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a b s t r a c t

Er3+-doped CaF2 nanoparticles (NPs) with variable dopant concentration were synthesized by a direct 
precipitation method. X-Ray Powder Diffraction, SEM and TEM were used to analize the crystalline struc-
ture and morphology. The spectroscopic characterization, as function of the Er3+ content, has been per-
formed under CW and pulsed excitation. Under steady state conditions, it has been found that the intensity 
of the main emission bands is affected by luminescence quenching processes. The population dynamics, 
recorded under pulsed excitation, confirms not only the existence of quenching processes but also the 
occurrence of radiation trapping. The intrinsic transition probabilities of the main Er3+ emitting manifolds, 
in absence of quenching and radiation trapping, have been estimated through a procedure commonly used 
in bulk doped materials. A modified Judd-Ofelt analysis has been performed to determine the radiative 
transition probabilities, radiative lifetimes and branching ratios of the Er3+ levels. Finally, an estimation of 
the gap law in these NPs is given.

© 2023 The Author(s). 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

At present, fluoride nanoparticles doped with trivalent lantha-
nide ions (Ln3+) are arousing great interest in applications that de-
mand efficient luminescent transitions and, therefore, high quantum 
efficiency values. Additionally, it is also common that the application 
needs of high emission intensities, only achievable if a large number 
of optical centers is available [1–3]. However, it is not easy to si-
multaneously satisfy both requirements and, in general, a compro-
mise between quantum efficiency and high values of active ion 
densities must be sought.

The population dynamics in Ln3+-doped nanoparticles (NPs), as 
well as in their bulk counterparts, is in general complex, being 
strongly dependent on the active ion concentration. Thus, while in 
diluted systems the population dynamics is governed by sponta-
neous relaxations (radiative and non-radiative transitions), in high 
concentrated systems the situation is clearly different. In fact, as the 
active ion concentration increases, the spontaneous transitions start 

to compete with ion-ion interactions such as energy migration and 
cross relaxation processes. These energy diffusion mechanisms give 
rise to an effective excitation of non-emitting centers (luminescent 
killers) that provoke to faster temporal decays and reduces the lu-
minescent quantum efficiency.

These loss mechanisms, usually known as concentration 
quenching processes, are usually appreciable even under CW ex-
citation conditions, since they give rise to a marked reduction in the 
total emission intensity [4–6]. However, they are more easily de-
tectable in the temporal evolution of the luminescence since they 
provoke decays that are faster the higher the concentration of active 
ions [3,7].

Additionally, when lifetime measurements are performed, there 
is another important aspect that should be under consideration: the 
possibility of radiation trapping; that is, the reabsorption of the 
emitted radiation. Thus, at variance with the concentration 
quenching processes, the radiation trapping can affect the lumi-
nescent temporal decay even at low Ln3+ concentration, being par-
ticularly relevant when excited states are long living states [8,9].

Among the different fluoride compounds, CaF2 has attracted at-
tention due to its low phonon energy ( = 328cm-1 [10]) that en-
sures low non-radiative transition probabilities and, therefore, high 
luminescence quantum efficiencies. Additionally, like other alkali 
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earth fluorides, CaF2 exhibits a broad range of solubility for Ln3+ ions. 
These trivalent ions are incorporated into the crystal lattice replacing 
the divalent Ca2+ ions giving rise to an excess of positive charge 
which is balanced by the incorporation of F- ions in interstitial po-
sitions leading to several kinds of luminescent centers [11–14].

The fundamental electronic configuration of Er3+ ions, f[Xe]4 11, 
gives rise to a large number of fine structure levels providing, 
therefore, a wide variety of radiative transitions in the optical range. 
These transitions can be efficiently excited through different Stokes 
and/or anti-Stokes processes or even via energy transfer mechan-
isms from a different lanthanide ion, see for instance [15–19].

Although it is possible to find some works dealing about the 
synthesis and optical characterization of CaF2:Er3+ NPs [20–23], the 
basic spectroscopic properties of these active ions in calcium 
fluoride nanostructures are not fully understood. In this work, 
CaF2:Er3+ NPs with variable dopant concentration were synthesized 
by a direct precipitation method. X-Ray Powder Diffraction, SEM and 
TEM have been used to analyze the particle crystalline structure and 
morphology. The basic spectroscopy of Er3+ ions has been studied 
under CW and pulsed excitation as function of the dopant level. The 
dependence of the emission intensity of the main emission bands 
(2H11/2:4S3/2 → 4I15/2, 4F9/2 → 4I15/2, 2H11/2:4S3/2 → 4I13/2, 4I11/2 → 4I15/2 

and 4I13/2 → 4I15/2) reveals the presence of luminescence quenching 
processes that reduce the luminescence quantum efficiency as Er3+ 

concentration increases. The dynamics of the emitting manifolds, 
recorded under pulsed excitation, has confirmed the presence of 
these processes together with the existence of radiation trapping. A 
treatment, commonly used in bulk doped materials, has been ap-
plied to determine the intrinsic total transition probabilities of 4I13/2,  
4I11/2, 4F9/2 and 2H11/2:4S3/2 erbium levels in absence of quenching 
and radiation trapping. The intrinsic total transition probability of  
4I13/2 level, has been used to perform a modified Judd-Ofelt analysis 
in order to determine the radiative transition probabilities, radiative 
lifetimes and branching ratios of Er3+ levels in the CaF2 NPs. Finally, 
the non-radiative transition probabilities of 4I11/2, 4F9/2 and 2H11/ 

2:4S3/2 erbium levels, calculated from the intrinsic transition prob-
abilities and the radiative ones, has allowed to determine the gap 
law in the CaF2:Er3+ NPs.

2. Experimental details

2.1. Synthesis of nanoparticles

CaF2:Er3+ NPs have been prepared following a direct chemical 
precipitation route, as described elsewhere [24–26]. The starting 
chemical reagents were CaCl2·2 H2O, ErCl3·6 H2O and NH4F all of 
them from Alfa Aesar with a purity level of 99.9%. This simple pre-
paration method takes advantage of the high solubility in aqueous 
medium, and therefore, the high dissociation level, that possess 
calcium (or erbium) chlorides as well as ammonium fluoride to 
produce the Ca2+, Er3+ and F- ions whose chemical reaction gives rise 
to the precipitation of the Er3+-doped CaF2 NPs.

