To obtain such important 
performances as absolute (Sa) and relative (Sr) temperature sensitivities, 
we approximated the LIR dependencies via polynomial functions [1,3]. 

Sa =

⃒
⃒
⃒
⃒
dLIR
dT

⃒
⃒
⃒
⃒, (2) 

Sr =
1

LIR

⃒
⃒
⃒
⃒
dLIR
dT

⃒
⃒
⃒
⃒⋅100%, (3) 

where Sa is defined as the change in the LIR function with a temperature 
change of 1 K, and Sr is the percentage change in the value of the LIR 
function relative to itself with a temperature change of 1 K. The Sa and Sr 
curves for samples at different annealing times are shown in Fig. 10a and 
b, respectively.

The obtained parameters are compared with the analogs operating in 
the “biological window” are compared in Table 1.

It is seen, that the studied samples demonstrate very competitive 
performances. There are some systems, which show higher sensitivities. 
On the other hand, the absolute and relative temperature sensitivities 
are not comprehensive characteristics of the luminescence temperature 
sensors. According to the above-mentioned sources, both CeO2 and CeF3 
compounds showed low cytotoxicity, which is very important for the 
safety of the personnel. In turn, many compounds listed in Table 1 were 
not studied in terms of biological activity. In addition, both doped 
single-phase CeO2 and CeF3 samples demonstrated increasing and 
decreasing character of LIR function respectively, without extremums in 
the whole 80–320 K temperature range. For such dependencies, one 
particular LIR value corresponds to one temperature value.

4. Conclusions

Here we synthesized single-phase (hexagonal structure) Nd3+, Yb3+: 
CeF3 nanoparticles via the co-precipitation method. These nanoparticles 

Fig. 9. Luminescence decay curves of the Nd3+, Yb3+:CeF3 and Nd3+, Yb3+: 
CeF3/CeO2 (120 min) nanoparticles (λem = 863 nm, 4F3/2 – 4I9/2 transition of 
Nd3+) in the 80–320 K temperature range. 790 nm excitation wavelength 
corresponds to 4I9/2 – 4F5/2 absorption band of Nd3+.
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Fig. 10. Absolute Sa (a) and relative Sr (b) temperature sensitivities of the samples.

Table 1 
The comparison of the performances of luminescence sensors.

Sample Transitions, Detected Wavelengths, and Conditions of the Excitation Maximum Sa [K− 1] Maximum Sr [%⋅K− 1] T,K Ref.

LSG: 0.04Nd3+, 0.05 Yb3+ 2F5/2 → 2F7/2 (Yb3+)/4F3/2 → 4I11/2 (Nd3+) 0.0069708 0.49 303K [43]
YAG: Yb3+/Nd3+ 4F7/2/4F5/2 → 4I9/2 0.00234 (738 K) 0.461 348–1273 K [44]
YF3: Tm3+/Yb3+ Tm3+: 3F2, 3 → 3H6 – 0.10 300 [45]
Tm3+:LiY0.8Yb0.2F4 Tm3+ (3H4 – 3H6)/Yb3+ (2F5/2 – 2F7/2) – 0.36 254–290 [46]
YF3: Nd3+/Yb3+ Nd3+ (4F3/2– 4I9/2)/Yb3+ (2F5/2– 2F7/2) – 0.1–0.4 80–320 K [47]
YVO4: Yb3+/Tm3+ 3F2,3 → 3H6/3H4 → 3H6 – 0.25 300 [48]
LiNbO3:Yb3+/Tm3+ 3F2,3 → 3H6, 1G4→3F4 (5F4/5S2), 5F5→5I8 0.00024 0.35 323–773 [49]
ZnWO4: Tm3+/Yb3+/Mg2+ Tm3+: 1G4(a) →3H6 

1G4(b)→3H6

– 0.34 300 [50]

CeO2:Nd3+/Yb3+ ​ ​ 0.43–0.22 80–320 This work
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were annealed in air at 600 ◦C for 15, 30, 60, and 120 min to obtain 
double-phase Nd3+, Yb3+:CeF3/CeO2 nanoparticles. Here, after 120 min 
of annealing, the single-phase Nd3+/Yb3+-doped cerium oxide nano
particles were obtained (cubic phase). The Nd3+, Yb3+:CeF3/CeO2 (15, 
30, and 60 min) nanoparticles demonstrated combinations of CeF3 and 
CeO2 phases. The physical size of the samples gradually increased from 
19 nm (Nd3+, Yb3+:CeF3) to ~ 409 nm (Nd3+, Yb3+:CeF3/CeO2 (120 
min)). We made a suggestion, that the double-phase samples consist of 
sintered doped CeF3 and CeO2 nanoparticles having an average size of 
CSD around 65 nm. The single-phase CeO2 sample also consists of sin
tered ~65 nm CeO2 nanoparticles. We carried out spectral-kinetic 
characterization of the samples in the 80–320 K temperature range. 
The luminescence intensity ratio (LIR) was taken as a temperature- 
dependent parameter (LIR = INd/IYb, where 848–925 nm (4F3/2 – 4I9/ 

2) Nd3+ and 925–1048 nm (2F5/2 – 2F7/2) Yb3+). The LIR for single-phase 
doped CeF3 nanoparticles is a decreasing function in the whole 80–320 K 
range. In turn, for single-phase Nd3+, Yb3+:CeF3/CeO2 (120 min) 
nanoparticles, is an increasing function. The LIRs for double-phase 
samples are more complicated and can be considered as a combina
tion of LIRs of single-phase CeF3 and CeO2 samples. The decreasing 
character of the LIR function was explained by the fact, that Nd3+

transfers the energy to Yb3+ via phonon-assisted energy transfer which is 
more effective at higher temperatures. Here, the Nd3+ intensity de
creases while Yb3+ one increases with the temperature increase. Thus, 
the INd/IYb (T) is a decreasing function. For Nd3+, Yb3+:CeF3/CeO2 (120 
min) nanoparticles, Nd3+ luminescence decay curves are significantly 
non-exponential. It was suggested, that such behavior is related to the 
fact, that the trivalent doping ions form clusters in the CeO2 host. 
Seemingly, these clusters are different between each other. In such 
clusters, the concentration quenching of Yb3+ occurs more effectively. 
Finally, the Nd3+ intensity decreases via energy transfer to Yb3+. In turn, 
Yb3+ is quenched by the concentration quenching and decreases more 
sharply. Probably, these processes provide an increasing character of 
doped CeO2 LIR function. In addition, we chemically synthesized Nd3+/ 
Yb3+ doped CeO2 nanoparticles as physically characterized them. They 
showed similar LIR dependency.

The maximal relative temperature of Nd3+/Yb3+ doped CeO2 sample 
(annealed for 120 min) is around 0.2 %/K, which is a very competitive 
value. The most important thing, is that here, the LIR function allows 
uniquely identifying the temperature at least in the studied broad tem
perature range. The ability to operate in the biological window and low 
toxicity of CeF3 and CeO2 makes the nanoparticles possible to be utilized 
for biomedical applications.
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