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Abstract: Oxyfluoride glass-ceramics (OxGCs) are transparent materials composed by an
oxide glass matrix with homogeneously distributed fluoride nanocrystals. In particular, OxGCs
with RE-doped lanthanide-fluoride nanocrystals are of special interest for photonic applications.
More than 600 publications including several review papers were indexed on Scopus related to
“glass-ceramics” revealing the importance of the topic. Melt-quenching followed by thermal
treatment, is the most used preparation method, which allows materials in bulk and fibre form to
be obtained, being also a scalable industrial process. Spark plasma sintering from glass powders
is showing promising results. The sol-gel process has appeared as an alternative method to avoid
some of the drawbacks of the melting process such as the high temperature. It also permits to
process materials with different shapes such as thin films, nano-sized powders or bulk materials
at very low temperature. This paper reviews the different aspects involved in the preparation of
OxGC materials by melt-quenching, spark plasma sintering and sol-gel and how the processing
parameters directly affect the glass-ceramics properties from results of the GlaSS research group
from CSIC. A comparison of the thermal, structural and optical properties is discussed along
with some perspectives for preparing other advanced materials within this field.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Glass-ceramics (GCs) are inorganic non-metallic materials prepared by controlled crystallization
of glasses via different processing methods. GCs contain at least one type of functional crystalline
phase precipitated in a glass matrix. The volume fraction crystallized may vary from ppm to
almost 100% [1]. In particular, fluoride phases are good hosts to be doped with Rare-earth (RE)
ions, reducing the probabilities of multiphonon relaxation, thus resulting in longer lifetimes of the
excited state, and higher luminescence efficiencies [2,3]. Oxyfluoride glass-ceramics (OxGCs),
with lanthanide fluoride crystals embedded, have demonstrated significant improvement of
the optical properties of oxide glasses since the nineties. Since Wang Y. and Ohwaki J. [4]
pioneer work, these materials have gained more interest and started to be intensely studied,
with relevant papers published in the last years [5–7]. The excellent mechanical, thermal and
chemical properties of the oxide glass matrix are combined with the low maximum phonon energy,
optical transparency and rare-earth ions solubility of fluoride nanocrystals. Lanthanide-fluoride
nanocrystals show very low phonon energy (250-450 cm−1) in comparison to the phosphate or
silicate glasses (around 1200 cm−1 and 1100 cm−1, respectively). OxGCs applied in photonics
must be transparent, avoiding the scattering produced by the different refractive index between
the NCs and the glass matrix. To achieve this effect, NCs sizes must be under nanometer
range (less than 50 nm). Traditionally, oxyfluoride glass-ceramics have been prepared using
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the melt-quenching (MQ) method where the raw materials are melted at high temperatures
(1400–1700 °C) for obtaining the parent glass. The glass composition must be carefully designed
to generate the precipitation of the desired fluoride crystal phases during the thermal treatment.

During the MQ, the crystallization process of the parent glass is performed at temperatures
slightly higher than the glass transition temperature (Tg, Tg ± 20–100 °C) for long times (from
3 h to 120 h) [5,8–10]. For example, in the case of LaF3 GCs, the crystallization occurs via
droplets of La and Si-phase separation in the parent glass followed by controlled cooling to
room temperature. During this process, a diffusion-controlled mechanism is considered and a
silica barrier is formed around the crystals limiting the crystal growth [11–14]. Many OxGC
compositions have been designed and prepared, demonstrating enhanced optical properties
compared to corresponding glasses [15,16]. Nowadays, MQ is the most used production process
for OxGCs, being an industrially scalable method. Different fluoride phases such as LaF3,
NaGdF4, NaLaF4 or KLaF4 [17–22] have been successfully obtained by MQ and more recently,
optical fibres with OxGCs core have been also prepared, being a very promising goal [23–25].

Although, MQ has numerous advantages, some drawbacks are identified. The high melting
temperatures cause important fluorine loss (around 30- 40 mol%.) affecting the final composition
and making impossible to control the amount of fluorine and lanthanides ions in the final material.
In addition, an initial amount of fluoride too high can provoke premature crystallization leading
to compositional inhomogeneity and an opaque final GC [26]. The result is a strong limitation
of the percentage of active phase that can be incorporated. Regarding the RE incorporation,
different studies demonstrate that part of the RE ions remain in the glass matrix, not entering in
the fluoride nanocrystals, due to the high viscosity that limits the ionic diffusion, thus reducing the
optical efficiency of the OxGCs [27]. Another important shortcoming of MQ is the preparation
of thin films, not possible by this method.

Alternative processes have been proposed in the last decades looking for preparing OxGCs
with higher fluoride contents and increased contents of RE-ions incorporated into the NCs. Spark
Plasma Sintering (SPS) is an attractive method to prepare transparent GCs [28–30]. This method
allows transparent materials in short times to be obtained, compared to the conventionalthermal
treatment in a furnace, that usually takes long times (10-100 hours). Riello et al. [31] published
in 2006 the first work on Li2O- Al2O3- SiO2 (LAS) GCs doped with erbium and obtained by
SPS. Different glass-ceramics compositions, such as chalcogenides or oxyfluorides, have been
prepared by this method. Chalcogenide transparent tellurite glasses and GCs were prepared
in 2013 by Betrand et al. [32]; however, carbon contamination is still a drawback for optical
applications. Currently, there are not many papers about OxGCs processed by SPS. Recently,
different oxyfluoride crystalline phases have been obtained by the GlaSS group of the Institute
of Ceramics and Glass (CSIC) such as KLaF4 [33], NaLaF4 and NaLuF4, these two last ones
not published yet. For these OxGCs the precursor glasses were prepared by melting and after
grinding and sieving the glass powders were used for SPS sintering.

On the other hand, Sol-Gel (SG) is a flexible and low-temperature method, established as a
promising route for the preparation of OxGCs in the nineties. Fujihara et al. [34] reported for the
first time sol-gel OxGCs based in LaF3 nanocrystals precipitated in a silica matrix. Fuhijara’s
method, called “TFA route”, consists on the preparation of two sols, one to form the silicate
matrix, starting from metal alkoxides, and the second prepared by mixing acetates, nitrates,
or chlorates of the correspondent Ln3+ dissolved in a fluorine acid, commonly trifluoroacetic
acid (TFA) as precursor of the LnF3 or LnRF4 nanocrystals. Finally, the two sols are mixed in
suitable proportions to get the desired composition. Fluoride nanocrystals crystallize during a
controlled heat-treatment of the silicate xerogel at low temperature and varying the sintering
time between 1 min and 20 hours. To achieve the fluoride crystallization a reaction between TFA
and the lanthanides acetate occurs (Eq. 1) [35]. TFA ions surround the Ln3+ ensuring the further
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precipitation with fluorides:

La(CF3COO)3 → LaF3 + (CF3CO)2O + CO + CO2 (36) (1)

Fujihara et al. [35] explained that when the active phase is higher than 15 wt.%, the resulting
OxGCs are not transparent due to a simultaneous undesired crystallization of LaOF with LaF3.
Several compositions have been prepared following this route without any synthesis modification,
including single phases such as CaF2, BaF2, SrF2, or more complex ones like BaMgF4 [36–39].
In all cases, the active phase was between 5-10 wt. % and final composition was not measured
neither estimated.