The concentration of the cationic precursors, in the form of CaCl2 

and ErCl3 salts, were adjusted to synthesize NPs with variable er-
bium concentration, ranging from 0.7 mol% to 10 mol%. The salts 
were diluted in 200 mL of deionized water, taking care of the final 
solution concentration were 0.01 mol/l, and added to a beaker. The 
cationic solution was fixed to a pH value of 3 by adding 30 mg of 
hydrochloric acid (36%). Temperature was increased up to the boiling 
point ( =T 100ºC) moment at which the anionic precursor, 0.08 mol/l 
solution of NH4F, was slowly added to the beaker. The acid character 
of the cationic solution prevents the fast precipitation of the Er3+- 
doped CaF2 NPs. After the precipitation, the initial reagents were 
removed by centrifugation and the particles were washed with 
ethanol and deionized water. NPs were dried at 60 ºC during 24 h 
and then collected for subsequent characterization.

2.2. Characterization techniques

X-Ray characterization techniques have been used to determine 
the erbium concentration and crystalline structure of the synthe-
sized NPs. Erbium content in the nanoparticles was determined by 
X-Ray Fluorescence Spectrometry (TXRF), the corresponding values 
are presented in Table 1. Phase and crystalline structure were in-
vestigated by using an X’Pert Pro Theta/2Theta powder dif-
fractometer (Cu Kα radiation, = 0.15406nm).

The size and morphology of the NPs were studied by a Philips 
XL30 S-FEG Scanning Electron Microscope (SEM) and a JEOL JEM- 
1400 Flash Transmission Electron Microscope (TEM) at CBM Severo 
Ochoa.

The spectroscopic characterization was performed by using sev-
eral laser excitation sources. The emission spectra were measured 
under excitation at = 488nmexc by using a CW Argon laser. It is 
important to remark that in order to compare the relative intensities 
of the different emission bands, the emission spectra shown in the 
following section were corrected taking into account the wavelength 
response of the measurement equipment.

The dynamics of the main emission bands was explored by using 
two different pumping schemes. In the first case, = 532nmexc , 
excitation was achieved by using the second harmonic of a pulsed 
Nd:YAG laser (Spectra Pro model DCR2/2 A 3378 with a pulse width 
of 10 ns and a repetition rate of 10 Hz). In the second case, 

= 650nmexc , excitation was made using a commercial diode laser 
electronically “modulated” by controlling the power injection with 
the help of an Arduino system, in order to obtain pulses with ad-
justable excitation and dark temporal windows. This scheme is 
particularly suitable to characterize decay signals having long decay 
times as it is the case for many of the erbium transitions in CaF2. 
Independently on the excitation scheme, the luminescent signal was 
dispersed by using an ARC SpectraPro 500-i monochromator and 
detected with a photomultiplier or an InGaAs photodiode depending 
on the spectral range. Additionally, for lifetime measurements, a 
Tektronix DPO4104B-L digital oscilloscope was used to average 
synchronously the decay of the luminescent signals.

The absorption spectrum shown in the last section of this work 
was measured by using a Perkin Elmer Lambda 1050 spectro-
photometer.

3. Results and discussion

3.1. Structural analysis

Fig. 1(a) shows the X-Ray Powder Diffraction (XRD) patterns of 
the CaF2:Er3+ NPs as function of erbium concentration; the reported 
pattern of CaF2 crystal (PDF 04–007–5933 from the International 
Centre of Diffraction Data, ICDD 2011) has been also included in the 
lower part of the figure. As it can be appreciated, the difraction peaks 
observed within the range 2θ = 20º to 2θ = 100º can be indexed to the 
fluoride-type structure (Fm m3 space group), being associated to the 

Table 1 
Structural and morphological parameters of CaF2:Er3+ NPs with different dopant 
levels. 

Sample [Er3+] 
(mol%)

Lattice parameter 
= =a b c ( )

Crystallite 
size (nm)

Mean particle 
size (nm)

# 0 0.0 5.4617 103 79 ± 39
# 1 0.7 5.4628 45 31 ± 13
# 2 1.3 5.4634 47 33 ± 11
# 3 2.4 5.4646 40 35 ± 15
# 4 3.8 5.4657 45 22 ± 15
# 5 5.5 5.4672 37 23 ± 16
# 6 6.5 5.4685 31 39 ± 13
# 7 10.0 5.4704 31 33 ± 15
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diffraction of the crystalline planes (1 1 1), (2 2 0), (3 1 1), (4 0 0), (3 3 
1), (4 2 2) and (5 1 1). These results demonstrate that the synthesized 
NPs are isostructural with calcium fluoride crystals, with no pre-
sence of secondary phases at least up to erbium concentrations of 
10 mol%.

As it has been previously observed in other CaF2:Ln3+ NPs 
[22,24,26,27], the dopant incorporation affects the angular position 
and width of the diffraction peaks, as it is illustrated in Fig. 1(b) for 
the (2 2 0) crystalline plane. As it can be seen, the increment of Er3+ 

concentration displaces this diffraction peak to lower angles and 
simultaneously provokes a progressive broadening. This kind of ef-
fects are related to the gradual incorporation of fluorine ions in in-
terstitial positions in order to compensate the extra positive charge 
that produces the partial cationic substitution of Ca2+ ions by Ln3+ 

ions in the lattice.
FullProf Suite open access software from the Institut Laue- 

Langevin in Grenoble (France) has been used to perform a Rietveld 
refinement of the measured XRD patterns. Fig. 2 shows the fitted 
patterns corresponding to NPs with the lower dopant level (0.7 mol 
%), an intermediate case (3.8 mol%) and the most concentrated NPs 
(10 mol%).

