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Abstract: In the present work, an in-depth study on the sol-gel process for the fabrication of Eu-
doped CaF2 materials in the form of thin films has been addressed for the production of down-
shifting layers. Fine-tuning of the operative parameters, such as the annealing temperature, substrate
nature and doping ion percentage, has been finalized in order to obtain Eu(III)-doped CaF2 thin
films via a reproducible and selective solution process for down-shifting applications. An accurate
balance of such parameters allows for obtaining films with high uniformity in terms of both their
structural and compositional features. The starting point of the synthesis is the use of a mixture
of Ca(hfa)2•diglyme•H2O and Eu(hfa)3•diglyme adducts, with a suited ratio to produce 5%, 10%
and 15% Eu-doped CaF2 films, in a water/ethanol solution. A full investigation of the structural,
morphological and compositional features of the films, inspected using X-ray diffraction analysis
(XRD), field emission scanning electron microscopy (FE-SEM) and energy dispersive X-ray analysis
(EDX), respectively, has stated a correlation between the annealing temperature and the structural
characteristics and morphology of the CaF2 thin films. Interestingly, crystalline CaF2 films are
obtained at quite low temperatures of 350–400 ◦C. The down-shifting properties, validated by
taking luminescence measurements under UV excitation, have allowed us to correlate the local
environment in terms of the degree of symmetry around the europium ions with the relative doping
ion percentages.

Keywords: metalorganic complexes; morphological control; luminescence; energy conversion

1. Introduction

Recently, great effort has been devoted to the development of innovative materials
with high impact in an energetic scenario. In particular, the possibility of engineering new
devices with increasing efficiency of energy production represents the main challenge in the
photovoltaic field [1–3]. Among a plethora of inorganic functional materials, fluoride-based
systems are one of the most promising classes in this field due to their excellent chemical
stability and optical properties [4,5], which allow them to extend their uses in a wide range
of microelectronic, photonic and nanomedicine applications [6–8]. Particularly, the doping
of fluoride inorganic systems with luminescent species, such as trivalent lanthanide ions
(Ln3+), represents one of the most intriguing strategies to obtain more efficient photovoltaic
devices through energy conversion processes [9,10]. This class of materials combines the
excellent optical properties of the fluoride matrices, such as low phonon energy and high
optical transparency [11,12], with the energy conversion properties of the doping ions both
as down- and up-conversion systems. In fact, appropriate combinations of luminescent
lanthanide ions, such as Yb3+/Er3+ or Yb3+/Tm3+ for up-conversion (UC) and Eu3+ for
down-conversion/down-shifting (DC and DS) systems, are able to collect the radiation
outside of the absorption range of the active photovoltaic material and shift its energy to
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a more suitable optical region, with the aim of enhancing the efficiency of solar devices.
Specifically, in UC processes, photons in the near-infrared region are converted into higher-
energy photons, i.e., in the ultraviolet (UV) or in the visible regions; in DC processes,
one high-energy photon is converted into two or more photons at lower energy and in
the DS phenomena, high-energy photons, usually in the UV region, are absorbed and
converted into lower-energy photons [13]. Among the several DS species, europium (III)
is one of the most promising down-shifters, due to its high emission efficiency and long
lifetimes [14–16], thus allowing the exploitation of the UV range of the solar spectrum.
Furthermore, the inorganic host component also plays a crucial role in the engineering of
efficient energy conversion systems. The most extensively investigated inorganic matrices
are represented by binary and multicomponent fluorides of the type CaF2, BaF2 and SrF2
or NaYF4, NaGdF4 and LiYF4 [17–22]. Among them, calcium fluoride has been regarded as
one of the most efficient matrices for lanthanide ions in energy conversion systems, due to
its optical properties [23,24] and chemical stability. However, calcium fluoride has been
reported in the literature in the form of lanthanide-doped nanoparticles for applications
in nanomedicine [25], while in the form of thin films, it has been much less investigated.
Nevertheless, the bottleneck for its massive application in optics, microelectronics and
the PV field is related to the possibility of fabrication process development, which allows
for the growth of nanostructured doped fluoride systems in the form of thin film with a
wide range of structural, morphological and compositional control. Up to now, the most
explored synthetic routes for pure and doped CaF2 are related to vapor deposition growth,
such as electron beam evaporation, molecular beam epitaxy, chemical vapor deposition
and solution routes [26–29].

