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A B S T R A C T   

In this study we present a morphological and spectroscopical characterization of three different erbium doped 
nanocrystal samples, namely two oxides (Y2O3:3%Er, Sc2O3:3%Er) and one fluoride (YF3:5%Er). The spectro-
scopic study offers a comprehensive comparison of their multicolor emissions, ranging from the visible to the 
mid-infrared region. Emissions from the first five excited states are presented and the emission cross sections of 
the 4I11/2 → 4I15/2, 4I11/2 → 4I13/2, and 4I13/2 → 4I15/2 transitions have been calculated and compared with 
literature results for the oxide compounds providing a confirmation for the 1.5 μm emission of Er:Y2O3, a 
correction over published values for the 2.7 μm emission of Er:Y2O3, and also new results for the Er:Sc2O3 
emission cross section values of all the infrared bands. Moreover, this study explores the application of the 4I13/2 
emission for in-band luminescence thermometry within the third biological window. An optimized segmentation 
of the 1.5 μm emission permits to achieve high relative and absolute sensitivities using just one dopant ion.   

1. Introduction 

Er-doped nanoparticles of various compositions are generally studied 
for their visible upconversion fluorescence properties under laser 
pumping. Er also possesses many visible levels that can be directly 
excited with low-cost LED pump sources and can give rise to intense 
visible emission that has already been widely exploited for luminescence 
intensity ratio (LIR) thermometry applications with good results. Er ions 
also show many infrared (IR) energy levels that have been used for 
infrared lasers, for example in the 1.6 μm telecommunication window or 
in the 2.8 μm mid-infrared region (MIR). Moreover, the near-infrared 
emission of Er ions at around 1.6 μm almost completely lies in the 
third biological window and can be exploited for LIR thermometry, 
although this emission has been less widely studied than the visible one 
for this purpose until to date [1–6]. In these cases [4–6], the various 
compounds have been studied in a wide temperature range and the 
characterization has also been performed in organic and aqueous solu-
tions with good results, therefore, it is worth investigating other com-
pounds for the same purpose. 

Sesquioxide and fluoride materials are generally considered good 
host crystals for mid-infrared emissions because of their relatively low 

phonon energy and good thermomechanical properties when grown as 
bulk materials. In both cases, the bulk crystal growth of these materials 
is challenging because sesquioxides grow at very high temperatures 
(around 2400 ◦C) [7] and fluorides need a very careful control of the 
growth atmosphere to avoid oxygen contamination which is strongly 
detrimental for the emission efficiency [8]. 

Nanoparticle preparation, instead, usually requires low temperatures 
and it is less critical, cheaper, and less time-consuming. Moreover, 
nanosized materials exhibit peculiar properties that has opened new 
perspectives in many applications especially in the biomedical field such 
as biomedical imaging, nanothermometry or sensing [9]. 

The preparation of Yttrium Oxide nanoparticles has also been stud-
ied for applications in amplification devices operating in telecommu-
nication spectral range [10] both using erbium as single dopant agent or 
together with other dopants to optimize population inversion and 
pumping efficiency. Other studies [11,12] focus their attention on Y2O3 
nano-powder in ceramics or in nanospheres for possible laser applica-
tions. Moreover, Erbium–Holmium codoped Y2O3 nanoparticles have 
already been proposed for nano-thermometry [3] with the luminescence 
intensity ratio calculated between the 5I6→5I8 and 4I13/2 → 4I15/2 
emission transitions of Ho and Er, respectively. 

* Corresponding author. 
E-mail address: fulvia.gennari@phd.unipi.it (F. Gennari).  

Contents lists available at ScienceDirect 

Journal of Luminescence 

journal homepage: www.elsevier.com/locate/jlumin 

https://doi.org/10.1016/j.jlumin.2024.120520 
Received 16 October 2023; Received in revised form 24 January 2024; Accepted 24 February 2024   

mailto:fulvia.gennari@phd.unipi.it
www.sciencedirect.com/science/journal/00222313
https://www.elsevier.com/locate/jlumin
https://doi.org/10.1016/j.jlumin.2024.120520
https://doi.org/10.1016/j.jlumin.2024.120520
https://doi.org/10.1016/j.jlumin.2024.120520
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Luminescence 269 (2024) 120520

2

Sc2O3 fluorescence has been studied in its ceramic form for the cre-
ation of eye safe lasers, exploiting the 1.5 μm emission. In its nano-
particle form however, it has been investigated as a possible oxide 
material for biological applications [13]. 