More recently, Gorni et al. [40] modified the synthesis route proposed by Fujihara and the
crystallization treatment, strongly reducing the treatment time from 20 h to 1 min. The studies
carried out by the GlaSS group served to establish the crystallization mechanism of sol-gel OxGC
materials, and also reported obtaining OxGCs in the LaF3-SiO2 system with active phase of 18
wt.% calculated by Rietveld refinement, the higher published up to our knowledge. Other phases
were also prepared by GlaSS group following similar procedures, such as NaGdF4, NaLaF4, and
KLaF4 [8,40,41].

On the other hand, a few papers have reported OxGCs thin films prepared by sol-gel following
Fujihara’s route, but without conclusive optical results [35]. Due to the rapid densification of the
films, crystal are too small (around 2.5 nm), generating very low luminescence emissions.

In the last years, GlaSS group has proposed an alternative sol-gel route, called “Pre-crystallized
nanoparticles route”, based in the incorporation of fluoride nanocrystal suspensions into a silica
sol to ensure a suitable morphology and size of the fluoride NCs and achieve the desire properties
of thin films.

The aim of this work is to compare materials with similar fluoride phases prepared by different
processing methods, MQ, SPS and SG. A brief state of the art of OxGCs processing routes with
different crystal phases is presented, focusing in highlighting the advantages and drawbacks of
each technique and the materials that can be obtained in each case. Thus, it will be possible to
decide the most suitable process for each shape and application.

2. Processing routes

The most relevant details of the different synthesis routes for the analysed processes above are
described in the following:

2.1. Melt-quenching (MQ)

Melt-quenching is the most traditional technique to make glass and includes the mix of different
reagents of a selected composition (mol%) and then heating in an electric furnaces for melting.
In general, the batches were calcined and then melted in air atmosphere at temperatures between
1450 to 1700 °C depending on the composition, being after poured onto brass moulds [14,42–45].
Some authors [21,46–49] use a second melting to improve the homogeneity. The glasses
were further annealed to eliminate stresses. The corresponding GCs are obtained after thermal
treatment of the parent glasses at temperatures slightly higher than the glass transition temperature
(Tg + 20-100 °C) during different times (between 3 to 120 h) [10,50].

2.2. Spark plasma sintering (SPS)

There are different methodologies for producing GCs by SPS. All start from preparing the glass
powders with suitable particle size by milling and sieving the precursor glass produced by MQ or
sol-gel method [28,30,31,51]. Then, the glass powder can be pre-compacted to obtain a pellet
[32,52,53] that it is pre-heat treated at temperatures below to Tg [28,32,33] or directly sintered in
the SPS equipment [29,54–57]. In both cases, samples are sintered in vacuum conditions though
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the generation of spark plasma with the simultaneous application of pressure, temperature and
pulsed direct current (ON/OFF). SPS process is controlled by changing three main parameters:
maximum pressure, dwell temperature and holding time, although the particle size of the glass
powder is also a determining parameter to obtain transparent final GC materials [28,33,58].

This method is suitable for obtaining well-densified and highly homogeneous glass-ceramics
in relatively short times, but it presents a serious drawback related with the carbon contamination
coming from the used die and graphite pistons. Different authors [28,29,33,59] have tried to
reduce or even eliminate this contamination using protective foils of molybdenum, alumina,
platinum or tantalum and/or applying a pre-sintering treatment.

2.3. Sol-gel process

The sol-gel process is an alternative low-temperature approach to obtain GCs materials avoiding
the drawback of MQ. Several steps are involved in the SG synthesis beginning, in most cases,
with the mixing of metal alkoxides and their corresponding hydrolysis. The following steps
depend on the sol-gel route.

2.3.1. TFA route

LaF3-OxGCs doped with Nd3+ self-supported layers are obtained from tetraethylorthosilicate
(TEOS), acidic water (H2O, 0.1 M HCl), ethanol (EtOH), trifluoroacetic acid (TFA) and lanthanum
acetate (La(CH3COO)3), Nd3+ being added as acetate. The SiO2 sol is prepared using a molar
ratio 1TEOS:2H2O (0.1 HCl):9.5EtOH and stirring for 2 h at room temperature. Separately,
1La(CH3COO)3:5EtOH:5TFA:4H2O with Nd(CH3COO)3 is mixed and stirred for 2 h at 40 °C.
Nd3+ doped-80SiO2-20LaF3 composition was obtained by mixing the corresponding volumes of
SiO2 sol with the La solution [27].

KLaF4-OxGCs was also prepared following a similar process of LaF3-OxGCs. First,
1La(CH3COO)3:0.95K(CH3COO):5EtOH:5TFA:4H2O and 0.1 mol% of Nd3+ as acetate were
mixed and stirred for 2 h at 40 °C. Separately, a SiO2-sol was obtained by mixing 1TEOS:2H2O
(0.1M HCl):3.5EtOH and stirred for 2 h at room temperature. Finally, 80SiO2-20KLaF4 sol was
obtained from mixing the corresponding amounts of silica sol and La-solution. The as-prepared
sol was first dried and then further heat-treated between 350 °C and 650 °C for different times in
order to reach LaF3 crystallization.

2.3.2. Pre-crystallized nanoparticles route

The suspensions of Nd3+-doped LaF3 nanoparticles were prepared using lanthanum chloride
(LaCl3), ammonium fluoride (NH4F) and neodymium acetate (Nd(CH3COO)3) as reagents
in a molar ratio 1LaCl3:1NH4F:0.009Nd(CH3COO)3 and deionized water to reach a La3+

concentration of 0.04 M. The suspension was maintained at 75 °C for 2 h in continuous stirring.
Then, polivinylpirrolidone (PVP) was added as dispersant to the solution in a relationship 10 wt%
of PVP respect to LaF3 content. Subsequently, the suspension was concentrated using a rotary
evaporator (R-210 with vacuum pump V-700, Buchi) to reach a final concentration of 0.25 M.

To obtain the Nd3+ doped-20LaF3–80SiO2 sols, 14.5 ml of tetraethyl orthosilicate (TEOS,
Sigma Aldrich) and 13 ml of methyl-triethoxysilane (MTES, ABCR) were mixed and incorporated
to the corresponding amount of Nd3+ doped LaF3 suspension. Then, HCl was directly added
under continuous stirring to reach an homogenous sol.