The Rietveld refinement confirms that the diffraction peaks can 
be indexed in the fluoride-type structure allowing to access to other 
relevant information such as lattice parameters, crystallite size and 
lattice strain. The shift of the diffraction peaks toward smaller angles 
is associated to a progressive dilatation of the unit cell volume. In 
Fig. 3(a) the cubic lattice parameter ( = =a b c) is depicted as 

function of Er3+ concentration. As it can be observed, the lattice 
parameter increases monotonously with Er3+ content, which gen-
erates a change in the unit cell volume from 162.92 ( )3 to 163.70 
( )3 when erbium concentration increases from 0 mol% to 10 mol%.

The crystallite size (D) and lattice strain ( ) can be estimated 
from the width of the diffraction peaks ( hkl) by using the 
Williamson-Hall (W-H) expression [28,29]:

= +K
D

cos 4 sinhkl (1) 

where K represents a shape factor (equal to 0.94 for cubic crystal-
lites), is the X-rays wavelength (0.15406 nm for Cu Kα radiation) 
and corresponds to the angular position of the identified diffrac-
tion peaks. Under the W-H formalism the magnitudes ( cos )hkl and 
(sin ) are linearly dependent, therefore, a least squares fitting can be 
used to determine effective values of the crystallite size and lattice 
strain from selected (hkl) diffraction peaks. The fitting parameters, 
slope (m) and intersection with the vertical axis (n), are related with 
the average strain ( =m 4 ) and the crystallite size ( =D K n/ ).

In this work, the hkl values obtained from the Rietveld refine-
ment together with the most intense diffraction peaks, (1 1 1), (2 2 
0), (3 1 1), (4 0 0), (3 3 1) and (4 2 2), have been used to determine 
the crystallite size (D) and lattice strain ( ). The linear fits as function 
of Er3+ concentration are presented in the supplementary material
(Fig. S1) where the slope values and y-intersections have been also 
indicated. The small slope values obtained indicate that the lattice 

Fig. 1. (a) X-Ray Powder Diffraction (XRD) patterns of the CaF2:Er3+ NPs as function of erbium concentration. (b) Angular shift and broadening of the (2 2 0) difraction peak. 
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strain remains very low, <| | 0.08%, in the concentration range ex-
plored in this work, [Er3+] ≤ 10 mol%.

The dependence of the crystallite size with Er3+ content is shown 
in Fig. 3(b). As it can be observed, the doped NPs exhibit a smaller 
crystallite size than the undoped ones. In fact, Er3+ incorporation 
provokes an abrupt decrease of the crystallite size which changes 
from 103 nm (pure CaF2 NPs) to around 45 nm ([Er3+] = 0.7 mol%). 
Subsequently, the gradual Er3+ incorporation gives rise to a slight 
reduction of crystallite size as it is summarized in Table 1. The de-
crease in the crystallite size indicates an increasing trend in the 
lattice disorder and, therefore, a reduction in the crystallinity. These 
effects are related to the need to incorporate fluorine ions in inter-
stitial positions to compensate the excess of positive charge gener-
ated when Ca2+ ions are replaced by Ln3+ ions in the CaF2 lattice, see 
for instance [18,22].

3.2. Morphology and size distribution

SEM and TEM micrographs were used to characterize the mor-
phology and size distribution of the NPs. The left part of Fig. 4 shows, 
as an example, a TEM micrograph corresponding to NPs of sample 
#4; while in the right part the size distributions calculated from 
micrographs belonging to samples #3, #4 and #7 are presented. As it 
can be appreciated, NPs exhibit a predominant cubic shape with an 
overall size distribution that follows a log-normal dependence (red 
solid lines). The mean particle size obtained from the log-normal 
distribution of each sample has been included Table 1. From these 
data it can be said that, independently on the Er3+ content, doped 

NPs exhibit an average particle size around 31 nm with a standard 
deviation of = 6nm.

3.3. Photoluminescent characterization: luminescence concentration 
quenching and radiation trapping

The spectroscopic properties of the Er3+-doped CaF2 NPs have 
been investigated under continuous wave excitation (CW) by using 
an Ar laser ( = 488nm). As it is depicted in Fig. 5(a), this excitation 
scheme matches the 4I15/2 → 4F7/2 absorption band giving rise, 
therefore, to the population of this excited state. The relaxation from 
the 4F7/2 level is mainly non-radiative to the thermally coupled 
multiplets (2H11/2:4S3/2) from where several radiative and non-ra-
diative transitions populate the lower energy levels. Fig. 5(b) shows 
several cross relaxation mechanisms energetically resonant that af-
fect the population of the different levels. The role of these processes 
as quenching channels will be discussed latter.

Fig. 6 shows the emission spectra for different Er3+ concentra-
tions in the VIS and IR spectral ranges. In the VIS region, Fig. 6(a), the 
spectra are dominanted by the green emission band associated to 
the radiative transition 2H11/2:4S3/2 → 4I15/2 ( 540nmemi ). A closer 
inspection of this band indicates that the dominant emission arises 
from the low energy level of the thermally coupled multiplets (4S3/2) 
while the emission from the upper one (2H11/2) is much weaker, 
appearing as a shoulder in the lower wavelength spectral region 
( 520nmemi ). The intensity ratio between these two transitions,  
2H11/2 → 4I15/2 and 4S3/2 → 4I15/2, is related with the local temperature 
of the sample and it has been widely used as an optical thermometer 
[30–35]. In particular, the low intensity observed for the 2H11/2 →  
4I15/2 transition in the Er3+-doped CaF2 NPs indicates that the 4I15/2 →  

Fig. 2. Rietveld refinement of XRD patterns corresponding to NPs with: (a) the lower 
doping level (0.7 mol%), (b) an intermediate case (3.8 mol%) and (c) the most con-
centrated NPs (10 mol%).

Fig. 3. Cubic lattice parameter and crystallite size as function of Er3+ concentration, 
(a) and (b) respectively. Dashed lines were included to guide the eye.
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4F7/2 excitation scheme generates a very low thermal loading to the 
sample.