On the other hand, fluoride nanoparticles have been proposed for 
their excellent upconversion properties and Er:YF3 has been investigated 
for spectral conversion in photovoltaics [14,15]. 

In this work we present a comparison of the multicolor emission of 
both sesquioxide and fluoride nanoparticles doped with Er ions. All 
samples show a very wide emission spectral range from visible to mid 
infrared around 2.8 μm with a non-trivial relative intensity behaviour. 
Furthermore, the emission cross sections of the infrared transitions have 
been calculated and compared with the literature for the oxide samples 
providing a confirmation of the published values for the near infrared 
emission, a correction for the mid-infrared emission of Er:Y2O3 and new 
results for the Er:Sc2O3 sample. Moreover, the 1.5 μm infrared emission 
has been exploited for in-band LIR thermometry applications in the 
physiological temperature range, i.e. from approximately 18 ◦C to 45 ◦C 
and a comparison of the results within the three compounds and with 
the literature is presented. 

2. Materials and methods 

2.1. Chemicals and materials 

The following chemicals: yttrium oxide- Y2O3 (Alfa Aeser, 99.9%), 
erbium oxide- Er2O3 (Alfa Aeser, 99.99%), scandium oxide- Sc2O3 (Alfa 
Aeser, 99.9%), polyethylene glycol- PEG 200 (Alfa Aesar), nitric acid- 
HNO3 (Macron, 65%) and ammonium hydrogen difluoride- NH4HF2 
(Sigma Aldrich, 98.5%) were purchased and used as received. 

2.2. Synthesis of the nanoparticles 

The YF3 samples doped with 5 mol% Er3+ (Y0.95Er0.05F3) and 10 mol 
% Yb3+/5 mol% Er3+ (Y0.85Yb0.1Er0.05F3) have been synthesized from 
the appropriate quantities of Y2O3, Er2O3 and Yb2O3 which were mixed 
with NH4HF2 and grounded in an agate mortar and then heated, first in 
the air at 170 ◦C for 20 h and then at 500 ◦C for 3 h in a reducing at-
mosphere (Ar-10% H2). The Y2O3 and Sc2O3 samples doped with 3 mol% 
Er3+ (Y1.94Er0.06O2 and Sc1.94Er0.06O3) and 10 mol% Yb3+/3 mol% Er3+

were synthesized using the combustion method [16]. In the first step, 
appropriate amounts of oxides were dissolved in hot nitric acid under 
continuous stirring (130 ◦C), followed by the addition of PEG 200 as a 
fuel and chelating agent (mass ratio 1:1). The obtained solution was 
stirred at 80 ◦C until complete evaporation and formation of a clear gel. 
A voluminous white powder is produced when the gel is pre-sintered in a 
ceramic crucible at 800 ◦C for 2 h. The powder was then formed into 
pellets, which were calcinated at 1100 ◦C for 24 h. 

Crystal structures of the powders were studied with an X-ray 
diffractometer (XRD) from Rigaku SmartLab (Cu-Kα1,2 radiation, λ =
0.1540 nm) at room temperature. All measurements were recorded over 
the 2θ range of 10◦–90◦, with a step size of 0.01◦ and a counting time of 
1◦/min. The morphology of the prepared sample was defined by a field 
emission gun TESCAN MIRA3 scanning electron microscope (SEM). The 
samples were coated with a thin layer of Au using a typical sputtering 
technique (Polaron SC502 - Fison Instruments, UK). 