In this scenario, the present sol-gel approach represents the first report on a cheap
and industrially appealing solution process for the synthesis of compact and homogenous
Eu-doped CaF2 thin film with high structural and compositional tunable properties. In
particular, we report an in-depth study on a combined sol-gel/spin-coating approach to
the fabrication of a down-shifting layer based on an Eu-doped CaF2 thin film starting from
a mixture of Ca(hfa)2•diglyme•H2O and Eu(hfa)3•diglyme complex in a water/ethanol
solution. The annealing temperature, substrate nature and doping europium percentage are
the key parameters to fine-tune both the morphological and luminescence features of the
as-synthesized CaF2-based films. A complete investigation of the structural, morphological
and compositional characterization of the Eu-doped CaF2 thin film has been executed using
X-ray diffraction analysis (XRD), field emission scanning electron microscopy (FE-SEM) and
energy dispersive X-ray analysis (EDX), respectively. Finally, the luminescent properties as
down-shifting layers as a function of europium ion concentration have been investigated
using luminescence measurements.

2. Materials and Methods
2.1. CaF2: Eu Synthesis

The Ca(hfa)2•diglyme•H2O and Eu(hfa)3•diglyme precursors were synthesized as
previously reported in [14,30].

The sol–gel reaction was conducted in a water/ethanol solution with trifluoroacetic
acid as a catalyst for the hydrolysis reactions, starting from a mixture of Ca and Eu precur-
sors. The adducts were mixed in molar ratio values of 0.95:0.05, 0.9:0.1 and 0.85:0.15 mmol
for the preparation of 5%, 10% and 15% of Eu-doping CaF2 films, respectively. The reaction
and the different molar ratios used are reported in the following:

0.95 Ca(hfa)2•diglyme•H2O:0.05 Eu(hfa)3•diglyme:87 C2H5OH:3 H2O:0.8 CF3COOH for
CaF2:Eu (5%).
0.90 Ca(hfa)2•diglyme•H2O:0.10 Eu(hfa)3•diglyme:87 C2H5OH:3 H2O:0.8 CF3COOH for
CaF2:Eu (10%).
0.85 Ca(hfa)2•diglyme•H2O:0.15 Eu(hfa)3•diglyme:87 C2H5OH:3 H2O:0.8 CF3COOH for
CaF2:Eu (15%).
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The different solutions were submitted to hydrolysis and aging reactions under stirring
at 60 ◦C for 20 h. The spin-coating process was carried out on Si (100) and glass substrates
about 1 cm × 2 cm, cut from microscope glass slides (Forlab, Carlo Erba, Milan, Italy) of
0.8 mm thickness. The films were deposited via spin-coating using a multistep approach
with a four-time deposition. After each spin, a 10 min annealing step at 350 ◦C or 400 ◦C
in air was carried out. Finally, the films were annealed at 350 ◦C or 400 ◦C in air for 1 h.
The spin-coating was carried out with a ramping rate of 1000 revolutions per minute (rpm),
a spinning rate of 3000 rpm and a time of 60 s using a Spincoater SPIN150 (SPS Europe,
Putten, The Netherlands) system.

2.2. Characterization

The film structures were analyzed using XRD in grazing incidence mode (0.5◦) and
using a SmartLab Rigaku diffractometer (Rigaku, Tokyo, Japan) operating at 45 kV and
200 mA, equipped with a rotating anode of Cu Kα radiation. The film morphologies were
analyzed via FE-SEM using a ZEISS SUPRA 55 VP field emission microscope (ZEISS, Jena,
Germany). For the FE-SEM characterization, the films deposited onto Si were analyzed as
prepared, while a very thin Au layer was sputtered onto the films and deposited onto a
non-conducting substrate such as glass. Energy-dispersive X-ray (EDX) analysis allowed
the atomic compositional analysis of the samples. An Oxford INCA windowless detector
(Oxford Instruments, Abingdon, UK), having a resolution of 127 eV as the full-width half
maximum (FWHM) of the Mn Kα, was used. For measuring the luminescence spectra, the
samples were excited using an LED flashlight and a band-pass filter centered at 390 nm. The
emission spectra were measured using a 4×microscopy objective at a 90◦ geometry and
an edge filter at 532 nm (Semrock 532 nm RazorEdge® ultrasteep, IDEX Health & Science,
LLC, Rochester, NY, USA) to reject the exciting radiation. The emission spectra were
dispersed using a single monochromator (Andor Shamrock 500i, 300 lines/mm grating,
Andor technology, Belfast, Northern Ireland) with an optical resolution of 1.3 nm and
measured with a Peltier-cooled (−90 ◦C) CCD camera (Andor, iDus, Andor technology,
Belfast, Northern Ireland).