3. Comparative study of OxGCs containing LaF3 prepared by MQ and SG

OxGCs containing LaF3 have been studied since the nineties due to their high RE solubility,
low phonon energy, and good thermal and environmental stability. Moreover, this fluoride is
quite suitable for hosting rare earth ions (RE), since La3+ has a similar ionic radius and valence



Research Article Vol. 12, No. 9 / 1 Sep 2022 / Optical Materials Express 3497

than other lanthanides used as dopants [60]. These properties convert LaF3 in a very attractive
fluoride for highly efficient glass-ceramics in optics. LaF3 is present in cubic (α) and hexagonal
(β) phases, the last being more stable [15]. In the last decades, many advances were published
on LaF3-OxGCs, with promising results. In this section, LaF3-OxCGs processing by MQ and
SG methods are compared, including the characterisation of products and efficiency of optical
behaviour.

3.1. Structural characterization

Dejneka [15] in 1998 prepared Eu3+-doped transparent LaF3 OxGCs by MQ with good optical
results. The authors have described the growth of LaF3 in an aluminosilicate glass that occurs
by annealing above the glass transition temperature (650°C). A first phase separation appears
with droplets enriched on La-Si; during the heat treatment; crystallization process proceeds with
multiple LaF3 crystallites growing inside each droplet. The authors have demonstrated that the
luminescence emission spectra of a Eu3+-doped LaF3- alumosilicate system turn more defined
for higher heat-treatment temperatures (around 675°C).

After the improvements revealed by Dejneka [15], T. Xu, Y. et al. [61] studied a composition
with less silica 40SiO2-30Al2O3-18Na2O-12LaF3 doped with 0.5-1% Pr/YbF3 by differential
thermal analysis (DTA). They assigned a crystallization peak around 610°C, this temperature
depending on the dopant amount, that affects the glass viscosity.

De Pablos-Martin et al. [17] and Gorni et al. [48], from GlaSS group, described the
crystallization kinetics of LaF3-OxGCs with composition 55SiO2–20Al2O3–15Na2O–10LaF3
(55Si10La) doped with 0.1–2 mol% NdF3. Figure 1(a) shows the differential thermal analysis
(DTA) at different heating rates for the base glasses. The exothermic peak in the range of 650
°C-750 °C is assigned to the crystallization of LaF3, being present from the heating rate of 10
°C/min. It was also observed a linear relation between glass transition temperature (Tg) and
concentration of dopant (black points in Fig. 1(b)) starting from 575 °C for 0.1%NdF3-55Si10La
up to 590 °C for a 2%NdF3-55Si10La, while the crystallization temperature (Tp) remains almost
stable (around 675 °C). The result of the evolution of Tg and Tp implicates a reduction of the
crystallization stability parameter (∆t=Tp-Tg) and a higher tendency to crystallization. The
effect of the dopant agrees with that reported by Chen, D. et al. [62], who argued that RE dopants
act as nucleating agents, favouring phase separation and increasing the viscosity of the glass.

Figure 2(a) shows a DTA/TG analysis for 0.1Nd3+-doped 55Si10La system obtained by MQ.
The crystallization peak (1) appears around 750 °C and the losses detected by thermogravimetric
analysis (TG) are attributed to residual fluorine losses in the amorphous matrix during the heat-
treatment. Gorni et al. [63] confirmed the presence of LaF3 as unique phase by X-Ray diffraction
(XRD) for 55Si10La (Fig. 3(a)), revealing an increment of the peaks intensity up to 5 h of
treatment and a further stabilization. This was also confirmed by the crystal size calculation,
with growth increasing during the first hours of treatment, further maintaining around 11 nm,
Fig. 3(c). Moreover, the authors reported that the crystal size decreases gradually when the
concentration of Nd3+ increases due to the higher density, involving a higher Tg, that delays the
crystallisation mechanism. Rietveld refinement calculation showed that crystal fraction varies
with changing the dopant content. A clear increase of crystalline fraction is appreciated above
0.5 mol% NdF3 (9.9 wt%) and, a stabilization or a slightly decrease of the crystal fraction (8.8
and 8.2 wt% crystalline fraction) is observed at higher concentrations of dopant (1 and 2 mol%).

Gorni et al. [48] confirmed the distribution of crystal size by HR-TEM revealing droplets
with medium size of 34.0± 0.4 nm (Fig. 4(a) and 4(d)); after a heat-treatment of 40 h at 620 °C,
LaF3 crystals of around 12 nm appear inside the droplets. The presence of the crystal planes
[111] and [113] corresponding with the d-space 0.33 nm (2θ= 27.5°) and 0.20 nm (2θ= 44.7°),
respectively, confirm the presence of LaF3 crystalline phase (JCPDS 00 032 0483). Figure 4 b
shows the EDX analysis performed for two adjacent nanoparticles (Fig. 4 c) with a red circle.
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Fig. 1. (a) DTA curves at different heating rates of the 0.1Nd3+-55Si10La glass prepared
by MQ and (b) Tg variation with Nd3+ concentration of the 55Si10La prepared by MQ with
heating rate of 10°C/min, (black points represents the Tg values and red points the Tp ones).
Adapted from [48], copyright (2017), with permission from Elsevier.

Fig. 2. DTA and TG results performed in air using a rate of 10 °C/ min for (a) 55Si10La
prepared by MQ at 1650 °C. The exothermic peak (a) of the DTA is associated to the
LaF3 crystallization, while the mass loss in the TG is attributed to fluorine losses. (b)
20LaF3-80SiO2 prepared by SG. The endothermic peak (1) is assigned to solvent removal.
The exothermic peaks (2) and (3) as associated to LaF3 crystallization and combustion
process, respectively. Adapted from [40], copyright (2018).
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Fig. 3. (a) XRD of 55Si10La GCs prepared by MQ at different treatment times (0-80
h) presenting LaF3 crystallisation for all times. Adapted to [48], copyright (2017), with
permission form Elsevier. (b) XRD of 80SiO2-20LaF3 sol-gel glass-ceramics treated at 550
°C from (0-80 h). Adapted from [40], copyright (2018) (c) Crystal size evolution for GCs
prepared by MQ (55Si10La) and SG (20LaF3-80SiO2).
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The points 1-2 and 3-4 delimit both nanoparticles, and yellow line indicated the scanning line.
EDX analysis of Fig. 4(b) shows a Si enrichment surrounded around the nanoparticles, which
hinders further crystal growth.