For visible and infrared emissions, the samples were pumped with a 
450 nm diode laser. The laser output power was between 60 and 100 
mW depending on the sample. Visible emission was collected with a 5 
cm focal length lens and sent to the input fiber of a compact spectrom-
eter (AvaSpec-ULS2048L-SPU2, Avantes, Netherlands) with 1 nm reso-
lution. For infrared measurements the emitted fluorescence was 
collected by a parabolic mirror and sent to a FTIR spectrometer 
(Magna860, Nicodom Ltd., Czech Republic) equipped with a MCT 

Fig. 1. XRD pattern of Er3+ doped: a) Y2O3 with corresponding ICDD card No. 01-083-0927, crystallite size = 17 nm; b) Sc2O3 with corresponding ICDD card No. 01- 
079-7027, crystallite size = 13 nm and c) YF3 with corresponding ICDD card No. 01-074-0911, crystallite size = 34 nm. 
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cooled detector. Resolution of the emission measurements have been set 
to 1 cm− 1 in the entire MIR range. Spectra have been corrected for the 
spectral response of the system using a blackbody source in the entire 
infrared region. In all cases, spectra are presented as a function of the 
variable with constant resolution (wavelength in nm for spectra ac-
quired with the compact spectrometer and energy in cm− 1 for those 
acquired with the FTIR spectrometer) with the other one reported as an 
upper axis for completeness. 

For luminescence thermometry study, the doubly Yb,Er doped sam-
ples have been used. Samples have been pumped with a 980 nm diode 
laser, with output power between 90 and 130 mW and the emitted signal 
has been collected by a parabolic mirror and sent to the FTIR spec-
trometer, as before. The sample was placed in a thermally-isolated 
holder and the temperature was varied with a Peltier cell in the physi-
ological range from approximately 15 ◦C–55 ◦C. 

Emission cross-sections with data acquired using an FTIR spec-
trometer are calculated through the beta-tau method (also called 
Füchtbauer–Ladenburg) with the equation for fixed frequency intervals 
[17,18]: 

σem(ν)=
c2I(ν)

8πτn2hν3
∫ I(ν)

hν dν
(1)  

where I(ν) is the measured fluorescence signal, c, h, n and τ are the speed 
of light, the Plank’s constant, the refractive index of the host matrix, 
taken at the wavelength that we are analysing, and the radiative lifetime 
of the level under consideration, respectively. One key point of this 
method is that the integral must be performed over the entire emission 
band of the upper level we are considering. For this reason, particular 
attention must be paid to acquire all the possible decay channels from 
the emitting level to all the lower ones, not just the transition under 
investigation. Moreover, all these possible emissions must be relatively 
calibrated to correct for possible different spectral responses of the 
acquisition system (optics, detectors …). In our case, we collected all the 
emissions with the same experimental setup (the FTIR spectrometer) to 
ensure identical experimental conditions and corrected the results for 
the spectral response of the system using a blackbody source. 

3. Results 

The XRD measurements presented in Fig. 1a and b confirm that both 
Er3+ doped Y2O3 and Sc2O3 samples crystallize in a cubic structure with 
the main diffraction peaks indexed according to the presented ICDD 
cards, No. 01-083-0927, and No. 01-079-7027, respectively. For Er3+

doped YF3, all the diffraction reflections can be indexed in a single-phase 
orthorhombic β-YF3 structure type, ICDD card No. 01-074-0911 

(Fig. 1c). No other phase peaks or traces of impurities were detected 
confirming the synthesis of a single-phase material and effective incor-
poration of both Er3+ ions into the cubic lattice. Also, the same valence 
and similar ionic radii of the Y3+/Sc3+ and Er3+ ions indicate that it is 
possible to successfully incorporate the doping ions into the host ma-
terials [19]. Additionally, built-in PDXL2 software was used to calculate 
the average crystallite size given in Fig. 1 caption. 

Scanning electron microscopy was carried out to investigate the 
morphology of the obtained powders; the micrographs of the represen-
tative Y2O3: Er3+ for combustion synthesis, and YF3: Er3+ samples are 
presented in Fig. 2a and b, respectively. The Y2O3: Er3+ image (Fig. 2a) 
shows at the micron level flake-like, dense, and agglomerated particles, 
which seem to be less fluffy compared to particles obtained using the 
conventional combustion method and combustion agents other than 
PEG, as shown in our previous work [20]. The SEM image of the YF3: 
Er3+ sample (Fig. 2b) shows agglomerated, irregularly shaped particles 
of approximately 54 nm in size on average (size distribution histogram is 
presented as an inset in Fig. 2b). 