3. Results and Discussion

An optimized procedure of sol-gel reaction and spin-coating deposition was applied
for the fabrication of Eu-doped CaF2 thin films. Particularly, the operative parameters
of the process, such as the annealing temperature, nature of the substrate and europium
concentration were finely tuned in order to obtain full control of the structural, morpho-
logical and luminescent properties of the down-shifting layers. It is worth noting that
the present work represents, to the best of our knowledge, the first report on the fabrica-
tion of down-shifting CaF2 thin films using a sol-gel process. Similar synthetic strategies
have been reported in the last years for the fabrication of pure binary fluoride CaF2 and
the up-converting systems of CaF2: Yb3+, Er3+, Tm3+ [28] and multicomponent fluoride
NaYF4: Yb3+, Er3+ and NaYF4: Yb3+, Tm3+ [20]. The approach herein represents an easy
synthetic method for producing Eu-doped CaF2 films with inexpensive equipment and
high crystallinity. Furthermore, the use of Ca(hfa)2•diglyme•H2O and Eu(hfa)3•diglyme
adducts, as a starting mixture, provides a unique source for the Ca, Eu and F components.

3.1. Structural Investigation

Structural characterization of the prepared films at different doping ion percentages
was conducted using X-ray diffraction (XRD) analysis and has been reported in Figure 1.
The patterns show the formation of pure and nanostructured CaF2 as confirmed by the
presence of characteristic peaks at 2θ = 28.29, 47.09 and 55.81◦ corresponding to reflections
of the (111), (220) and (311) lattice planes, respectively, in accordance with the ICDD card
n.35-0816 of the CaF2 phase. As a reference, also an undoped CaF2 sample obtained at
400 ◦C on a silicon substrate has been reported, confirming a perfect match with the ICDD
card of the pure CaF2 phase. The small peak around 51◦ arises from the machine when
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measurements are carried out in grazing incidence. Furthermore, an in-depth investigation
was conducted with the use of graphite as an internal standard for each sample in order
to evaluate the peak position and the potential shift of the CaF2 signals. A comparison of
the three patterns reported as a function of the Eu-doping concentrations displays some
differences in terms of the peak positions with respect to those reported in the diffraction
card (black lines in Figure 1). In particular, a magnification of the 220 reflection, shown in
the inset of Figure 1, displays a perfect match of the peak arising from the CaF2: Eu (5%)
sample in comparison with the position reported in the ICDD database for the CaF2 phase,
and a slight shift toward higher angles for CaF2: Eu (10%) and CaF2: Eu (15%).
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Figure 1. XRD patterns of undoped CaF2 (gray line), CaF2: Eu (5%) (red line), CaF2: Eu (10%) (green
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This behavior can be rationalized considering the smaller ionic radius of the Eu-doping
ion, which is assumed to be in a substitutional position with respect to Ca2+. In fact, Eu3+

in an eight coordination has an ionic radius of 1.066 Å, which is slightly smaller than the
Ca2+ ionic radius of 1.12 Å for the same coordination [31]. This effect results in a slight
contraction of the lattice structure at a higher doping ion concentration and thus in a shift
toward the higher angles of the diffraction peaks. Notably, considering the need for charge
balance due to the different charges, 2+ for calcium and 3+ for europium, both the formation
of interstitial fluoride ions or clusters can be possible [17,32,33].

3.2. Morphological Characterization

The different conditions of the synthetic process affect the morphology of the films
both in terms of the uniformity of the substrate coverage and in the general aspect of
the layers. In particular, a full overview of the different morphologies obtained for the
Eu-doped CaF2 films has been reported for the Si substrates in Figure 2 and for the glass
substrates in Figure 3.

The FE-SEM images of the CaF2: Eu (5%) films on the Si (100) substrate are reported
in Figure 2a,d for the two annealing temperatures 350 ◦C and 400 ◦C, respectively. The
images display, for both samples, similar morphologies with the formation of discontinuous
coverage being independent from the annealing temperature. The growth is quite porous
and the presence of regions not covered could be attributed to two aspects: (i) the density
of the incipient gel used in the spin-coating deposition for this Ca: Eu ratio and (ii) the
poor wettability of the silicon substrate. Therefore, under these operative parameters,
the annealing temperature slightly affects the morphology of the films. The observed
morphology may be compared to the sponge-like or coral-like shape observed for the
CaF2 nanostructures prepared using pulsed electron beam evaporation and thermally
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annealed at 200 ◦C [26]. On the other hand, the morphology is completely different from
that observed in the MBE-grown CaF2 films, where nanocrystals are derived from epitaxial
growth [26], or from the liquid phase epitaxy grown layers, where the CaF2 films were
deposited onto a CaF2 single-crystal substrate [29].
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Figure 2. FE-SEM images of the CaF2 films deposited onto Si (100) substrate at (a) 350 ◦C and 5% Eu
doping; (b) 350 ◦C and 10% Eu doping; (c) 350 ◦C and 15% Eu doping; (d) 400 ◦C and 5% Eu doping;
(e) 400 ◦C and 10% Eu doping and (f) 400 ◦C and 15% Eu doping.
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Figure 3. FE-SEM images of the CaF2 films deposited onto glass substrate at (a) 350 ◦C and 5% Eu
doping; (b) 350 ◦C and 10% Eu doping; (c) 350 ◦C and 15% Eu doping; (d) 400 ◦C and 5% Eu doping;
(e) 400 ◦C and 10% Eu doping and (f) 400 ◦C and 15% Eu doping.

