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Figure 11. 'F MAS-NMR spectra of 80SiO,-20LaF; xerogel and GC treated at 550 °C for 1 min.
The spectrum of pure LaF; crystal powder is also given for comparison. Stars indicate spinning sidebands.
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Figure 12. FTIR of 80SiO,-20LaF; xerogel and GC self-supported layer treated at 550 °C for 1 min and 1 h.

Photoluminescence (PL) measurements are of great importance in most papers about SG OxGCs;
in particular, enhanced properties are obtained when dopants are embedded into the fluoride NCs
with low phonon energy. As an example, low-temperature (9 K) PL emission and excitation spectra
of 80Si0,-20LaF; xerogel and GC treated at 650 °C for 3 h and doped with 0.5 Nd3* are shown in
Figure 13 [111]. Both the emission and excitation spectra of the xerogel show broad and less structured
bands, indicating a predominant amorphous environment for Nd3* ions. Instead, for the GC sample
sharp peaks and well-resolved Stark components are observed and associated with Nd** emission in
LaF3 NCs. Similar features are observed for the excitation spectrum, where well-resolved peaks are
observed for the *Iy/,—*F5,, band; moreover, the *Iy/,—*F3,, doublet narrows and splits into two
main single components, as expected for a well-defined crystal field site. Therefore, Nd®* incorporation
into LaF3 NCs was unambiguously confirmed.
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Figure 13. PL (a) emission and (b) excitation spectra of 805i0,-20LaF3 bulk xerogel and GC treated at
650 °C for 3 h. All spectra were recorded at 9 K.

3.2.2. $i0,-GdF;/NaGdF,

Figure 14 shows DTA curves of the 905i0,-10NaGdFy bulk-like sample. The weight loss
between 70 and 200 °C, of less than 10%, is ascribed to solvent removal. Then, as usually occurs for
SG oxyfluoride compositions, a strong and sharp exothermic peak appears around 300 °C along
with a mass loss of 30%. Such an exothermic peak is associated with chemical decomposition
with NaGdFy precipitation, similar to that described by other authors for other fluoride crystal
phases [43,57,82]. Further weight loss for heat treatment in the range 400-600 °C can be associated with
the combustion of organic compounds. The same sample measured in an argon atmosphere showed
similar characteristics; therefore, the exothermic peak is associated with NaGdF, crystallization.
Similar features are obtained for SiO,-GdF3 composition and described elsewhere [112].
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Figure 14. DTA (red) and TG (blue) curve of 90SiO,-10NaGdF, bulk sample acquired in air using
a heating rate of 10 °C/min.

Diffractograms of (100 — x)SiO-xGdF3 (x = 10 and 20 mol %) treated at 550 °C for 1 min are
shown in Figure 15. As observed, both phases of GdF3, orthorhombic and hexagonal, appear even
for such fast heat treatment. It was shown that from LaF; to EuF3, the hexagonal phase is preferred,
while elements heavier than Gd are organized in orthorhombic structures [113]. Considering that Gd
is right in the middle of a lanthanide series, it seems reasonable that a mixture of both phases appear.
The relative intensity of hexagonal and orthorhombic structures is quite similar for all heat treatments,
thus suggesting that there is no one preferential crystal structure but that both configurations coexist.
Crystal size is around 8 and 9 nm for hexagonal and orthorhombic phases, respectively. Small changes
in relative peak intensities can be associated with the deformation or preferential incorporation of
Eu’* ions at certain crystallographic sites. Moreover, the fact that similar sizes are obtained for
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both compositions suggests that NC formation is not related to the amount of the initial precursors,
the mechanism being explained as fast crystal precipitation after a chemical reaction similar to that
described by Fujihara for LaF3 [43]. However, the final crystal fraction should be affected by the initial
content as observed for LaF; compositions. Nevertheless, for GdF; crystallization a quite different
scenario is observed with respect to LaF3 crystallization, where an amorphization was observed over
a long heat treatment time at 550 °C. In fact, no changes in the crystal size are observed for treatment
times up to 8 h; the diffractograms of GCs treated for 1 min up to 8 h being practically the same.
It seems that GdF3 NCs are more stable against decomposition as opposed to LaF3 ones. Further work
is still necessary to clarify this point.