3.1. Visible spectroscopy 

Erbium has a complex energy level scheme which can give rise to 
many emission channels. Fig. 3 shows the Dieke diagram of both Er and 

Fig. 2. Scanning electron microscopy images of a) representative Y2O3: Er3+ for combustion synthesis and b) YF3: Er3+ sample with size distribution histogram given 
as inset. 

Fig. 3. Energy level scheme of Yb3+,Er3+ ions with all the observed transitions 
shown as arrows. The dotted arrows represent the non radiative transitions. 
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Yb systems with all the emission bands we were able to observe both in 
the visible and infrared regions from the three compounds. For samples 
doped with Er, after pumping at 450 nm several cascaded non-radiative 
transitions populate the levels responsible for the visible emissions, i.e. 
4S3/2 and 4F9/2 [21]. The samples doped with Yb,Er instead, were 
pumped with a 980 nm laser and the 4F5/2 Yb level was populated. From 
there, an energy transfer process populates the 4I11/2 level of the Er ions. 
From 4I11/2 Er level, part of the radiation can be emitted radiatively, and 
part can non radiatively decay to the 4I13/2 level that will then emit at 
around 1.5 μm [5]. 

Visible emission comes from the decay of two different multiplets 
(4S3/2 and 4F9/2) to the ground state. These two emission bands emit in 
the green and red regions, respectively and have been identified using 
the Dieke diagram reported in Fig. 3. 

3.1.1. 4S3/2 emission 
The green emission band from the three different compounds is re-

ported in Fig. 4A. It corresponds to the 4S3/2 → 4I15/2 transition with a 
weak contribution from the 2H11/2 → 4I15/2 transition in the short- 
wavelength part of the spectrum. These two bands are usually exploi-
ted for luminescence thermometry in the visible range. In sesquioxides, 
it extends from 540 to 570 nm with a maximum in intensity located at 
the long wavelength side of this emission region. As expected from the 
effect of the strong crystal field on sesquioxide matrices [22], these 
samples present wide emission bands composed of separated peaks and 
the peaks of Er:Sc2O3 tend to be red-shifted with respect to Er:Y2O3. The 
Er:YF3 sample, instead, shows a continuous band that extends in a much 
narrower interval, from 535 to 555 nm with a maximum in intensity 
located around 540 nm. 

3.1.2. 4F9/2 emission 
The visible emission from 4F9/2 is shown in Fig. 4B. It is located in the 

red region and corresponds to the 4F9/2 → 4I15/2 transition. In sesqui-
oxides, it is composed by separated peaks and extends for over 40 nm 
from 650 to 695 nm with the maximum at around 665 nm. The fluoride 
sample shows a very intense band in this region composed of one single 
structure that extends from 640 to 680 nm and several peaks super-
imposed, the highest of which is around 660 nm. 

For both visible emissions the two sesquioxide samples show very 
similar spectra. In fact, we can see that the peak position and relative 
intensity are almost identical due to the isomorphism of the two crystal 
matrices: Y2O3 and Sc2O3. The main difference between the two spectra 
is the absence of a few lines and a slight shift in the peak position due to 
the different crystal field strength in the two compounds [23]. Instead, 
the fluoride compound shows much broader spectra with less separated 
lines and completely different peak position and intensity. 

3.2. Near and mid infrared spectroscopy 

The NIR region is characterized by two emission bands correspond-
ing to the decay of the 4I9/2 and 4I11/2 to the ground state at around 850 
nm and 1 μm and are reported in Figs. 4C and 5A. 

3.2.1. 4I9/2 emission 
The emission in Fig. 4C is assigned to the 4I9/2 → 4I15/2 transition. For 

all the three samples the fluorescence structure is composed by sepa-
rated peaks. Sesquioxide emission extends from 850 to 875 nm with a 
maximum in intensity at around 855 and 870 nm for the Y2O3 and the 
Sc2O3 samples, respectively. The fluoride emission is much more 

Fig. 4. A) Green emission from 4S3/2 → 4I15/2 transition of Er3+ ions; B) Red emission from the 4F9/2 → 4I15/2 transition of Er3+ ions; C) Near-infrared emission from 
the 4I9/2 → 4I15/2 transition of Er3+ ions. 
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intense, it extends from 830 to 860 nm and presents a maximum at 840 
nm. 