In Figure 2b,e are shown the CaF2: Eu (10%) films on Si (100) at 350 ◦C and 400 ◦C
annealing temperatures, respectively. Under these process parameters, the films appear
more compact and homogenous, even if some outgrowths are visible and are more evident
in Figure 2e for the sample obtained at 400 ◦C. This feature has been already observed for
pure CaF2 film growth on Si [28] and could arise during the annealing step process. Finally,
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the samples with the highest percentage of Eu-doping ions, i.e., CaF2: Eu (15%), are reported
in Figure 2c,f for the two annealing temperatures. They display partial coverage of the
silicon substrates and the presence of some outgrowths similar to those found in Figure 2b,e,
but aggregated with each other. However, in these last two samples, the coverage of the Si
substrate, even if it appears somewhat similar to what we have observed for the CaF2: Eu
(5%) films (Figure 2a,d), presents a more compact and flat surface, especially for the sample
in Figure 2f. This last aspect could be associated with the higher treatment temperature,
i.e., 400 ◦C, used in these last films.

The morphologies obtained on glass substrates are presented in the overview in
Figure 3 as a function of the annealing temperatures and Eu-doping percentage. The
CaF2: Eu (5%) films on glass obtained at 350 ◦C and 400 ◦C shown in Figure 3a,d present
both a very flat and smooth morphology, similar to the one observed for the same film
composition on the Si substrate (see Figure 2a,d). However, for these samples, the coverage
seems to be more compact, with only a few voids for the sample at 350 ◦C in Figure 2a. This
tendency is likely due to the better wettability of the glass substrate compared to silicon,
which seems the main aspect in determining the morphology features of the samples in
this case. The CaF2: Eu (10%) films on glass annealed at 350 ◦C and 400 ◦C, respectively,
are reported in Figure 2b,e. For both these systems, we observe a similar morphology,
regardless of the annealing temperature, with a uniform and compact layer characterized
by the presence of some outgrowths being uniformly distributed on the surfaces. These
features are very similar to what we found for the analogous films obtained on silicon
(see Figure 2b,e). Finally, the CaF2: Eu (15%) films on glass are displayed in Figure 3c,f
for 350 ◦C and 400 ◦C annealing treatments. For these samples, we observe a different
morphology characterized by homogeneous coating with small grains in the order of tens
of nanometers barely visible. This morphology suggests grain coalescence phenomena
in the coating formation during the annealing treatment, as already observed in similar
conditions for the up-converting CaF2: Yb3+, Er3+ and Tm3+ layers [28]. Notably, at higher
temperatures (see Figure 3f), the films appear more compact and uniform. Therefore, the
different morphologies observed using FE-SEM analyses can be ascribed to many factors:
(i) the different wettability of the substrates, which is the main reason for the films obtained
on silicon; (ii) the density of the sol used, which is directly correlated with the starting
mixture of the Ca and Eu adducts in the gel; (iii) a slight variation in the spin-coating step;
(iv) annealing temperature of the final treatments, as confirmed by the trend of the best
uniformity being observed at a higher temperature. In each case, the balance of all these
aspects results in a plethora of different morphologies.

Then, the thickness of the as-prepared films was evaluated using FE-SEM analysis in
cross-sectional mode. The images of the CaF2: Eu (10%) samples on silicon at 350 ◦C and
400 ◦C, for which plain-view analyses reveal more uniform and compact films, have been
reported in Figure 4.
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At a lower annealing temperature, i.e., 350 ◦C, the cross-sectional image in Figure 4a
confirms the formation of a compact layer with a thickness of about 590 ± 50 nm. The
CaF2: Eu (10%) sample obtained at the higher temperature of 400 ◦C in Figure 4b displays
a similar compact and uniform film of 780 ± 60 nm.

The increment in the thickness value at a higher annealing temperature can be ex-
plained considering that already during the deposition step, which occurs via a multistep
procedure consisting of four-time spin-coating depositions alternated with fast annealing
in the air for 10 min, the crystallization of the layers takes place. The deposition process
hence is more efficient at higher annealing temperatures, allowing the formation of slightly
thicker films.