Fig. 4. HR-TEM images taken from (a) 55Si10La GCs prepared by MQ after a heat
treatment of 40h at 620 °C and its corresponding crystal size distribution, with a medium
size around 35 nm. (b) EDX of 55Si10La showing along two droplets containing several
crystals. (c) STEM image of the droplets presented in “b” in the EDX measurement where
the yellow line represent the scanning. Adapted fom [48], copyright (2017), with permission
from Elsevier. (d) 20LaF3-80SiO2 GC prepared by SG (classical route) heat-treated at
550 °C for 1min and the corresponding crystal size distribution with a medium size of
8nm. (e) 20LaF3-80SiO2 GC prepared by SG (new route) and its corresponding crystal size
distribution with a medium size of 16 nm. Adapted from [67], copyright (2020).

Gorni et al. [64] have also prepared OxGCs fibres from MQ glasses with composition 55Si10La
by single crucible method. The glass fibre was covered with a multilayer sol-gel coating deposited
by dip-coating and annealed at 450 °C/ 1 h to densify the SiO2 film. XRD results of bulk and
fibres samples permitted to identify a delay in the crystallization kinetics of the fibres that needed
much higher heat-treatment time (120 h) to achieve LaF3 crystals at 620 °C, this behaviour being
explained by the higher cooling rate of the drawing process. Crystals of 14-15 nm medium size
appears in fibres with similar shape of those obtained for bulk.

Although, the MQ results are very interesting, the main drawbacks of this process are associated
with the limitation of the crystal fraction that can be incorporated, along with the high temperatures
required. Sol-gel process appeared as a promising technique to solve these problems.

Our group [40] have studied the crystallization mechanism of Er3+-doped LaF3-SiO2 system
from a precursor xerogel.

Figure 2(b) shows the DTA analysis performed at 10 °C/ min in air atmosphere (Fig. 2 b) for the
OxGCs obtained by SG, together with the TG curve. Two weight losses are identified, the first one
corresponding to the solvent elimination. A big mass loss appears in the thermogravimetric curve
(TG) between 250 °C to 380 °C, indicating that the chemical reaction described in the Eq. (1) took
place together with the crystallization. In agreement with the TG curve, the first exothermic peak
(2) represented in the DTA curve is related to the crystallization of fluoride crystals. The second
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exothermic peak (3) (around 450 °C) is associated with the combustion process (Fig. 2 b). The
different behaviour observed in the DTA and TG for MQ and SG (Fig. 2), reveals two different
crystallization processes. For 55Si10La (MQ), a less intense peak accompanied with a slow mass
decrease is observed while in the SG sample a very clear and intense peak is observed, indicating
that the precipitation and a chemical reaction occur simultaneously. Many authors studied the
crystallization of LaF3 in sol-gel oxyfluoride glass-ceramics using long heat-treatments or high
temperatures (700 °C-1000 °C) and observing the precipitation of small LaF3 crystals together
with other co-precipitated phases. [65] For example, the crystallization of the LaOF along with
LaF3 takes place at temperatures higher than 600 °C. [66]

A significant processing change was introduced by Gorni et al. [40] in 2018, reporting that no
high temperature neither long sintering times are necessary to get suitable crystallization of LaF3
OxGCs. The crystallization of LaF3–SiO2 system was followed by DRX showing that increasing
temperature treatments lead to a re-dilution of fluorides in the matrix. Figure 3(b) shows intense
peaks of LaF3 achieved when samples are sintered at 550 °C for 1 min, while for longer heating
times, up to 80 h, no crystals are present. This study also permited to identify bigger crystals for
a one-minute heat-treatment with sizes decreasing when treatment time increases. Figure 3(c)
shows the decrease of crystal size for 20LaF3-80SiO2 sol-gel system as a function of time
treatment.

The different behaviour observed by DTA/TG and DRX in OxGC produced by MQ and
SG confirms that the crystallization mechanism is totally different. A diffusion-controlled
process with a nucleation step and a further growing of the crystals occurs in MQ, whereas in
sol-gel materials the crystallization process occurs through a chemical reaction that takes place
simultaneous precipitation of crystals. [40]

Gorni et al. [27] have calculated by Rietveld refinement the real crystal fraction of fluoride
phase of 80SiO2-20LaF3 sol-gel self-supported layers, resulted as high as 18 wt% of LaF3; this
is, up to our knowledge, the highest amount of active phase reported in literature.

Figures 4(d) shows the HRTEM images of self-supported layers of 20LaF3-80SiO2 OxGCs,
showing crystals of 8.0 nm after a heat-treated at 550 °C for 1 min and its corresponding size
distribution. This crystal size is smaller than the one found for MQ materials (around 12 nm).
Different from by MQ materials, where crystallization proceeds into the droplets formed during
the nucleation, OxGCs produced by sol-gel present individual and well differentiated crystals
homogenously distributed into the glass matrix.

Although, bulk or powder sol-gel samples present interesting optical results, thin films prepared
from the same sols show very low luminescence efficiency likely due to the too small crystal
size, around or below 2 nm [27,35]. The rapid densification of the silica matrix during the heat
treatment inhibits the crystals growth resulting in low efficient glass-like optical response. [27]
Many efforts are still needed to increase the crystal fraction and the crystal size in thin films
obtained through this method.

In last years, an alternative route has been proposed that consists on the incorporation of a
well-dispersed RE doped-NPs suspension into a sol-gel precursors solution. Cruz et al. [67]
reported the synthesis of aqueous LaF3 nanoparticles (NPs) suspension well dispersed in a SiO2
sol. LaF3-SiO2 xerogels were obtained and heat-treated 6h at 450°C to eliminate the organic
dispersant, polyvinylpyrrolidone (PVP) and densify the SiO2 matrix. The shape of the LaF3
NPs separated from the sol (Fig. 4(e)) obtained from the modified sol-gel synthesis is very
different compared to the previously MQ and SG synthesis reported (Fig. 4(a) and (d)). Elongated
nanoparticles, with an average size of 16nm were obtained.

Powders and thin films OxGCs have been prepared by this route with composition Nd3+-doped
20LaF3-80SiO2. XRD spectra confirmed the presence of LaF3 as only phase in thin films and
powders. Additionally, HRTEM analysis demonstrated that the incorporation of Nd3+-doped
LaF3 NPs into the silica sol doesn’t change their morphology either before or after heat-treatment.
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Table 1 summarizes the characteristics of the LaF3 nanoparticles obtained by the different
analysed methods as a function of synthesis process.

Table 1. Comparative of different hexagonal LaF3 OxGCs prepared by MQ and SG. Lifetimes were
obtained by exciting at 786 nm.