(100-x)SiO,-xGdF, Orthorhombic (JCPDS 12-0788)
550 °C -1 min Hexagonal (JCPDS 32-0373)

x =20
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Figure 15. XRD of (100 — x)SiO,-xGdF3 (x = 10 and 20 mol %) GC treated at 550 °C for 1 min performed
at the synchrotron SpLine BM25 of the ESRE.

It is also worth noting that SiO, precursors affect the final crystal phase and the crystal size.
For example, for 80SiO,-20GdF3 samples prepared using TEOS, only hexagonal crystals are detected
but it was necessary to raise the temperature to 750 °C to obtain GdF; crystals. Instead, for TEOS/MTES
samples, even for treatment temperature as low as 550 °C for 1 min, a good crystallization was obtained
but in this case both a hexagonal and an orthorhombic phase appeared. Therefore, as was shown,
the synthesis precursor and the different ratios between them can strongly affect the final crystal size,
crystal fraction, and symmetry of the crystal phase. However, the influence of the SiO, precursors and
the synthesis route on the crystallization tendency of the systems has not yet been totally elucidated.

XRD of 80Si0,-20NaGdF, are shown in Figure 16. This is the first time that NaGdF, crystals
have been obtained in SG OxGCs. Diffractograms obtained for super-stoichiometric Na:Gd ratios
caused the crystallization of silicates, along with NaGdF,. Therefore, precise control of the Na:Gd
ratio was necessary to avoid the formation of silicates during heat treatment and obtain only the
precipitation of fluoride NCs. It is known that Na* acts as a network modifier, producing more
open glass structures. In fact, Na* ions can break SiOy4 units, thus producing non-bridging oxygens
with subsequent softening of the glass network. Hence, a sub-stoichiometric ratio Na:Gd 0.95:1 was
necessary to ensure the complete reaction of Na with Gd, avoiding the presence of free Na* ions.
As observed in Figure 16, both « and 3-NaGdF, phases precipitated upon heat treatment at 600 °C
for 1 h with a size of 4 and 13 nm, respectively. However, for longer heat treatments, up to 120 h,
arelative decrease of the « phase, indicated by stars, is observed with respect to GC treated for only 1 h.
Moreover, sharper peaks are observed after increasing the treatment time, thus indicating the formation
of bigger crystals (more than 30 nm in size). Such behavior is quite different to that described for LaF3,
for which an increase of the treatment time increases neither the crystal size nor the crystal fraction.
Therefore, it was suggested that LaF; crystals formation occurs as a fast precipitation when certain
energy is given to the system, instead being a diffusion-limited process, as proposed by other authors.
However, for NaGdFs OxGCs, a different crystallization mechanism occurs for polymorphous crystals;
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in particular, the addition of alkaline earth elements could be responsible for the better crystallinity
obtained by increasing the treatment time. In fact, the time-dependent diffusion of Na* ions could be
relevant to achieve better crystallization.

80Si0,-20NaGdF, a-NaGdF, (JCPDS 00-27-0697)
B-NaGdF, (JCPDS 00-27-0699)

600 °C-120 h

Intensity (arb.units)
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7 9 11 13 15 17 19 21 23 25
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Figure 16. XRD of 80SiO,-20NaGdF, GC treated at 600 °C for 1 and 120 h. The measurements were
performed at the synchrotron SpLine BM25 of the ESRE.

Bartha et al. [114] studied NaYF,; phosphors and observed that for heat treatment at 300 °C,
both cubic and hexagonal NaYF,; micro crystals appeared. However, by increasing the treatment
temperature to 400-600 °C, only a pure hexagonal NaYF, phase was observed. The authors explained
such behavior as an autocatalytic process where the initial cubic NaYF, phase played a catalytic role,
causing its fast self-accelerated crystallization. The energy resulting from the disintegration process of
the initial NaYF, crystals contributed to the growth of hexagonal NaYFy phase. This mechanism could
also explain the crystallization of NaGdF4 NCs in OxGCs but further investigation has still to be done.