3.3. Compositional Characterization

In order to ensure the down-shifting properties of the Eu-doped CaF2 films, a prelimi-
nary study on the sample composition has been conducted using energy dispersive X-ray
(EDX) analysis. In Figure 5a, the EDX spectrum of the CaF2: Eu (10%) film deposited onto Si
(100) at 400 ◦C is reported as a case study. The spectrum shows the Kα peak of fluorine, the
Kα peak of the silicon substrate and the Kα and Kβ peaks of calcium, at values of 0.67, 1.74,
3.70 and 4.02 keV, respectively. In addition, the presence of europium is confirmed by the
signals at 1.14 and 5.81 keV, related to the M and L lines, respectively. Notably, the absence
of C and O elements in the spectrum points to the good reactivity and clean decomposition
of the Ca and Eu precursors during the sol-gel process. The quantitative analysis shown in
the inset in Figure 5a confirms the correct stoichiometry of the Eu concentration of the film
at about 10%, which is coincident with the value set in the starting mixture, i.e., 0.90:0.10 of
Ca(hfa)2•diglyme•H2O: Eu(hfa)3•diglyme.
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(100) at 400 ◦C and the values extrapolated from EDX quantitative analyses.

Additionally, quantitative analysis was conducted for all the Eu-doped CaF2 samples
deposited onto silicon and is reported in the graph in Figure 5b. Several different regions
for each kind of samples have been analyzed in order to ensure both a more representative
value of Eu concentration and a good homogeneity of the layers. The graph displays the
average value of the Eu concentration recorded using EDX quantitative analysis versus
the nominal concentration used in the starting mixture of each Eu-doped CaF2 sample.
Concentrations of 4.2 ± 1%, 9.0 ± 1.1% and 13.9 ± 1.0% have been obtained for the CaF2:
Eu (5%), CaF2: Eu (10%) and CaF2: Eu (15%) films, respectively, confirming a good match
between the nominal and experimental Eu-doping concentrations.

Finally, the homogeneity of the systems has been evaluated using EDX map analysis
over a large area. In particular, for the CaF2: Eu (10%) onto Si at 400 ◦C sample, the maps of
the F, Ca and Eu elements are reported in Figure 6. Notably, the doping ion distribution is
very uniform over the analyzed area (about 20 × 28 µm), confirming the suitability of the
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synthetic process for the fabrication of down-converting system with good luminescence
performance.
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3.4. Luminescence Properties

Radiation centred around 390 nm was chosen as the excitation source because at this
wavelength, there is a strong absorption by Eu3+ ions due to the 7F0→5L6 transition. It is
worth noting that the oscillator strength of this transition is among the strongest ones for
Eu3+ ions in the CaF2 host in the UV-visible range [32]. The room temperature emission
spectra of the Eu3+-doped CaF2 films deposited onto the glass substrate at 400 ◦C are
shown in Figure 7. The observed emission bands are due to transitions of the Eu3+ ions,
ranging from the 5D0 excited level to the 7FJ multiplet (J = 0, 1, 2, 3, 4). In particular, the
bands assigned to the 5D0→7F1 (in the 580–600 nm range) and 5D0→7F2 transitions (in the
605–630 nm) dominate the emission spectrum for all the samples. The emission spectra are
compatible with those observed for similar samples, e.g., CaF2: Eu3+ nanoparticles prepared
using a hydrothermal technique [34] and using a sol-gel technique [35], Eu3+-doped CaF2
thin films prepared using electrochemical processing [36] and thin films of Eu3+-doped
CaF2 deposited onto an aluminum layer using a vacuum deposition approach [37]. It has to
be noted that the 5D0→7F1 transition is a magnetic dipole one, not dependent on the local
environment around the lanthanide ion [38]. On the other hand, the 5D0→7F2 transition
is an electric dipole, allowed only for lanthanide sites without inversion symmetry. This
property makes the latter transition highly sensitive to probing the local environment of the
Eu3+ ions. The ratio between the intensities of the bands due to the two abovementioned
transitions is useful to get insights about the degree of asymmetry in the local environment
of the lanthanide ion [39]. The asymmetry ratio R is defined as:

R =
I
(5D0 → 7F2

)
I
(

5D0 → 7F1
) (1)

where I is the integrated area of the 5D0→7FJ (J = 1, 2) transitions. The R values increase on
decreasing the degree of symmetry around the lanthanide ion. The calculated R values for
the samples are 3.12, 2.70 and 1.92 for Eu3+ concentrations of 5%, 10% and 15%, respectively.
A decrease in the R values is observed on increasing the lanthanide concentration, indicating
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that on average, the symmetry of the lanthanide ions accordingly increases. It is well
known that lanthanide ions can be accommodated in the CaF2 structure in several sites
with different symmetries [40–42]. In the present case, an increased occupation of more
symmetric sites on increasing the lanthanide concentration is compatible with the observed
spectra, inducing an overall increase in the symmetry around the lanthanide ions and
therefore a decrease in the R value. For instance, on increasing the lanthanide concentration,
a higher number of Eu3+ ions could substitute the regular Ca2+ lattice sites and fewer Eu3+

ions could occupy the particle surface or defect sites [43].
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All transitions originate from the 5D0 level. The end level is shown in the picture close to the
corresponding emission band.