Additionally, another transition from 2H11/2:4S3/2 multiplets cor-
responding to the radiative decay to the first excited state (4I13/2) was 
also detected in the NIR spectral range (λemi ∼ 850 nm), see Fig. 6(b). 
The radiative de-excitation from the 4I13/2 level to the ground state 
gives rise to the 1.5 µm emission band characteristic of Er ions, 4I13/2 

→ 4I15/2, which is the dominant band in the IR spectral region.
Two additional emission bands appear in the spectra centred at 

around λemi ∼ 670 nm and λemi ∼ 1.0 µm. These bands can be 

associated to the 4F9/2 → 4I15/2 and 4I11/2 → 4I15/2 transitions, re-
spectively. As it will be proved later, in spite of the low energy 
phonon of CaF2 ( = 328cm-1 [10]), both emitting levels, 4F9/2 and  
4I11/2, receive population through the non-radiative connections 
from the upper levels, 4S3/2 and 4I9/2 respectively.

As it is apparent from Fig. 6, the different emission bands present 
the same dependency on the Er3+ content: initially the intensity 
increases as the concentration increases, it reaches the maximum 
value when [Er3+] = 3.8 mol% ( = ×N 9.3 10 cmEr

20 3) and then it 
enters in a decreasing stage with the concentration. The emission 

Fig. 4. TEM micrograph corresponding to sample #4 (left), and size distributions calculated for samples #3, #6 and #7 (right); solid red lines represent the fitting to the log- 
normal distribution.

Fig. 5. (a) Partial energy level diagram of Er3+ ions showing the excitation scheme together with the dominant transitions observed in the CW photoluminescent characterization. 
(b) Cross relaxation mechanisms energetically resonant that affect the population of the different levels.
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intensity of the different transitions, calculated as the area of the 
emission band, is presented in Fig. 7 in a double logarithmic scale.

In general, the intensity (I) of an emission band is porportional to 
the product of the active ion concentration (N) and the lumines-
cence quantum efficiency ( ) of the emitting manifold, that is:

=I K Nn (2) 

where Kn is a normalization constant that depends on the experi-
mental conditions such as excitation and collection geometry.

A careful inspection of the figure reveals that in diluted samples 
the luminescence intensity increases linearly with the Er3+ content, 
while in the opposite limit, when Er3+ concentration exceeds 3.8 mol 
%, the emission intensity decreases as the dopant level increases. 
This situation is a clear indicative of the activation of luminescence 
quenching mechanisms, also known as self-quenching processes 
(apparition of ion-ion interactions, diffusion and cross relaxation 
mechanisms, that become active when dopant level surpasses a 
certain critical value) [3,36]. Thus, in highly doped samples, there is a 
competition between the spontaneous relaxation channels (radia-
tive and non-radiative) and the luminescence quenching processes. 
Although Eq. (2) can not be applied to describe such kind of situa-
tions, it can be rewritten to include the presence of quenching 
processes.

The luminescence quantum efficiency ( d) is calculated in diluted 
samples as:

= A A/d rad 0 (3) 

where Arad is the radiative transition probability and = +A A Wrad NR0

represents the total transition probability; that is the sum of the 
radiative and non-radiative (WNR) probabilities.

When concentration quenching processes are activated, their 
probability (WQ ) must be also take into account. Therefore, the lu-
minescence quantum efficiency ( ) in this case must be evaluated as:

= +A A W/( )rad Q0 (4) 

Instead of the above absolute values, it is more convenient to use 
a relative efficiency ( rel), taking as reference the value in diluted 
samples, defined by [37]:

= =
+
A

A Wrel
d Q

0

0 (5) 

Considering the relative efficiency, Eq. (2) can be rewritten as:

=I K Nn rel (6) 

where the normalization constant has been now redefined as 
=K Kn n d. In relation to the quenching process, its probability is 

found to depend in many cases of some power of the dopant level 
[3,38] ( =W VNQ

s/3), thus:

=
+

=
+

I K
A N

A VN
K

N
N N1 ( / )n s n

C
s

0

0
/3 /3 (7) 

where s indicates the multipole order of interaction involved in the 
transfer process that can be …6, 8, 10, for dipole-dipole, dipole- 
quadrupole, quadrupole-quadrupole, … interactions.

Additionally, in Eq. (7), it has been defined for convenience the NC

parameter, ( =N A V/C
s/3

0 ), that represents a critical concentration 
value at which the relative quantum efficiency is reduced to 50%, or, 
in other words, a concentration at which the concentration 
quenching rate equals the intrinsic (low concentration) relaxation 
rate ( =A WQ0 ).

The intensity of the different Er3+ emission bands has been 
analized in terms of Eq. (7). A least squares fitting was performed 
(dashed lines in Fig. 7) to determine the different parameters (Kn, NC

and s) that appear in this expression. The best fit was obtained with 
the parameters presented in Table 2.

As it can be seen, while all the emission intensities can be fitted 
by using the same critical concentration, = ×N 1.28 10 cmC

21 3

(5.2 mol%), the normalization constant and the multipole order of 
the interaction are dependent on each transition. The values of the 
first one (Kn) account for the relative intensity of each emission 
while the second one (s) indicates the multipolar order of the 
quenching process [8,9,37,38]. As it is indicated in Table 2, the 

Fig. 6. Dominant emission bands detected in the VIS and IR spectral ranges under CW excitation at 488 nm, (a) and (b) respectively. 
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intensity of none of the transitions can be adjusted considering 
quenching processes operating under dipole-dipole interaction 
( =s 6). In fact, under CW excitation, these mechanisms seem to 
operate under different multipolar interactions: the luminescent 
quenching processes affecting the 4I13/2 and 4F9/2 levels exhibit an 
exponent close to the dipole-quadrupole interaction ( =s 8), the 
exponent of the mechanisms that reduce the intensity of the lumi-
nescence from the green emitting levels, 2H11/2:4S3/2, is slightly 
lower than the corresponding to the quadrupole-quadrupole inter-
action ( =s 10) and, finally, the quenching of the 4I11/2 level seems to 
operate under quadrupole-hexapole interaction ( =s 12).