Process
Dopant

(nominal
mol.%)

mol.%
Active
phase

Shape of
nanoparticles

Medium size
of

nanoparticles
(nm)

τexp References
Room
Temperature

Low Temperature

MQ-bulk
0.1Nd3+ <10% Circular 11 604 µs 688 µs [48]

0.1Nd3+ <10% Circular 15 300 µs Not reported [71]

1Nd3+ <10% Circular 15 98 µs Not reported [48]

MQ-fibres
0.1Nd3+ <10% Circular 14-15 608 µs Not reported [64]

2Nd3+ <10% Circular 14-15 34 µs Not reported [64]
SG (TFA
route)-bulk 0.5Nd3+ 20% Circular 8 147 µs Not reported [68]
SG (TFA
route)-thin
film

2Nd3+ 20% Circular 2.5 45 µs Not reported [68]

3Nd3+ 20% Circular 2.5 41 µs Not reported [68]

SG (Pre-
crystallized

nanoparticles
route)-bulk

0.9Nd3+

(mol.%
respect
to LaF3)

20% Elongated 16 528 µs Not reported [67]

3.2. Optical characterization

The first studies about OxGCs with lanthanides have been done for LaF3, due to its low phonon
energy and high solubility of rare earth ions. The most important applications of these materials
focus on photonics and optical devices. Thus, it is crucial to compare the optical properties of
these GCs and the efficiency of each processing method depending on the final material.

In the case of MQ [48], the optical properties of the 55Si10La glass composition, described
in the section before, doped with 0.1-1 mol% NdF3 were characterized by site-selective laser
excitation along the 4I9/2→

4F5/2 absorption band. Gorni et al. [48] reported that it is possible
to obtain the emission spectrum of Nd3+ in LaF3 NCs by exciting at 786 nm. As it is shown
in Fig. 5(a), there is a strong difference in the 4F3/2→

4I11/2 spectra under 786 nm and 802
nm excitation. The emission obtained by exciting at 786 nm shows a well resolved spectrum
corresponding to Nd3+ in LaF3 NCs whereas under 802 nm excitation an inhomogeneously
broadened band similar to that of the glass sample is obtained. These spectra reveal that the Nd3+

is present in both crystalline and amorphous environments.
In order to minimize the spectral overlapping of the contributions from Nd3+ in the amorphous

and crystalline phases the authors measured the emission spectra of the same samples at 9 K,
enhancing the definition and sharpness of the peaks. As can be seen in Fig. 5(b) under 786 nm
excitation, the spectrum shows sharp peaks, one of then at 1039 nm which does not overlap with
the emission spectrum obtained at 802 nm. Under 802 nm excitation the spectrum is broader and
similar to the glass sample. The results confirmed that under 786 nm excitation the emission
corresponded to Nd3+ in the crystalline environment. The existence of two different environments
for Nd3+ ions in the GCs was also confirmed by decay time measurements performed under
excitation at 786 nm and 802 nm collecting the luminescence at 1039 nm and 1055 nm respectively
(Fig. 5(c)). The decay obtained by exciting at 786 nm is single exponential with a lifetime of 688
µs corresponding to Nd3+ in the crystal environment, whereas at 802 nm the lifetime was 336 µs.

Gorni et al. [48] reported the emission, and excitation spectra and lifetimes for higher dopant
concentrations and observed a clear decrease of the contribution of the Nd3+ emission in the



Research Article Vol. 12, No. 9 / 1 Sep 2022 / Optical Materials Express 3503

GC0.1 620ºC-40hT = 9K

0 1 2 3 4 5
Time (ms)

-12

-8

-4

Ln
I(t

)(
ar

b.
un

its
) �exc=786 nm

�em=1039 nm

�exc=802 nm

�em=1055 nm

(a) (b) (c)4F3/2�
4I11/2

�exc=802 nm
�exc=786 nm

GC0.1 620ºC-40h
T= 295 K

1010 1035 1060 1085 1110 1135
Emission Wavelength (nm)

0.0

0.2

0.4

0.6

0.8

1.0

In
te

ns
ity

(a
rb

.u
ni

ts
)

4F3/2�
4I11/2

�exc=802 nm
�exc=786 nm

GC0.1 620ºC-40h
T= 9K

1010 1035 1060 1085 1110 1135
Emission Wavelength (nm)

0.0

0.2

0.4

0.6

0.8

1.0

In
te

ns
ity

(a
rb

.u
ni

ts
)

Fig. 5. Normalized emission spectra obtained by exciting at 786 and 802 nm for the GC
55Si10La with 0.1NdF3 heat treated at 620 °C for 40 h corresponding to (a) 295 K, (b) 9 K
and (c) Semilogaritmic plot of the experimental decays from the 4F3/2 state obtained under
786 nm and 802 nm excitation at 9 K. Adapted to [48], copyright (2017), with permission
form Elsevier.

NCs together with a strong reduction of the lifetime from 688 µs to 98 µs when the concentration
increased from 0.1 to 1%NdF3. This behavior was attributed to the quenching generated by an
excessive amount of dopant in the NCs due to a high diffusion of Nd3+ ions from the glass matrix
to the LaF3 nanocrystals. Using Rietveld refinement and XANES analysis to calculate the crystal
fraction and the Nd3+ diffusion into the NCs, it was concluded that in the MQ samples doping
the batch with a nominal concentration of 0.1 mol% NdF3 results in an effective concentration of
around 1 mol% in the NCs.

A similar behaviour was observed for Nd3+-doped fibres OxGCs [64]. Lifetime measurements
of the 4F3/2 level at RT were performed under 786 nm excitation and a value of 608 µs was
obtained. This value is similar to the one obtained at RT in bulk GCs samples by MQ and slightly
lower than those measured at 9K probably due to thermal quenching.

The optical properties of Nd3+-doped LaF3 NCs were also studied in OxGCs prepared by
SG following the TFA route. As shown in Fig. 6, when exciting at 9 K with λexc= 786 nm, the
spectrum corresponding to the xerogel of 0.5Nd3+-20LaF3-80SiO2 [68] shows an unstructured
band, indicating an amorphous environment. Well-defined peaks appear related to the Nd3+ ions
in the nanocrystals after heat-treatment at 650 °C for 3 h, with the same excitation. Quenching
effect is observed when the dopant amount increases up to 3 mol% decreasing the lifetime of the
4F3/2 state from 147 µs (0.5%) to 18 µs (3%).