Any possibility of the presence of Eu2+ can be excluded since no peaks related to the
Eu2+ species are observed in the spectrum. This outcome may be compared to the findings
reported in the study by Secu et al. [44], who synthesized Eu(II)-doped CaF2 films using
sol-gel and annealing techniques under a reduced atmosphere, while the present thermal
treatments are carried out in air.

4. Conclusions

In conclusion, an in-depth study is herein described for the fabrication of europium-
doped CaF2 systems in the form of thin films using a combined sol-gel/spin-coating
deposition process. To the best of our knowledge, the present work is the first report on
the production of Eu3+-doped CaF2-based thin films using a sol-gel approach. Specifically,
through fine-tuning the operative parameters, such as the annealing temperature, substrate
nature and doping ion concentration, we have managed to optimize the formation of
homogeneous films of CaF2 on both silicon and glass substrates. XRD characterization
assessed that crystalline films are obtained with a thermal treatment of 350–400 ◦C on
both substrates. EDX microanalyses confirmed the film purity since neither C nor O is
observed in the spectrum, pointing to a clean decomposition of the precursor, and the
europium percentage in the film is parallel with the nominal amount in the initial sol
mixture. Actually, the sol-gel process combined with a spin-coating deposition represents
an appealing method at an industrial level due to the low-cost equipment involved and
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the relatively low temperature of the annealing treatment. In alternative to spin-coating,
spraying could be applied for a potential scaling-up of the process. Finally, the luminescence
properties of the samples have been investigated by taking spectroscopy measurements
under UV excitation. The down-shifting features have confirmed the functional properties
of the material and thus its potential use in solar cell devices.

Author Contributions: Conceptualization, A.L.P.; validation and investigation, A.L.P. and E.M.;
writing—original draft preparation, A.L.P.; writing—review and editing, G.M. and A.S.; funding
acquisition, G.M. and A.S.; supervision, G.M. and A.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research has been funded by the European Union (NextGeneration EU), through the
MUR-PNRR project SAMOTHRACE (ECS00000022).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available from the authors upon request.

Acknowledgments: A.L.P. and G.M. acknowledge the Bio-Nanotech Research and Innovation Tower
(BRIT) laboratory of the University of Catania (grant no. PONa3_00136, financed by the MIUR) for
the SmartLab diffractometer facility. A.L.P. thanks the Ministero dell’Università e della Ricerca within
the PON “Ricerca e Innovazione” 2014–2020 Azioni IV.4 program. A.S and E.M acknowledge the
University of Verona for the funding of research projects in the Joint Research 2022 framework. The
Technological Platform Center of the University of Verona is gratefully acknowledged for the use of
its instrumental facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fagiolari, L.; Sampo, M.; Lamberti, A.; Amici, J.; Francia, C.; Bodoardo, S.; Bella, F. Integrated energy conversion and storage

devices: Interfacing solar cells, batteries and supercapacitors. Energy Storage Mater. 2022, 51, 400–434. [CrossRef]
2. Chen, J.; Xu, K.; Xie, W.; Zheng, L.; Tian, Y.; Zhang, J.; Chen, J.; Liu, T.; Xu, H.; Cheng, K.; et al. Enhancing perovskite solar

cells efficiency through cesium fluoride mediated surface lead iodide modulation. J. Colloid Interface Sci. 2023, 652, 1726–1733.
[CrossRef] [PubMed]

3. Wei, Y.; Zhao, Y.; Liu, C.; Wang, Z.; Jiang, F.; Liu, Y.; Zhao, Q.; Yu, D.; Hong, M. Constructing All-Inorganic Perovskite/Fluoride
Nanocomposites for Efficient and Ultra-Stable Perovskite Solar Cells. Adv. Funct. Mater. 2021, 31, 2106386. [CrossRef]

4. Gan, F. Optical properties of fluoride glasses: A review. J. Non-Cryst. Solids 1995, 184, 9–20. [CrossRef]
5. Sharma, R.K.; Mudring, A.-V.; Ghosh, P. Recent trends in binary and ternary rare-earth fluoride nanophosphors: How structural

and physical properties influence optical behavior. J. Lumin. 2017, 189, 44–63. [CrossRef]
6. Wen, C.; Lanza, M. Calcium fluoride as high-k dielectric for 2D electronics. Appl. Phys. Rev. 2021, 8, 021307. [CrossRef]
7. Jiang, C.; Brik, M.G.; Li, L.; Li, L.; Peng, J.; Wu, J.; Molokeev, M.S.; Wong, K.-L.; Peng, M. The electronic and optical properties of

a narrow-band red-emitting nanophosphor K2NaGaF6:Mn4+ for warm white light-emitting diodes. J. Mater. Chem. C 2018, 6,
3016–3025. [CrossRef]