Figure 17 shows a micrograph of 80Si0,-20GdF; self-supported layer doped with 0.5 Eu®* treated
at 550 °C for 1 min. As for SiO,-LaF3 GCs, homogeneously distributed NCs are observed and no
agglomerates or clusters are observed, as suggested by other authors for YF3 NCs [57]. By a detailed
analysis of the microstructures, both hexagonal and orthorhombic crystals were detected according to
JCPDS. EDXS of Eu®* doped 80Si0,-20GdF; GC treated at 550 °C for 1 min revealed that Eu* ions are
mostly concentrated into GdF; NCs. Therefore, dopant incorporation is very fast because even for
a heat treatment as short as 1 min, most Eu* ions are already embedded in the crystal phase. A better
explanation of dopant incorporation is given later when the results about XAS will be discussed.

(e
Figure 17. HRTEM of 80Si0,-20GdF;3 self-supported layer treated at 550 °C for 1 min.
FTIR spectra of 80S5i0,-20GdF3 xerogel and GC treated at 550 °C for 1 min are shown in Figure 18.

Similar results are obtained with respect to the 80SiO,-20LaF3; composition given in Figure 12. For the
xerogel sample TFA and acetate vibration bands are still present but disappear after heat treatment
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accompanied by LaF3 crystallization. Similar features are obtained for SiO,-NaGdF,; compositions,
thus indicating that a chemical reaction followed by NC precipitation is a common feature of all the
studied compositions. However, differences in crystallization behavior are also observed by XRD and
therefore the crystal growth can be dependent on crystal phase and synthesis conditions.

80Si0,-20GdF,

Si-O-Si

Absorbance (a.u)

xerogel

2000 1800 1600 1400 1200 1000 800 600
Wavenumber (cm™)

Figure 18. FTIR of 80SiO,-20GdF3 xerogel and GC treated at 550 °C for 1 min.

The last results that are shown in this paper deal with XAS spectra of 80SiO,-20GdF; materials
doped with Eu3*. In particular, the spectra of the xerogel and GC sample are compared with the aim of
gaining more insight into the Eu®* environment. Indeed, better optical efficiencies are obtained when
dopants are embedded into the NCs and knowledge of the real dopants fraction incorporated into the
NCs is crucial to improve and optimize the luminescence emission of these materials. Even though
a certain nominal dopant concentration is used, the real concentration into the fluoride NCs is rarely
estimated, the only results being extrapolated from optical measurements [54]. Moreover, to estimate
the effective concentration into the NCs, even with 10-20% error, knowledge of the crystal fraction is
necessary and such values are seldom or never reported for SG OxGCs. Last year our group started
acquiring data to obtain this relevant information, but a lot of work has still to be done. However,
some interesting conclusions can already be drawn from the results shown below. Eu;O3 and EuF3
spectra are shown in Figure 19a, together with their derivate curves in Figure 19b. The maximum
of the derivate curves is 6977.9 and 6979.5 eV, for EuyO3 and ErFj, respectively. A lower energy is
associated with less electronegativity and a lower field strength of the Ln®* ion [115]. The uncertainty
of the energy values is around 0.8 eV. Therefore, it can be confirmed that the two maxima are well
separated from each other. Figure 20a,b show the results for a 80S5i0,-20GdF3 xerogel and GC samples
treated at 550 °C for 1 min up to 8 h. In all cases, the absorption maximum is centered at ~6979 eV,
practically the same value obtained for EuF3 reference. Hence, even though by these measurements it
is not possible to distinguish between a crystalline or amorphous environment, the crucial point is that
a fluorine-rich environment is observed for all GCs and even for the xerogel sample. Such behavior
could be explained considering that Eu>* ions are still coordinated to the surrounding TFA ions in the
xerogel sample, and, after heat treatment, GdF; crystals precipitate together with Eu3* incorporation.
These results are in agreement with Eu®*-rich GdF3 NCs observed by EDXS for 80Si0,-20GdF; GC
treated at 550 °C for 1 min.

Previous calculations performed for 80SiO,-20LaF; samples doped with 0.5 Er** showed that
almost 91% of Er®* ions in GC samples are in a fluorine-rich environment, the effective concentration
into the LaF3 NCs thus being almost one order of magnitude higher than the nominal one. Similar
results were obtained for MQ samples containing LaF; NCs and confirmed by PL results [116].