3.2.2. 4I11/2 emission 
Fig. 5A shows the emission band corresponding to the 4I11/2 → 4I15/2 

transition. In sesquioxides it appears as a series of well separated peaks 
and extends approximately from 10400 cm− 1 to 9750 cm− 1 (960 nm and 
1026 nm, respectively) with a maximum located at around 10200 cm− 1 

(980 nm). In this region, the strongest emission is from the Er: Y2O3 
sample. The fluoride sample, in this case, shows a weak broadband that 
extends from 10400 cm− 1 to 10000 cm− 1 (961 nm and 1 μm, respec-
tively) with a maximum at 10190 cm− 1 (981 nm). 

The 4I11/2 level has a second decay channel to the 4I13/2 multiplet. 
Fig. 5C reports this second emission band that, as expected, is located 
around 2.7 μm. Given the large number of energy sublevels involved in 
the two multiplets (6 and 7 for 4I11/2 and 4I13/2, respectively) this band 
has a complicated structure that covers the 3500 - 3850 cm− 1 (2.86–2.6 
μm) region almost continuously in both sesquioxide samples. The total 
number of possible sublevel transitions is 42, and this explains the large 
number of peaks observed in this region. Although the measurement is 
taken at room temperature, all the peaks are very sharp, much sharper, 
for example, then those published by Ref. [24] in Y2O3 and this confirms 
the good spectroscopic quality of our samples. The strongest emission is 
from the Er: Y2O3 sample with a maximum located around 3700 cm− 1 

(2.7 μm). For Er:YF3 the emission intensity is similar and the band is 
composed of many sharp peaks, but it extends from 3550 to 3800 cm− 1 

(2.81–2.63 μm) with two peaks with similar intensity at 3671 cm− 1 and 

3651 cm− 1 (2.72 μm and 2.74 μm, respectively). 
These two bands together originate from the decay of the 4I9/2 

multiplet to the two lower lying multiplets. Since we acquired the two 
emissions with the same experimental setup and we calibrated the 

Fig. 5. A) Infrared emission from the 4I11/2 → 4I15/2 transition of Er3+ ions; B) Mid infrared emission from the 4I13/2 → 4I15/2 transition of Er3+ ions; C) Infrared 
emission from the 4I11/2 → 4I13/2 transition of Er3+ ions. 

Table 1 
Peak emission cross section of the transitions originating from the 4I11/2 level.  

Crystal Transition Peak 
(cm− 1) 

Peak 
(μm) 

σem (10− 20cm2) 
[this work] 

Literature 
values [Ref] 

Y2O3 
4I11/2 → 
4I15/2 

1019 0.981 0.6  

4I11/2 → 
4I13/2 

3689 2.71 0.7    

2.723  1.41 [24]   
–  10 [27] 

4I13/2 → 
4I15/2 

6511 1.536 1.76 1.55 [28]  

6092 1.641 0.20 0.178 [11]  
6014 1.663 0.16 0.147 [11] 