8. Ansari, A.A.; Parchur, A.K.; Thorat, N.D.; Chen, G. New advances in pre-clinical diagnostic imaging perspectives of functionalized
upconversion nanoparticle-based nanomedicine. Coord. Chem. Rev. 2021, 440, 213971. [CrossRef]

9. Mehrdel, B.; Nikbakht, A.; Aziz, A.A.; Jameel, M.S.; Dheyab, M.A.; Khaniabadi, P.M. Upconversion lanthanide nanomaterials:
Basics introduction, synthesis approaches, mechanism and application in photodetector and photovoltaic devices. Nanotechnology
2022, 33, 082001. [CrossRef]

10. Goldschmidt, J.C.; Fischer, S. Upconversion for Photovoltaics—A Review of Materials, Devices and Concepts for Performance
Enhancement. Adv. Optical Mater. 2015, 3, 510–535. [CrossRef]

11. Wells, J.-P.R.; Reeves, R.J. Up-conversion fluorescence of Eu3+ doped alkaline earth fluoride crystals. J. Lumin. 1995, 66, 219–223.
[CrossRef]

12. Naccache, R.; Yu, Q.; Capobianco, J.A. The Fluoride Host: Nucleation, Growth, and Upconversion of Lanthanide-Doped
Nanoparticles. Adv. Optical Mater. 2015, 3, 482–509. [CrossRef]

13. Bünzli, J.-C.G.; Chauvin, A.-S. Lanthanides in Solar Energy Conversion. In Handbook on the Physics and Chemistry of Rare Earths;
Elsevier: Amsterdam, The Netherlands, 2014; Volume 44, pp. 169–281.

14. Fagnani, F.; Colombo, A.; Malandrino, G.; Dragonetti, C.; Pellegrino, A.L. Luminescent 1,10-Phenanthroline β-Diketonate
Europium Complexes with Large Second-Order Nonlinear Optical Properties. Molecules 2022, 27, 6990. [CrossRef] [PubMed]

15. Bünzli, J.-C.G.; Eliseeva, S.V. Intriguing aspects of lanthanide luminescence. Chem. Sci. 2013, 4, 1939–1949. [CrossRef]

https://doi.org/10.1016/j.ensm.2022.06.051
https://doi.org/10.1016/j.jcis.2023.08.158
https://www.ncbi.nlm.nih.gov/pubmed/37672975
https://doi.org/10.1002/adfm.202106386
https://doi.org/10.1016/0022-3093(94)00592-3
https://doi.org/10.1016/j.jlumin.2017.03.062
https://doi.org/10.1063/5.0036987
https://doi.org/10.1039/C7TC05098D
https://doi.org/10.1016/j.ccr.2021.213971
https://doi.org/10.1088/1361-6528/ac37e3
https://doi.org/10.1002/adom.201500024
https://doi.org/10.1016/0022-2313(95)00140-9
https://doi.org/10.1002/adom.201400628
https://doi.org/10.3390/molecules27206990
https://www.ncbi.nlm.nih.gov/pubmed/36296583
https://doi.org/10.1039/c3sc22126a


Materials 2023, 16, 6889 11 of 12

16. Yang, D.; Liang, H.; Liu, Y.; Hou, M.; Kan, L.; Yang, Y.; Zang, Z. A large-area luminescent downshifting layer containing an Eu3+

complex for crystalline silicon solar cells. Dalton Trans. 2020, 49, 4725–4731. [CrossRef]
17. Pellegrino, A.L.; Cortelletti, P.; Pedroni, M.; Speghini, A.; Malandrino, G. Nanostructured CaF2:Ln3+ (Ln3+ = Yb3+/Er3+,

Yb3+/Tm3+) thin films: MOCVD fabrication and their upconversion properties. Adv. Mater. Interfaces 2017, 4, 1700245. [CrossRef]
18. Lo Presti, F.; Pellegrino, A.L.; Milan, E.; Radicchi, E.; Speghini, A.; Malandrino, G. Eu3+ activated BaF2 nanostructured thin films:

Fabrication and a combined experimental and computational study of the energy conversion process. J. Mater. Chem. C 2023, 11,
12195–12205. [CrossRef]

19. Andrade, A.B.; Ferreira, N.S.; Valerio, M.E.G. Particle size effects on structural and optical properties of BaF2 nanoparticles. RSC
Adv. 2017, 7, 26839–268485. [CrossRef]

20. Pellegrino, A.L.; Lucchini, G.; Speghini, A.; Malandrino, G. Energy conversion systems: Molecular architecture engineering of
metal precursors and their applications to vapor phase and solution routes. J. Mater. Res. 2020, 35, 2950–2966. [CrossRef]

21. Vetrone, F.; Naccache, R.; Mahalingam, V.; Morgan, C.G.; Capobianco, J.A. The Active-Core/Active-Shell Approach: A Strategy to
Enhance the Upconversion Luminescence in Lanthanide-Doped Nanoparticles. Adv. Funct. Mater. 2009, 19, 2924–2929. [CrossRef]