The differences in the multipolar order of the quenching pro-
cesses that affect each level could be related to the different cross 
relaxation mechanisms that are operative under a certain excitation 
scheme. In Fig. 5(b) several cross relaxation processes, all of them 
active under CW excitation, are proposed. These mechanisms should 
present a high efficiency due to their energetically resonant char-
acter. As it can be seen, mechanisms (1) to (5) lead to a severe 

depopulation of the green emitting levels while they populate the 
lower energy levels. Similarly, the processes labelled as (6) and (7) in 
figure reduce the population of the 4F9/2 level, producing a net in-
crement in the steady state population of 4I11/2 and 4I13/2 erbium 
levels. Finally, the cross relaxation processes (8) and (9), that in fact 
are up-conversion mechanisms, give rise to a depletion of the po-
pulation in the intermediate levels (4I11/2 and 4I13/2) which is sent to 
the ground state (4I15/2) and to the upper levels (4F7/2 and 4I9/2). 
Therefore, looking at a certain level, it can simultaneously play the 
role of donor and acceptor level. Consequently, the multipolar order 
(s-exponent) obtained from the fitting provides an effective value 
that encompasses all the cross relaxation processes that affect the 
level under consideration.

On the other hand, as it has been indicated in the introduction 
section, the luminescence quenching processes affects both the 
emission intensities under steady state conditions (CW excitation) as 
well as to the population dynamics under pulsed excitation. 
Therefore, in order to further study the concentration quenching, the 
luminescent temporal decays of the different emitting levels have 
been investigated.

The temporal decay of the green emission band (2H11/2:4S3/2 →  
4I15/2) was measured under resonant excitation by using the second 
harmonics of a Nd:YAG laser (λexc = 532 nm, pulse width 10 ns). The 
corresponding temporal decays are presented in Fig. 8(a) for selected 
Er3+ concentrations, [Er3+] = 2.4, 6.5 and 10 mol%.

Experimentally, it was observed that the excitation to the 2H11/ 

2:4S3/2 multiplets gives rise to a very weak population of the lower 
liying levels. Then, the luminescent temporal decay from the 4F9/2 

level was explored under excitation at λexc = 650 nm (4I15/2 → 4F9/2 

absorption band) by using a laser diode electronically switched to 
provide pulsed excitation. Under this excitation scheme not only the 
red emission can be detected but also those centred at 1.0 µm and 
1.5 µm, arising from the deexcitation of 4I11/2 and 4I13/2 manifolds to 
the ground state. Let us remark that this excitation procedure, using 
an externally driven switch of the excitation, provides the possibility 
of selecting an adjustable dark window which guarantees a full 
decay of the luminescent signals, needed for the addequate mea-
surement of the decay times of these long living emitting levels. The 
temporal decays corresponding to the transitions from the 4F9/2, 4I11/ 

2 and 4I13/2 manifolds to the ground state are presented in Fig. 8(b), 
Fig. 8(c) and Fig. 8(d) respectively. For clarity reasons, Fig. 8(b) only 
includes the decays for two different erbium concentrations, [Er3+] 
= 2.4 and 10 mol%.

As it can be observed all the decays exhibit a non-exponential 
behaviour with average decay times covering a broad range. The 
fastest decays correspond to the red emission (4F9/2 → 4I15/2) having 
a characteristic decay time 0.1mse1/ and the green one (2H11/2:  
4S3/2 → 4I15/2) with 0.3 0.1mse1/ . The infrared emissions exhibit 
substantially longer decays in the range 8 3mse1/ and 

15 6mse1/ for the 4I11/2 and 4I13/2 manifolds, respectively. In 
fact, it is clear in Fig. 8 that the luminescent decays are concentration 
dependent, being faster in NPs with higher dopant levels and all of 
them can be described using a bi-exponential function (solid lines in 
figure):

= +I t I t I t( ) exp( / ) exp( / )1 1 2 2 (8) 

where I1 and I2 represent the intensity of the corresponding ex-
ponential component having decay times 1 and 2, parameters which 
are concentration dependent. The corresponding fitting parametes 
are summarized in Table 3 together with an effective decay time 
( eff ) defined as [39]:

= = +
+I

I t dt
I I

I I
1
(0)

( )eff
0

1 1 2 2

1 2 (9) 

The data shown in Table 3 reveal that the time constants ,1 2 and 
eff of the different emitting manifolds present a general decreasing 

Fig. 7. Integrated emission intensity as function of the Er3+ concentration. Dashed 
lines represent the least squares fitting to Eq. (7).

Table 2 
Parameters obtained by fitting the emission intensities to Eq. (7). 

Manifold Kn (10-22 cm3) NC (1021 cm-3) s

4I13/2 4.17 1.28 8.7
4I11/2 0.75 1.28 12.0
2H11/2:4S3/2 3.11 1.28 9.3
4F9/2 0.58 1.28 8.1

E. Cantelar, G. Lifante-Pedrola, M. Quintanilla et al. Journal of Alloys and Compounds 954 (2023) 170192

7



trend when Er3+ concentration is higher than 2.4mol%. Nevertheless, 
in diluted NPs (N 2.4mol%Er ) the time constants slightly increase 
when the dopant level increases. Although this behaviour is ob-
served for all the emitting levels, it is more evident in the case of the 
first excited state, 4I13/2, as it exhibits the highest decay time. This 
kind of tendency with concentration has been previously reported in 
other rare-earth doped materials and it has been associated to the 
simultaneous presence of radiation trapping and concentration 
quenching [8]. If only luminescence quenching processes affect the 
temporal decays, then the effective decay time can be obtained from 
the total transition probability by:

= =
+

= ×
+A A W A N N

1 1 1 1
1 ( / )

eff
T Q C

s
0 0

/3 (10) 

Eq. (10) indicates that the effective decay time should be con-
stant in diluted samples, where concentration quenching can be 
neglected, while for higher dopant levels it should exhibit a de-
creasing tendency as concentration increases. As it has been pre-
viously commented, the data shown in Table 3 reveals that the 
effective decay time increases at low concentration, reaches a 
maximum value and then decreases monotonously as it is expected 
according to Eq. (11). This initial growth stage at low dopant levels is 
caused by radiation trapping [8] (emitted radiation is reabsorbed 
and re-emitted again, resulting in an increase in the decay time).