Sc2O3 
4I11/2 → 
4I15/2 

1019 0.981 0.3  

4I11/2 → 
4I13/2 

3675 2.72 0.43  

4I13/2 → 
4I15/2 

6510 1.536 1.24    

1.534  1.8 [26]  
6000 1.667 0.22   
5920 1.689 0.17   
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response of the system with a blackbody source, we could use these 
emissions to calculate the emission cross sections of these two bands 
using eq. (1) including both bands in the integral at the denominator. To 
this aim, we took the refractive indexes from Ref. [25] (n = 1.9 for Y2O3 
and n = 1.97 for Sc2O3) and the radiative lifetimes from the literature, 
when available. We could not measure the radiative lifetime because it 
corresponds to the experimental lifetime in absence of nonlinear and 
non-radiative decays. This means that it should be measured in 
low-concentration samples and taken at low temperature. Therefore, we 
relied on published values which are usually calculated with the Judd 
Ofelt theory in bulk crystals or ceramics. For Y2O3 we used τ = 3.43 msec 
calculated by Hou and coworkers [24] in single crystals, and for Sc2O3 
we used τ = 3.96 msec calculated by Gheorge et al. [26] in glass ce-
ramics. For the fluoride compound we could not find any proper refer-
ence in the literature, therefore, we could not perform the calculation. 
Results are reported in Table 1 together with the comparison with 
literature values. The highest emission cross section in the 2.7 μm region 
is obtained with Er:Y2O3. This compound shows a maximum at 3689 
cm− 1 (2.71 μm) with a value of 0.7 10− 20 cm2. This value is a factor of 
two lower than that reported by Ref. [24] and an order of magnitude 
lower than that calculated by Ref. [27], but it must be noted that these 
authors did not consider the 4I11/2 → 4I13/2 emission in the calculation, 
leading to an overestimation of the emission cross section value. Since 
our emission cross section value for the 4I13/2 → 4I15/2 transition, which 
is a single emission from the upper level, agrees with the literature, we 
propose our results as a correction over published values for the 4I11/2 → 
4I13/2 and 4I11/2 → 4I15/2 transitions that start from the same level and 
must, therefore, be calculated as a single band with eq. (1). This means 
that both bands must be acquired with the same experimental setup and 

their intensity must be relatively calibrated with a black body source. 
After this procedure, the integral of both bands together must be used in 
the denominator of eq. (1) for the 4I11/2 → 4I13/2 and 4I11/2 → 4I15/2 
emission cross section calculation. The maximum emission cross section 
values for Er:Sc2O3 at 3675 cm− 1 (2.72 μm) is 0.42 10− 20 cm2. No 
literature results could be found for comparison with this compound. 

In Table 1, we also report the maximum emission cross section of Er 
in both compounds for completeness. 

3.2.3. 4I13/2 emission 
Lastly, we were able to detect the main infrared Erbium emission in 

the 1.5 μm region. This is reported in Fig. 5B. This emission band cor-
responds to the 4I13/2 → 4I15/2 transition and it extends from 5800 to 
7000 cm− 1 with a maximum around 6500 cm− 1 for all the samples. 
Strangely, the highest emission intensity is reported for the two oxide 
compositions which show very similar spectra, even if the Er:Sc2O3 
spectrum extends in a somewhat larger range. We calculated the emis-
sion cross section of this transition following the same procedure 
described above. For 4I13/2 in Y2O3 we used the lifetime calculated by 
Ref. [24] and for Sc2O3 that calculated by Ref. [26]. These are 4.88 msec 
and 4.5 msec, respectively. We did not calculate the emission cross 
section for the fluoride compound because we could not find a proper 
reference for the radiative lifetime of this level. The maximum emission 
cross section for Er:Y2O3 is 1.76 10− 20 cm2 obtained at 6511 cm− 1 

(1.536 μm). This value is comparable with that obtained in Ref. [28] at 
nearly the same wavelength. Moreover, since this emission line is 
affected by reabsorption, emission peaks at longer wavelengths are 
usually reported. In this region, the maximum emission cross sections 
obtained are 0.196 10− 20 cm2 at 6092 cm− 1 (1.641 μm) and 0.156 10− 20 

Fig. 6. a) Emission spectra of Yb,Er:Y2O3 nanoparticles as a function of the temperature with the boundaries between the various regions considered. The inset shows 
the stability of the levels that give the best SR results, i.e. I5/I1; b) LIR of the various regions referred to region 5; c) Relative sensitivity of the same LIRs shown in a); 
d) Absolute sensitivity of the same LIRs shown in a). 
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cm2 at 6014 cm− 1 (1.663 μm) in very good agreement with values 
calculated in Ref. [11] (0.178 10− 20 cm2 and 0.147 10− 20 cm2, respec-
tively) at the same wavelengths. Er:Sc2O3 shows slightly lower emission 
cross sections; the maximum value is 1.24 10− 20 cm2 at 6092 cm− 1 

(1.641 μm) but the emission spectrum extends at longer wavelengths 
and the long wavelength maxima are 0.22 10− 20 cm2 at 6000 cm− 1 

(1.667 μm) at and 0.17 10− 20 cm2 at 5920 cm− 1 (1.689 μm). 
This emission has been used for luminescence thermometry in the 

third biological window, as detailed in the next section. 