22. Cheng, T.; Marin, R.; Skripka, A.; Vetrone, F. Small and Bright Lithium-Based Upconverting Nanoparticles. J. Am. Chem. Soc.
2018, 140, 12890–12899. [CrossRef] [PubMed]

23. Malitson, I.H. A Redetermination of Some Optical Properties of Calcium Fluoride. Appl. Opt. 1963, 2, 1103. [CrossRef]
24. Normani, S.; Braud, A.; Soulard, R.; Doualan, J.L.; Benayad, A.; Menard, V.; Brasse, G.; Moncorge, R.; Goossens, J.P.; Camy, P. Site

selective analysis of Nd3+–Lu3+ codoped CaF2 laser crystals. Cryst. Eng. Comm. 2016, 18, 9016–9025. [CrossRef]
25. Cantarelli, I.X.; Pedroni, M.; Piccinelli, F.; Marzola, P.; Boschi, F.; Conti, G.; Sbarbati, A.; Bernardi, P.; Mosconi, E.; Perbellini,

L.; et al. Multifunctional nanoprobes based on upconverting lanthanide doped CaF2: Towards biocompatible materials for
biomedical imaging. Biomater. Sci. 2014, 2, 1158–1171. [CrossRef] [PubMed]

26. Sokovnin, S.Y.; Il‘ves, V.G.; Zuev, M.G.; Uimin, M.A. Physical properties of fluorides barium and calcium nanopowders produced
by the pulsed electron beam evaporation method. J. Phys. Conf. Ser. 2018, 1115, 032092. [CrossRef]

27. Sokolov, N.S.; Suturin, S.M. MBE growth of calcium and cadmium fluoride nanostructures on silicon. Appl. Surf. Sci. 2001, 175,
619–628. [CrossRef]

28. Pellegrino, A.L.; La Manna, S.; Bartasyte, A.; Cortelletti, P.; Lucchini, G.; Speghini, A.; Malandrino, G. Fabrication of doped
calcium fluoride thin films for energy upconversion in photovoltaics: A comparison of MOCVD and sol-gel approaches. J. Mater.
Chem. C 2020, 8, 3865–3877. [CrossRef]

29. Brasse, G.; Loiko, P.; Grygiel, C.; Leprince, P.; Benayad, A.; Lemarie, F.; Doualan, J.-L.; Braud, A.; Camy, P. Liquid Phase Epitaxy
growth of Tm3+-doped CaF2 thin-films based on LiF solvent. J. Alloys Compd. 2019, 803, 442–449. [CrossRef]

30. Kuzmina, N.P.; Tsymbarenko, D.M.; Korsakov, I.E.; Starikova, Z.A.; Lysenko, K.A.; Boytsova, O.V.; Mironov, A.V.; Malkerova, I.P.;
Alikhanyan, A.S. Mixed ligand complexes of AEE hexafluoroacetylacetonates with diglyme: Synthesis, crystal structure and
thermal behavior. Polyhedron 2008, 27, 2811–2818. [CrossRef]

31. Shannon, D. Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides. Acta
Crystallogr. Sect. A 1976, 32, 751. [CrossRef]

32. Laval, J.P.; Mikou, A.; Frit, B.; Roult, G. Short-range order in heavily lanthanide(3+) doped calcium fluoride fluorites: A powder
neutron diffraction study. Solid State Ion. 1988, 28, 1300–1304. [CrossRef]

33. Wang, F.; Fan, X.; Pi, D.; Wang, M. Synthesis and luminescence behavior of Eu3+-doped CaF2 nanoparticles. Solid State Commun.
2005, 133, 775–779. [CrossRef]

34. Cortelletti, P.; Pedroni, M.; Boschi, F.; Pin, S.; Ghigna, P.; Canton, P.; Vetrone, F.; Speghini, A. Luminescence of Eu3+ Activated
CaF2 and SrF2 Nanoparticles: Effect of the Particle Size and Codoping with Alkaline Ions. Cryst. Growth Des. 2018, 18, 686–694.
[CrossRef]

35. Ritter, B.; Haida, P.; Fink, F.; Krahl, T.; Gawlitza, K.; Rurack, K.; Scholz, G.; Kemnitz, E. Novel and easy access to highly luminescent
Eu and Tb doped ultra-small CaF2, SrF2 and BaF2 nanoparticles–structure and luminescence. Dalton Trans. 2017, 46, 2925–2936.
[CrossRef] [PubMed]

36. Bustamante, A.; Barranco, J.; Calisto, M.E.; López- Cruz, E.; Aguilar-Zarate, P. Alkaline earth fluoride and Eu doped thin films
obtained by electrochemical processing. J. Solid State Electrochem. 2023, 27, 2115–2125. [CrossRef]
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