When the decays are also affected by radiation trapping, Eq. (10)
should be modified in order to include such effects. In these cases, 
the effective decay time depends on the dopant level as [8]:

= × +
+A

lN
N N

1 1
1 ( / )

eff
C

s
0

/3 (11) 

where represents the absorption cross section and l is an average 
absorption length. In Eqs. (10) and (11), NC and s have the same 
meaning than in Eq. (7).

Fig. 9 shows the effective decay time of the emitting manifolds as 
function of Er3+ concentration. As it can be seen all the emitting 
manifolds exhibit a common trend, the decay time increases slightly 
up to erbium concentration around NEr ≈ 6 × 1020 ions/cm3 ([Er3+] = 
2.4 mol%) and then monotonously decrease as dopant level in-
creases. Dashed lines in the figure correspond to the best least 
squares fitting to Eq. (11) considering that the critical concentration 
has the value obtained under CW excitation, 

= ×N 1.28 10 cmC
21 3. The fitting parameters (A0, l and s) are 

summarized in Table 4 together with the lifetime value of each 
emitting level in absence of radiation trapping and quenching pro-
cesses ( = A0 0

1).
Comparing Tables 2 and 4, it is clear that the multipole order of 

interaction is different depending on whether the excitation is car-
ried out in CW or pulsed mode. In fact, under pulsed excitation, the 
fitting indicates that the quenching processes affecting 4I11/2, 2H11/2:  
4S3/2 and 4F9/2 levels seem to operate under dipole-dipole type in-
teractions (s 6) while the mechanisms affecting the 4I13/2 manifold 
are basically of the dipole-quadrupole type (s 8). These differences 
in the multipole order, compared with those obtained under CW 
excitation, could be caused by the activation and/or disconnection of 

Fig. 8. Luminescent temporal decays of (a) 2H11/2:4S3/2 → 4I15/2, (b) 4F9/2 → 4I15/2, (c) 4I11/2 → 4I15/2 and (d) 4I14/2 → 4I15/2 Er3+ transitions. 
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different cross relaxation mechanisms depending on whether the 
active ions are in a steady state (CW excitation) or in a transient state 
(pulsed excitation), see Fig. 5(b).

3.4. Judd-Ofelt analysis

In this last section the erbium transition probabilities are esti-
mated according to the theory developed by Judd [40] and Ofelt [41].

The standard Judd-Ofelt (JO) procedure requires to know the 
absorption cross sections of at least three absorption bands in order 
to quantify the three JO intensity parameters, =t( 2, 4, 6)t . In the 
case of powder samples, as it is the case of the CaF2:Er3+ NPs, it is 
difficult to accurately determine the sample thickness and it is not 
possible to calibrate the absorption spectrum in terms of absorption 
cross sections; therefore, the standard JO procedure is not applic-
able. However, as it has been previously demonstrated [42,43], in 
these cases it is possible to use a modified JO procedure to obtain 
proportional intensity parameters ( t) that are related to the JO in-
tensity parameters by:

= × =C t( 2, 4, 6)t JO t (12) 

where CJO is a proportionality constant that relates the absolute and 
relative line strengths values. The value of this constant can be es-
timated from the probability of a purely radiative transition of the 
active ion, making it possible to determine the JO intensity para-
meters =t( 2, 4, 6)t by using Eq. (12). The details of the calculation 
method are described in [42].

The JO analysis has been performed using the absorption spec-
trum shown in Fig. 10, corresponding to CaF2 NPs doped with [Er3+] 
= 2.4 mol%. The inset shows the comparison between the relative 
values obtained for the experimental (Sed

rel
,exp ) and theoretical (Sed th

rel
, ) 

electric dipole line strengths, calculated by using the reduced matrix 
elements reported for Er3+ ions [44] and the Sellmeier dispersion 
formula of CaF2 [45].

The relative values obtained for the experimental (Sed
rel

,exp ) and 

theoretical (Sed
rel

,exp ) electric dipole line strengths and the 

proportional Judd-Ofelt intensity parameters =t( 2, 4, 6)t are 
summarized in Table 5 together with the root-mean-square devia-
tion of the fit.

The low energy phonon of CaF2 ( = 328cm-1 [10]) ensures that 
the energy difference between the first excited state, 4I13/2 level, and 
the ground state ( E 6540cm 1) is high enough to neglect the 
multiphonon relaxations. On the other hand, the treatment carried 
out in previous section allows establishing that the total transition 
probability of 4I13/2 level is = =A A 100srad 0

1 in absence of self- 
quenching and radiation trapping. This value has been used to de-
termine that in CaF2:Er3+ NPs the JO intensity parameters are 

=2,4,6 1.97, 0.91 and 1.34 in units of 10-20 cm2. In the supplementary 
material, these values are compared with the intensity parameters 
previously reported in Er3+-doped CaF2 crystals [39,46] and in 
transparent ceramics based on this material [47]. As it is shown in 
Fig. S2., the t-parameters seem to be dependent on the nature of 
the sample. Additionally, and in relation to the radiative lifetime 

Table 3 
Parameters obtained by fitting the luminescent temporal decays to bi-exponential 
functions and effective decay times calculated according to Eq. (9). 