3.3. Luminescence thermometry on the 4I13/2 → 4I15/2 transition 

The 4I13/2 → 4I15/2 emission spans for over 1000 cm− 1 and lies almost 
completely in the third biological window, therefore it is a very inter-
esting region for biological applications. For these reasons, we explored 
the possibility of using this transition for luminescence thermometry. 
Unlike the green emission usually used for luminescence thermometry 
with Er-doped compounds, this emission involves only sublevels from 
one single multiplet, therefore, there is no natural separation between 
emission from two different Er multiplets. This is why we divided the 
emission spectra into different regions and calculated the integral of the 
luminescence in each region. Secondly, we calculated the luminescence 
intensity ratio (LIR) from all possible combinations and varied the 
boundaries between the various regions to find the best conditions to 
maximize the LIR variation with temperature. 

Assuming a Boltzmann distribution for the population of the various 
sublevels within the 4I13/2 multiplet, LIR is expected to have an expo-
nential dependence: 

LIR=
IU

IL
=A exp

(

−
ΔE
kT

)

(2)  

with IU and IL are the integrals of the upper and lower region, respec-
tively and ΔE connected to the energy distance between the regions used 
for IU and IL. LIR can be used to calculate the relative and absolute 
sensitivities which are vital parameter to assess the temperature sensing 
ability of the compound. The absolute sensitivity is defined as: 

SA =
δ(LIR)

δT
=

ΔE
kT2 A exp

(

−
ΔE
kT

)

=
ΔE
kT2 LIR (3) 

The relative sensitivity is a measure of the extent of change of LIR 
following a change in temperature and is given by: 

SR =
SA

LIR
=

ΔE
kT2 (4) 

We also studied the measurement uncertainty and the temperature 
resolution by cycling between two temperatures. The study follows the 
procedure reported in Refs. [29,30] that consists in calculating the LIR 
uncertainty (δLIR) as the standard deviation of the reproducibility 
measurements. We used this number to calculate the temperature un-
certainty using the following equation: 

δT=
1
Sr

δ LIR
LIR

(5) 

We perform this analysis for the best LIR result of each sample. The 
results are reported in the figures as an inset. 

In the following, we show the best results obtained with each 

Fig. 7. a) Emission spectra of Yb,Er:Sc2O3 nanoparticles as a function of the temperature with the boundaries between the various regions considered. The inset 
shows the stability of the levels that give the best SR results, i.e. I5/I1; b) LIR of the various regions referred to region 5; c) Relative sensitivity of the same LIRs shown 
in a); d) Absolute sensitivity of the same LIRs shown in a). 
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compound. 
Fig. 6 shows the results obtained with Yb,Er:Y2O3 sample. As ex-

pected, the strongest temperature dependence of the LIR is obtained 
between the two extreme regions (1–5) of the spectrum. The maximum 
relative sensitivity is 3.1 10− 3 at 288 K which decreases to 2.6 10− 3 at 
317 K. The absolute sensitivity shows a similar trend on all transitions, 
but the highest value is found for the 3-1 regions. This is because the 
maximum intensity of the emission is concentrated in the central part of 
the spectrum. Unfortunately, this feature is common to all investigated 
compounds. Anyway, the maximum absolute sensitivity for the 5-1 re-
gions is 2 10− 3 nearly constant in the whole investigated temperature 
range. We performed the reproducibility analysis on the ratio between 
those two regions obtaining an uncertainty of 0.1 ◦C at 40 ◦C and 0.7 ◦C 
at 20 ◦C. 

Results obtained with Yb,Er:Sc2O3 sample are shown in Fig. 7. As for 
the previous compound, the strongest temperature dependence of the 
LIR is obtained between the two extreme regions (1–5) of the spectrum 
with a maximum relative sensitivity of 4.8 10− 3 at 289 K which de-
creases to 3.7 10− 3 at 329 K. Also in this case the highest intensity of the 
emission is concentrated in the central part of the spectrum, therefore 
the maximum absolute sensitivity is found for the 3-1 transition with a 
maximum value of 5 10− 3. The maximum absolute sensitivity for the 5-1 
regions is 3.2 10− 3 nearly constant in the whole investigated tempera-
ture range. We performed the reproducibility analysis on the ratio be-
tween those two regions obtaining an uncertainty of 0.6 ◦C at 40 ◦C and 
1 ◦C at 20 ◦C. 