The OxGCs with Nd3+ doped- LaF3 NCs prepared by the pre-crystallized nanoparticles route
of sol-gel were characterized by Cruz et al. [67] The emission spectrum recorded at RT at
λexc= 786 nm of the LaF3 NPs doped with 0.9Nd3+ heat treated at 450° C for 6 h (Fig. 7(a))
presents sharp peaks for the 4F3/2→

4I11/2 transition indicating a crystalline environment. The
lifetime of these NPs taken from the semi-logarithmic plot of the experimental decay under
excitation at 786 nm collecting the luminescence at 1064 nm (Fig. 7(b)) shows a value of 528
µs similar to the one reported in literature for Nd3+ in LaF3 crystal (522 µs) [69]. After the
incorporation of the NPs to silica sol, a glass-ceramic with composition 0.9Nd3+–80SiO2:20LaF3
was obtained. The corresponding aerogel does not show any luminescence emission, likely due
to the presence of the organic dispersant (PVP). A heat treatment at 450 °C for 6 h has been done
to eliminate the PVP from the dried sol. The emission obtained spectrum (Fig. 7(c)) depicts
similar sharp peaks than those obtained from the heat treated nanoparticles, confirming that Nd3+

remains inside the NPs. The lifetime of 525 µs (Fig. 7(d)) is a further proof that NP maintain
their optical efficiency after their incorporation in the silica matrix. These results are significantly
different for those reported by MQ. Comparing the lifetimes obtained between MQ and sol-gel
samples (98 µs by MQ and 528 µs by sol-gel for a high Nd3+ concentration around 1 mol%.), it
is observed that the sol-gel samples are more efficient than the MQ. As mentioned before, the
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Fig. 6. Normalized emission spectra obtained at 9 K with λexc = 786 nm for 0.5 xerogel
and 0.5 and 3% Nd3+-20LaF3-80SiO2 GCs by SG. Adapted from [68], copyright (2018).

effective Nd3+ concentration in MQ samples is much higher than the nominal one, which leads
to concentration quenching.

Table 1 describes some characteristics of the LaF3 OxGCs doped with Nd3+ obtained by
MQ and SG together with the lifetimes obtained by exciting at 786 nm, corresponding to Nd3+

inside the nanocrystals. The lifetimes obtained under excitation at 786 nm by the pre-crystallized
nanoparticles route of SG are promising (528 µs), much higher than those obtained by MQ for
OxGCs with a similar Nd3+ concentration and analysed at 9 K with less active phase present (98
µs). (50) Other authors reported the optical properties of Nd3+ doped bulk OxGCs prepared by
MQ. For example, Yu, Y. et al. [70] reported the preparation of bulk GCs with LaF3 doped with
0.5Nd3+. The authors revealed a lifetime of 343 µs when exciting at λexc= 800nm. Others bulk
OxGCs obtained by MQ are listed in the Table 1. [71] These values obtained for bulk materials
by MQ are significantly higher than those found by TFA route of SG (147 µs). In the case of
the “pre-crystallized nanoparticles route”, the active phase fraction is similar to that of TFA.
The change in the morphology and/or size of the nanoparticles can justify this improvement.
In addition, a partial remain of RE ions in the matrix must be consider in the case of OxGCs
obtained by TFA route. Kumar Sharma et al. [72] described the effect of the morphology of the
host lattice on luminescence explaining that size, shape and surface defect play a vital role. Yang
et al. [73] reported that in RE-doped EuF3 nanoparticles, the emission found in nano-spindles is
stronger than that from nano-disks and nano-columns.

In the case of LaF3 nanocrystals in SG OxGCs, the particles with better efficiency are those
prepared by pre-crystallized nanoparticles route of SG, with an average size of 16 nm, elongated
shape and the nanoparticles found in OxGCs prepared by MQ, with medium size of 11 nm and
circular planar shape. Thus, the goal to improve luminescence response implicates to increase
the crystallinity of NP, control their morphology and identify further parameters responsible for
lowering the optical efficiency.
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Fig. 7. (a) Room temperature emission spectrum of 0.9Nd3+–LaF3 nanoparticles treated at
80 °C obtained under excitation at 786 nm and (b) semi- logarithmic plot of the experimental
decay obtained after excitation at 786 nm collecting the luminescence at 1064 nm. (c) Room
temperature emission spectrum of 0.9Nd3+–80SiO2:20LaF3 powder treated at 450 °C–6 h
and (d) its corresponding semi-logarithmic plot of the experimental decay under excitation
at 786 nm collecting the luminescence at 1064 nm. Adapted from [67], copyright (2020).

4. Comparative study of OxGCs containing KLaF4 prepared by MQ, SPS and SG

Another relevant GCs are those constituted for a double fluoride crystalline phase such as KLaF4.
This phase can be present into two different polymorphs with different symmetry: cubic (α) and
hexagonal (β). The most interesting phase in terms of optical efficiency is the β-KLaF4, with
a phonon energy of 260 cm−1. Cornelis et al. [74] studied different double halides crystals,
reporting that bigger ions such as K+ in comparison to Na+ lead to more stable crystals.

OxGCs with KLaF4 nanocrystals has been reported for the first time by the GlaSS group in
2013, processed by MQ [18]. In 2018, Cabral et al [47] reported the presence of both phases in
GCs doped with Nd3+ ions. In 2021, Cruz et al. [41] published for the first time OxGCs in the
system KLaF4 prepared by sol-gel and Babu et al. [33], by SPS technique. The following section
compares the MQ, SPS and SG from the structural and optical characterisation details of the
different final materials produced by these different techniques.

4.1. Structural characterization

de Pablos-Martin et al. [18,75] and Cabral et al. [47] prepared the composition 70 SiO2
–7Al2O3–16K2O–7LaF3 (70Si7LaK) doped with xTm3+ - yYb3+ (x= 0.2 mol% of Tm2O3 and y=
0.5 mol% of YbF3) and 0.1–2 mol% of NdF3 respectively. Cubic (α) KLaF4 nanocrystals were
achieved for treatments at 580- 660°C. The authors assume an increase of the crystal fraction for
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longer heat treatment, due to the more defined XRD peaks. Crystal sizes remain around 9 nm for
different heat-treatments, likely due to the high glass viscosity. Moreover, heat treatment at 600
°C and 660 °C permitted obtaining the hexagonal phase (β-KLaF4) to be obtained, Fig. 8. The
detection of β-KLaF4 at higher temperatures from 55 h, allows assuming that the crystallization
of this phase is not a polymorphic transformation, but derived from an earlier nucleation in the
glass matrix, needing more temperature to grow. The authors also report different crystal growth
rates for both phases, the crystallization kinetics of α and β phases being independent.

Fig. 8. XRD patterns for 0.5 mol%. NdF3 -70Si7LaK GC sample treated at 660 °C at
different times. (x): α-KLaF4, (+): β- KlaF4. Adapted from [47], copyright (2018).

Other important differences aroused from high definition XRD study of GCs 70Si7LaK doped
with 0.1 Nd3+ and 0.5Nd3+ treated at 590 °C– 90 h. Figure 9(a) and (c) shows XRD patterns of
0.1Nd3+ - 70Si7LaK and 0.5Nd3+ - 70Si7LaK. For both, the presence of the α-KLaF4 polymorph
is observed. Although, in the case of the 0.5Nd3+ sample, the presence of the β-KLaF4 polymorph
with a crystal size of 11 nm is more evident. These results are confirmed by HR-TEM images
(Fig. 9(b) and (d)), where the presence of two different d-space, 0.56 nm and 0.34 nm, indicate
that planes [100] and [111] corresponding with β- KLaF4 and α- KLaF4, respectively. A similar
study was performed on GCs doped 0.1 mol% Nd3+, which XRD patterns are depicted in Fig. 9(a),
where only few low-intensity peaks β- KLaF4 appear. The nanocrystals size corresponds to 9 and
11 nm for α- KLaF4 and β- KLaF4 polymorphs respectively. Only α- KLaF4 polymorph can be
detected by TEM, with d-spacing, 0.21 and 0.33 nm, corresponding to planes [220] and [111],
respectively.