Manifold Er3+ 

(mol%)
I1 1 (ms) I2 2 (ms) eff (ms)

2H11/2:4S3/2 0.7 77.2 88.0 × 10-3 22.8 899 × 10-3 273 × 10-3

1.3 69.8 84.9 × 10-3 30.2 892 × 10-3 329 × 10-3

2.4 71.9 87.4 × 10-3 28.1 852 × 10-3 302 × 10-3

3.8 76.8 83.2 × 10-3 23.2 814 × 10-3 253 × 10-3

5.5 81.2 81.8 × 10-3 18.8 733 × 10-3 204 × 10-3

6.5 85.5 80.2 × 10-3 14.5 691 × 10-3 169 × 10-3

10 89.4 62.3 × 10-3 10.6 506 × 10-3 109 × 10-3

4F9/2 0.7 64.8 33.5 × 10-3 35.2 192 × 10-3 89 × 10-3

1.3 58.0 33.5 × 10-3 42.0 190 × 10-3 99 × 10-3

2.4 47.2 33.4 × 10-3 52.8 188 × 10-3 115 × 10-3

3.8 56.7 33.3 × 10-3 43.3 187 × 10-3 100 × 10-3

5.5 50.7 33.1 × 10-3 49.3 182 × 10-3 107 × 10-3

6.5 58.5 33.0 × 10-3 41.5 180 × 10-3 94 × 10-3

10 53.7 32.3 × 10-3 46.3 165 × 10-3 94 × 10-3

4I11/2 0.7 53.3 2.9 46.7 13.8 8.0
1.3 49.6 3.1 50.4 13.8 8.5
2.4 51.5 3.2 48.5 13.1 8.0
3.8 58.5 2.4 41.5 12.0 6.4
5.5 61.9 2.1 38.1 11.4 5.6
6.5 60.9 1.7 39.1 10.2 5.0

10 74.0 1.0 26.0 7.6 2.7
4I13/2 0.7 54.3 4.10 45.7 21.0 11.8

1.3 35.3 4.15 64.7 20.5 14.7
2.4 27.7 4.31 72.3 20.2 15.8
3.8 33.5 3.87 66.5 20.0 14.6
5.5 34.6 3.52 65.4 17.2 12.5
6.5 45.7 3.17 54.3 15.6 9.9

10 56.7 2.03 43.3 12.2 6.4

Fig. 9. Effective decay times of the main emitting manifolds. Dashed lines represent 
the fitting to Eq. (11).

Table 4 
Parameters obtained by fitting the effective decay times to Eq. (11). 

Manifold A s( )0
1 ms( )0 l (10-21 cm3) s

4I13/2 100 10 1.25 8.1
4I11/2 137 7.3 0.45 6.9
2H11/2: 4S3/2 3496 0.286 0.38 6.9
4F9/2 14400 0.069 1.65 5.4
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value obtained for the 4I13/2 metastable level, = =A 10msrad 0
1 , it 

should be noted that it is higher than the value reported for crys-
talline samples, = 7.6 7.7msrad [39,46], but lower that those 
found in transparent ceramics, = 13.2msrad [47].

The electric dipole contribution (Aed) to the total radiative tran-
sition rate from an excited J manifold to the lower J’ levels can be 
evaluated by using the t intensity parameters and the reduced 

matrix elements, J U J| | | |t( ) 2, by:

=
+

+

=
A J J

e
h J

n n
J U J( )

64
3 (2 1)

( 2)
9

| | | |ed
m t

t
t

4 2

3

2 2

2,4,6

( ) 2

(13) 

where h is the Planck’s constant, m is the barycenter wavelength 
and n the refractive index at m.

The magnetic dipole contributions (Amd) were calculated as in 
reference [38]. The results are summarized in Table 6 where radia-
tive lifetimes and branching ratios have also been included.

As the 2H11/2 and 4S3/2 levels are thermally coupled at room 
temperature, they exhibit a common radiative lifetime that can be 
evaluated as:

=
+
+

g A E kT g A

g E kT g
1 exp( / )

exp( / )rad

H rad
H

S rad
S

H S (14) 

where gH and gS symbolize the degeneracy of 2H11/2 and 4S3/2 levels, 
Arad

H and Arad
S their radiative transition probabilities, =E 729cm 1 is 

the energy gap between both levels [44], k represents the Boltz-
mann’s constant and =T 300K is the room temperature.

In this point it is important to remark that the total transition 
probabilities shown in Table 4 include the radiative and non-radia-
tive contributions ( = +A A Wrad NR0 ). Taking into account that the 
radiative transition probability can be calculated from the radiative 
lifetime ( =A 1/rad rad) shown in Table 6, the non-radiative prob-
ability can be estimated for the 4F9/2, 2H11/2:4S3/2 and 4I11/2 mani-
folds.

On the other hand, the non-radiative transition probabilies are 
related with the energy difference ( E) between the two levels in-
volved in the transition through the gap law:

=W C Eexp( )NR (15) 

Fig. 10. Absorption spectrum of Er3+ ions in the CaF2 NPs. The inset shows the relative 
values of the experimental and calculated dipole line strengths.

Table 5 
Relative values of the experimental and theoretical electric dipole line strengths and 
proportional Judd-Ofelt intensity parameters ( t) of Er3+-doped CaF2 nanoparticles. 

Transition Barycentre 
(cm-1)

Sed exp
rel

,

(arb. units)

Sed th
rel

,

(arb. units)

Sed
rel (arb. 

units)

4I15/2 →4I9/2 12517 323.38 441.07 -117.69
4I15/2 →4F9/2 15305 3317.93 3205.98 111.96
4I15/2 →4S3/2 18501 722.91 852.29 -129.38
4I15/2 →2H11/2 19231 5465.22 5465.22 0.00
4I15/2 →4F7/2 20530 2440.78 2784.20 -343.42
4I15/2 →4F3/2,5/2 22396 1702.27 1331.48 370.79
4I15/2 →2H9/2 24624 1185.71 885.72 299.99

=2 5.63 × 103 arb. units 
=4 2.61 × 103 arb. units 
=6 3.83 × 103 arb. units

rms S( )ed
rel = 311.66 rms S( )ed

rel / rms S( )ed
rel

,exp = 8.7%

Table 6 
Calculated electric dipole (Aed) and magnetic dipole (Amd) transition probabilities, 
radiative lifetimes ( = A J J( )rad J T1 ) and branching ratios ( = A J J( )rad T ). 