Finally, to conclude this section we show some optical results for 805i0,-20GdFj3 self-supported
layers doped with 0.5 Eu®*. Photoluminescence measurements of GC treated at 550 °C for 1 min
showed well-resolved structure together with a narrowing of the Eu®* with respect to the xerogel
sample (Figure 21). Moreover, the R asymmetry ratio between the electric dipole transition (°Dy-"F»)
and the magnetic dipole transition (°Do-"Fy) is reduced in GCs, thus indicating that Eu®* ions are
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incorporated in the GdF; crystal phases. Moreover, the ET from Gd>* to Eu®* was observed in the GC
sample and further supported by fluorescence decay lifetimes.
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Figure 19. XAS (a) spectra and (b) derivate of Eu,O3 and EuF; reference samples. The values shown in
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Figure 20. XAS (a) spectra and (b) derivate of 0.5Eu3*—doped 80SiO,-20LaF3 xerogel and GC samples
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4. Conclusions

Different research groups have studied the preparation of transparent GC materials using the MQ
process and suitable control of the synthesis and heat treatment conditions. However, SG appears as
a promising alternative to obtain innovative GCs with high fluorine content and high homogeneity at
a lower temperature.

Most of the materials studied by SG are related with compositions (100—x)SiO;-x
M;Fp /M F3/MiMoF4 /MM, Fs5, containing a small nominal crystal fractions (x = 5-10 mol %), and are
obtained using a similar synthesis procedure developed 20 years ago. Furthermore, the same SiO,
precursor, TEOS or TMOS, is used in most works, and the precursor ratio rarely changes with respect
to the first papers.

There is scarce information about the structural characterization of bulk and thin films; typical
characterization is performed by means of XRD, HRTEM, and FTIR. However, most of the authors
never calculated the real crystal fraction. Just one or two papers estimated the real active crystal
content and concluded that for a nominal composition of 5 mol % of active phase, a 3 wt % of crystal
phase is obtained after heat treatment. However, photoluminescence measurements of SG GCs showed
very promising results. Ln®>* incorporation in fluoride NCs was demonstrated by several authors and
produced an improvement in the optical properties (linear or non-) due to the low phonon energy of
the crystal hosts, thus opening the way to use SG materials for photonic applications.

On the other side, our group introduced an important modification to the SG synthesis of
OxGCs. First of all, LaF3- and GdF3-based compositions with a much higher content of active phase
(up to 40 mol %) have been prepared for the first time, together with NaGdF,; OxGCs. Moreover,
new precursors and deep synthesis modification were performed by partial replacement of TEOS
with MTES.

A chemical reaction followed by fast crystal precipitation was indicated as responsible for the
crystallization mechanism of fluoride NCs, as opposed to conventional diffusion-controlled processes.
LaF3 NCs were demonstrated to be unstable with aging at crystallization or higher temperatures
for a long treatment time, while for NaGdF, an increase in the crystal size was observed when the
treatment time increased. Therefore, the evolution and behavior of the NCs depend on the synthesis
and the crystal phase.

Rietveld refinement confirmed that a crystal fraction ~18 wt % is obtained for 80SiO,-20LaF3 GC
treated at 550 °C for 1 min, such a value being the highest reported to date for SG OxGCs.

HRTEM showed that homogeneously distributed fluoride NCs precipitate in the SiO, glass matrix
after fast heat treatment at 550 °C for 1 min using TEOS/MTES as SiO, precursors. Moreover, EDXS
confirmed dopants’ incorporation in the fluoride NCs even after fast heat treatment at 550 °C for 1 min,
suggesting that dopant incorporation occurs along with NC precipitation. Such results were also
confirmed by XAS measurements, revealing a fluorine-rich environment even in the xerogel sample.

Optical measurements unambiguously showed dopant incorporation in low-phonon-energy
fluoride NCs. Well-resolved Stark components and crystal-like spectra were obtained for GC
samples, resulting in much higher emission intensities and more efficient ET process with respect to
xerogel samples.

Considering all the results published up to now and the benefits offered by the SG method,
we think that transparent SG OxGCs materials can be considered of great interest and promising for
several photonic applications, but improvement of synthesis and processing is still necessary. In this
sense, we hope that this paper will be useful for researchers working in this field.
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