The fluoride compound shows similar trends of the results if 
compared to the other compounds, but the absolute and relative sensi-
tivities are in general lower. Results are shown in Fig. 8. Here we only 

show results relative to the 4-1 and 5-1 regions, as they are by far the 
best results obtained. The maximum relative sensitivity is 1.4 10− 3 at 
290 K and the maximum absolute sensitivity is 0.9 10− 3 for the 5-1 re-
gion. The temperature uncertainty calculated from the cycling between 

Fig. 8. a) Emission spectra of Yb,Er:YF3 nanoparticles as a function of the temperature with the boundaries between the various regions considered. The inset shows 
the stability of the levels that give the best SR results, i.e. I5/I1; b) Best LIR of the various regions referred to region 5; c) Relative sensitivity of the same LIRs shown in 
a); d) Absolute sensitivity of the same LIRs shown in a). 

Table 2 
Comparison of the LIR efficiency between different doping ions.  

Material Temperature range 
(K) 

Transition Sr[% 
K− 1] 

Ref. 

AlN:Nd3+/Yb3+ 298–503 Nd:4F7/2 → 4I9/ 

2, 
Nd:4F5/2 → 4I9/2 

0.84 
4.63 

[33] 

LaPO4:Tm3+/ 
Yb3+

293–773 Tm:3F2,3 → 3H6 
1D2→3F4 

3.0 [34] 

ScF3:Yb3+/ 
Tm3+

313–573 Tm: 3F2,3 → 3H6 
1D2→3F4 

1.60 [35] 

NaLuF4: Yb3+/ 
Ho3+

390–780 Ho:5F1,5G6/ 

5/5F2,3, 
3K8 → 5I8 

0.83 [36] 

YOF:Er3+ 298–523 4I13/2 → 4I15/2 0.36 [4] 
BaMoO4:Er3+/ 

Yb3+
293–553 4I13/2 → 4I15/2 0.129 [5] 

LiErF4/LiYF4 

LiErF4:Ce3+/ 
LiYF4 

293–318 4I13/2 → 4I15/2 0.4 
0.45 

[6] 

Y2O3:Yb3+/Er3+ 288–317 4I13/2 → 4I15/2 0.31 This 
work 

Sc2O3:Yb3+/ 
Er3+

289–329 4I13/2 → 4I15/2 0.5 This 
work 

YF3:Yb3+/Er3+ 290–329 4I13/2 → 4I15/2 0.14 This 
work  
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20 ◦C and 40 ◦C is 1 ◦C at 20 ◦C and 0.8 ◦C at 40 ◦C. 
As a result, the maximum relative sensitivity is of the order of 10− 3 

for all compounds which is slightly lower than typical values obtained in 
the visible region [31], and the best results are obtained with the two 
oxide compounds. Although unexpected, this result is in agreement with 
the finding that the best host materials are those where the energy dif-
ference between the two involve levels can be bridged by one or two 
phonons, whereas crystal hosts with lower phonon energy which require 
the involvement of more than two phonons are less efficient [32]. 

Moreover, we made a comparison with other works that use different 
doping ions in Table 2. Although some of the reported Sr values are 
higher than ours, they have been obtained from transitions in the visible 
or near infrared range. The last six lines of this table compare our results 
with those obtained with the same Er transition in published papers and 
our results compare well with those, with our result on Er:Sc2Y3 being 
the highest. 

4. Conclusions 

We carried out a spectroscopic investigation of three Er-doped 
nanoparticle compounds. Multicolor emission in an ultra-wide range 
from the visible (green) region to mid infrared (2.7 μm) has been 
observed. Emission cross-section values for near (1.5 μm) and mid 
infrared (2.7 μm) erbium emission in Er:Y2O3 and Er:Sc2O3 have been 
calculated and compared with literature results. Our results are in 
agreement with published values on Er:Y2O3 or constitute a correction 
for some of the published results. 

The near infrared emission at around 1.5 μm in the three compounds 
have been used for luminescence thermometry in the third biological 
window. The maximum relative sensitivity obtained is 3.1 10− 3 in Er: 
Y2O3. 
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