Transition A s( )ed
1 A s( )md

1 µs( )rad (%)

4G11/2 → 2H9/2 0 118 0
4G11/2 → 4F5/2,3/2 2 0
4G11/2 → 4F7/2 9 0
4G11/2 → 2H11/2 11 9 0
4G11/2 → 4S3/2 9 0
4G11/2 → 4F9/2 190 2 2
4G11/2 → 4I9/2 68 1 1
4G11/2 → 4I11/2 41 0
4G11/2 → 4I13/2 976 32 12
4G11/2 → 4I15/2 7139 85
2H9/2 → 4F5/2,3/2 0 529 0
2H9/2 → 4F7/2 3 1 0
2H9/2 → 2H11/2 8 1 0
2H9/2 → 4S3/2 0 0
2H9/2 → 4F9/2 15 32 2
2H9/2 → 4I9/2 12 1 1
2H9/2 → 4I11/2 155 26 10
2H9/2 → 4I13/2 766 40
2H9/2 → 4I15/2 873 47
4F5/2,3/2 → 4F7/2 0 278 0
4F5/2,3/2 → 2H11/2 1 0
4F5/2,3/2 → 4S3/2 1 4 0
4F5/2,3/2 → 4F9/2 76 2
4F5/2,3/2 → 4I9/2 184 5
4F5/2,3/2 → 4I11/2 646 18
4F5/2,3/2 → 4I13/2 812 23
4F5/2,3/2 → 4I15/2 1879 52
4F7/2 → 2H11/2 0 420 0
4F7/2 → 4S3/2 0 0
4F7/2 → 4F9/2 2 9 0
4F7/2 → 4I9/2 80 8 4
4F7/2 → 4I11/2 113 5
4F7/2 → 4I13/2 199 8
4F7/2 → 4I15/2 1968 83
2H11/2 → 4S3/2 0 438 0
2H11/2 → 4F9/2 6 0
2H11/2 → 4I9/2 37 2
2H11/2 → 4I11/2 26 6 1
2H11/2 → 4I13/2 54 47 4
2H11/2 → 4I15/2 2107 93
4S3/2 → 4F9/2 0 775 0
4S3/2 → 4I9/2 37 3
4S3/2 → 4I11/2 26 2
4S3/2 → 4I13/2 361 28
4S3/2 → 4I15/2 866 67
4F9/2 → 4I9/2 0 2 1212 0
4F9/2 → 4I11/2 42 4 6
4F9/2 → 4I13/2 34 4
4F9/2 → 4I15/2 743 90
4I9/2 → 4I11/2 0 1 10420 1
4I9/2 → 4I13/2 39 41
4I9/2 → 4I15/2 56 58
4I11/2 → 4I13/2 14 7 8524 18
4I11/2 → 4I15/2 96 82
4I13/2 → 4I15/2 72 28 10000 100
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where C and are positive constants which depend only on the 
particular host.

Fig. 11 depicts the non-radiative transition probabilities of 4F9/2,  
2H11/2:4S3/2 and 4I11/2 levels in CaF2: Er3+ NPs as function of the en-
ergy gap. As it can be appreciated, the non-radiative transition 
probabilities can be perfectly fitted to Eq.(14) considering that the 
constants in the gap law are = ×C 1.47 10 s11 1 and 

= ×5.90 10 cm3 . This gap law stablishes that the non-radiative 
transition probability for the 4I13/2 level ( E 6540cm 1) is around 

= ×W 4.4 10 sNR
6 1, value that can be effectively neglected com-

pared to its raditive transition probability ( =A 100srad
1). Ad-

ditionally, in the case of the intermediate 4I9/2 level 
( E 2280cm 1), the gap law indicates that its non-raditive decay 
rate ( = ×W 2.1 10 sNR

5 1) is much higher that the radiative one 
( =A 96srad

1), which is in perfect accordance with the absence of 
radiative transitions from this level in the emission spectra in-
dependently on the excitation wavelength.

4. Conclusions

In this work, CaF2:Er3+ NPs were synthesized by a direct pre-
cipitation method. The crystalline structure and morphology have 
been investigated as function of the erbium content. The results 
indicate that, within the concentration range explored in this work, 
the NPs structure is compatible with the fluoride-type structure 
exhibiting the cubic morphology typical of the CaF2 crystals. The 
Rietveld refinement indicates that the unit cell volume increases 
monotonously from 162.92 ( )3 to 163.70 ( )3 when erbium con-
centration increases from 0 mol% to 10 mol%.

The photoluminescent characterization has been performed 
under CW and pulsed excitation. The CW excitation at = 488nm
give rise to the occurrence of several emission bands corresponding 
to the 2H11/2:4S3/2 → 4I15/2, 4F9/2 → 4I15/2, 2H11/2:4S3/2 → 4I13/2, 4I11/2 →  
4I15/2 and 4I13/2 → 4I15/2 erbium transitions. The study reveals that all 
of these transitions are affected by luminescence quenching pro-
cesses when [Er3+] 3.8 mol%. It has been found that the critical 
concentration for this kind of processes is located around 

=N 5.2mol%C , value at which the luminescence quantum efficiency 
is reduced till = 50%.

The dynamics of the emitting manifolds has been investigated 
under pulsed excitation. The luminescent decays have been char-
acterized in terms of an effective decay time. The dependence of 
these decay times on the dopant level can be understood by con-
sidering the simuoltaneous presence of luminescence quenching 
and radiation trapping processes. A treatment, commonly used in 

bulk doped materials, has been applied to determine the intrinsic 
total transition probabilities of 4I13/2, 4I11/2, 4F9/2 and 2H11/2:4S3/2 le-
vels in absence of quenching and radiation trapping.

The intrinsic total transition probability of 4I13/2 level has been 
used to perform a modified Judd-Ofelt analysis. The radiative tran-
sition probabilities, radiative lifetimes and branching ratios have 
been calculated using the obtained intensity parameters: =2,4,6 1.97, 
0.91 and 1.34, in units of 10-20 cm2. Finally, the gap law in these NPs 
has been estimated.
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