GlaSS group also prepared KLaF4 OxGCs using SPS method [33]. The composition was the
same produced by MQ and doped with xNdF3 (mol%, x= 0.1, 0.5 and 1.0 mol%). SPS GCs
samples were sintered under vacuum conditions at temperature 700 °C, pressure 22 MPa and
holding time of 20 min. Although, the samples were protected with a platinum foil some signals
of carbon contamination remain. For particles sizes between 100- 63 µm, authors showed the
obtention of the most transparent samples as can be seen in Fig. 10.

The XRD patterns obtained at different holding times and particle sizes (Fig. 11) show
α-KLaF4 (JCPDS 075 2020) as the only phase present independently of dopant concentration. It
is demonstrated that crystallization and crystal size increase with increasing treatment-time and
precursor particle size.. This is due that large particle size that avoids the deposition of carbon in
the porous during the viscous sintering, as can be described in [33].
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Fig. 9. (a) and (c) show XRD patterns of GCs KLaF4 doped with 0.1 and 0.5 mol% of
Nd3+ respectively, at BM25- Spline of ESRF. (b) and (d) HR-TEM images showing a detail
of α and β crystals with the corresponding plane distance of the same samples, treated at
590 °C–150 h. Adapted from [47], copyright (2018).

(b) (c)(a)

Fig. 10. Comparative image between (a) MQ glass piece, (b) and (c) SPS-GCs
KLaF4:0.5Nd3+ obtained at 700 °C, 20 min with particle size x< 63 µm and 100< x< 63
µm respectively. Adapted from [33], copyright (2021), with permission from Elsevier.
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Fig. 11. XRD patterns of KLaF4 SPS GCs doped with 0.1 and 0.5 NdF3 starting from
different particle size powders and with different holding times of the SPS experiment at
700 °C. Adapted from [33], copyright (2021), with permission from Elsevier.

When comparing these results with those of similar materials prepared by MQ and sol-gel,
the most important issue is the absence of β- KLaF4 phase in SPS GCs samples. S. Babu et al.
[33] suggests that after longer treatment times, β- KLaF4 could be potentially achieved but this
eliminate one major advantages of SPS over other processing methods.

The structural characterization of these SPS GCs was complemented with HR-TEM. The
results confirm show that the average crystal size for the 0.5Nd3+ sample was 15 nm, very similar
to that obtained by XRD (not shown).

The phase KLaF4 has been also prepared by sol-gel method for the first time by the GlaSS
group [41]. Two compositions, 10KLaF4-90SiO2 and 20KLaF4-80SiO2 have been studied.
DTA analysis of 20KLaF4-80SiO2 system reveals a crystallization peaks around 300 °C, similar
to LaF3-SiO2 system. XRD were performed for both compositions, 10KLaF4-90SiO2 and
20KLaF4-80SiO2, for 1min at 550 °C, and also from 450 °C to 650 °C only for the composition
20KLaF4-80SiO2. For the lower content of crystal phase 10KLaF4-90SiO2, α- KLaF4 has
only appeared. Figure 12 shows the XRD evolution of 20KLaF4-SiO2 system as a function of
temperature, from 350 °C to 650 °C. Defined peaks of α- KLaF4 appear at 350 °C, while β-
KLaF4 (hexagonal phase) becomes the major phase over 550 °C. The crystal size was calculated
by XRD; α-KLaF4 nanocrystals increase with increasing temperature from 350 °C to 650 °C,
from 12 nm to 19 nm, maintaining stable for higher T. Although, the hexagonal phase maintains
a near constant size of 16 nm and 17 nm for 550 °C and 650 °C heat treatment. These results
were confirmed by HRTEM, finding a medium diameter of 16 nm for 20KLaF4-SiO2. The crystal
fraction of each phase for the GCs 20KLaF4-SiO2 treated at 550 °C for 1 min was also calculated
by Rietveld Refinement, obtaining 75% of crystalline phase corresponding to hexagonal (β)
KLaF4.
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Fig. 12. XRD patterns for GC sample 20KLaF4-80SiO2 treated at 350, 550 and 650 °C for
1 min. Adapted to [41], copyright (2021), with permission from Elsevier.

These results are quite different from those of MQ materials where α-KLaF4 is the predominant
phase. The crystal size obtained by SG is slightly similar than that obtained by MQ (9 nm and
11 nm respectively) and to those obtained by SPS for the same concentration (11 nm). From
these results it seems clear that SG represent a great advantage respecting to MQ and SPS for
preparing KLaF4 OxGC, since it permits obtaining the more efficient β-phase, as well as higher
contents of active crystal phase with suitable crystal size.

4.2. Optical characterization

Respect to the optical characterization, A. Cabral et al. [47] used site-selective laser spectroscopy
on KLaF4 GCs obtained by MQ, explained in the section before, showing that Nd3+ ions are
incorporated in both crystalline phases, α-KLaF4 and β-KLaF4. To avoid the overlapping of the
contribution of the Nd3+ both in crystalline and amorphous environment, the authors measured
the emission and excitation spectra and lifetimes at low temperatures (4.2 K). The 4F3/2→

4I11/2
emission spectra, shown in Fig. 13(a), of OxGCs with composition 70Si7LaK with 0.1 mol.%
Nd3+ were recorded under excitation at 792 nm and 801 nm (the excitation wavelengths assigned
to the β-KLaF4 and α-KLaF4 phases respectively based on the low temperature excitation spectra)
(49). Under 792 nm excitation, the spectrum presents a broad band, similar to those of a glass
environment confirming the very low contribution of Nd3+ in the β-KLaF4 NCs. A more defined
peak is obtained when exciting at λexc= 801 nm, as shown in Fig. 13(a). However, when the
content of Nd3+ was increased to 0.5%Nd3+, under both excitation wavelengths the spectra show
a sharp peak together with a structured band (Fig. 13(b)). This result indicates that when the
content of neodymium was increased from 0.1 to 0.5, the contribution of the β-KLaF4 also
increased. These results are in concordance to that obtained in XRD by Cabral et al. [47], shown
in the section before in Fig. 9.

Decay curves were recorded for 0.1, 0.5 and 1% Nd3+ GCs, at low temperatures (4.2K) exciting
the 4F5/2 level at 792 nm and 801 nm and collecting the luminescence at 1046 nm. Curves
recorded with the emission collected at 1046nm and excited at λexc= 801 nm reveal a lifetime
of 494 µs and 423 µs for the GC with 0.1 mol% Nd3+ and 1 mol% Nd3+, respectively. These
lifetimes values are associated to the α-KLaF4 phase which is the main crystalline phase for
these concentrations. Cabral et al. [47] reported than when the samples were excited at another
excitation wavelengths along the 4I9/2→

4F5/2 absorption band, the decay curves were deviated
from a single exponential function, due to the overlapping of the emission from the two crystalline
(α and β) and amorphous phases, and the lifetime values ranged between 535 µs and 466 µs for
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Fig. 13. (a) and (b) Low temperature (T= 4.2 K) normalized emission spectra obtained
by exciting at 792 nm and 801 nm for the OxGCs prepared by MQ 70Si7LaK with 0.1
mol% Nd3+ and 0.5 mol% Nd3+. Adapted from [47], copyright (2018). (c) and (d) Low
temperature (T= 4.2 K) normalized emission spectra obtained by exciting at 792 and 801
nm for SPS GCs doped with 0.1 and 0.5 mol% Nd3+ respectively. Adapted from [33],
copyright (2021), with permission from Elsevier. (d) and (e) Low temperature emission
spectra corresponding to the Nd3+ 4F3/2→

4I11/2 laser transition obtained under excitation
at 792 and 801 nm for the GC sample prepared by SG. Adapted from [41], copyright (2021),
with permission from Elsevier.

the sample doped with 0.1% and between 429 µs to 335 µs for 1% GC sample. In the case of the
GC sample doped with 0.5%, only under 792 nm excitation the decay was well described by a
single exponential function with a lifetime of 440 µs attributed to the lifetime of the β-KLaF4
crystalline phase.

On the other hand, Babu et al. [33] studied the optical properties of the samples prepared
by SPS, described before in the present work. The results confirmed the presence of Nd3+

ions in both crystalline and amorphous phases for 0.1 and 0.5 Nd3+ samples. The emission
spectra, recorded at 4.2 K, performed by exciting at 792 nm and 801 nm (Fig. 13(c) and (d))
showed the emission of Nd3+ in the α-KLaF4 phase as predominant. The low contribution of the
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hexagonal phase is confirmed by the spectrum obtained at λexc= 792 nm, which shows a broad
band similar to the glass sample with a small feature around 1046 nm, in agreement with the
structural characterization. In 0.5Nd3+ doped samples, the spectrum recorded under λexc= 792
nm, the excitation wavelength assigned to the β-KLaF4 phase, shows a sharp peak at 1046 nm
together with a structured band, similar to that reported by MQ. However, the intensity of this
peak is lower than those obtained in materials prepared by MQ, indicating a smaller amount of
beta phase in SPS samples. Under 801 nm excitation the spectra show similar features for both
samples with a narrow peak at 1047 nm (attributed to Nd3+ ions occupying α -KLaF4 crystalline
phase) together with a broad band. The lifetimes values obtained at low temperature (4.2 K)
for samples 0.1 and 0.5 Nd3+ were 475 µs (λexc= 792 nm) and 478 µs (λexc= 801 nm) for the
sample doped with 0.1% and 391 µs (λexc= 792 nm) and 403 µs (λexc= 801 nm) for the 0.5%
sample. In this case, due to the spectral overlap of the emission of both crystalline phases and the
predominance of α-KLaF4 phase in all samples, the authors cannot unambiguously conclude that
the lifetime obtained under 792 nm excitation corresponds to the β-KLaF4 phase.

Cruz et al. [41] also reported the luminescence behaviour of sol-gel 0.1Nd3+-20KLaF4-80SiO2
GCs prepared by TFA route and containing higher amount of hexagonal phase. The excitation
spectra of the emission at 1046 nm presents a sharp intense peak at 792 nm together with a less
intense and broader peak at 801 nm, also observed in MQ samples, confirming the presence of
both α and β KLaF4 phases. Figures 13(e) and (f), depict the emission related to excitation at
792 nm, with peaks well resolved and defined, losing definition when excited at 801 nm. This

Table 2. Comparison of different KLaF4 OxGCs prepared by MQ, SPS and SG (λexc (α-KLaF4)
801 nm, λexc (β-KLaF4)= 792 nm).

Process Crystal
phase

Dopant Active
phase
(mol%)

Shape of
nanoparticles

Average size of
nanoparticles
(nm)

τexp (Low temperature)

MQ-
Bulk

α-KLaF4
and
β-KLaF4

0.1 Nd3+ <10% Circular 9 and 11
respectively

494 µs
(λexc= 801
nm)

[47]

α-KLaF4
and
β-KLaF4

0.5 Nd3+ <10% Circular 20 and 11
respectively

440 µs
(λexc=
792nm)

[47]

α-KLaF4
and
β-KLaF4

1 Nd3+ <10% Circular Not reported 423 (λexc=
801nm)

[47]

SPS-
GCs-
bulk

α-KLaF4
and
β-KLaF4

0.1 Nd3+ <10% Circular 11 475µs (λexc=
792nm)

[33]

α-KLaF4
and
β-KLaF4

0.1 Nd3+ <10% Circular 11 478µs (λexc=
801nm)

[33]

α-KLaF4
and
β-KLaF4

0.5Nd3+ <10% Circular 15 391µs
((λexc=
792nm)

[33]

α-KLaF4
and
β-KLaF4

0.5Nd3+ <10% Circular 15 403 µs
(λexc=
801nm)

[33]

SG
(TFA
route)-
bulk

α-KLaF4
and
β-KLaF4

0.1Nd3+ 20% Circular 19 538 µs
((λexc=
792nm)

[41]

α-KLaF4
and
β-KLaF4

0.1Nd3+ 20% Circular 16 508 µs
(λexc=
801nm)

[41]
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different behaviour is probably due to a higher amount of β-KLaF4 phase, excited at λexc= 792
nm, respecting to α-KLaF4. Moreover, the lifetime obtained by SG for an excitation of 801 nm,
corresponding to α-KLaF4, was 508 µs, similar to MQ, 494 µs.

The results obtained for the three types of processing show that the highest β-phase content is
achieved by sol-gel.

Table 2 summarizes the results obtained by MQ, SPS and sol-gel for the OxGCs containing
KLaF4 as active phase (λexc (α-KLaF4)= 801 nm, λexc (β-KLaF4)= 792 nm). In the samples
obtained by MQ and SPS, the active phase is less than 10% while in samples obtained by
sol-gel process this active phase is between 10- 20%. For all processing methods the shape of
nanoparticles are circular and the presence of β-KLaF4 phase is observed. Nevertheless, for SPS
samples, the presence of hexagonal phase was too small to be correctly identified. By sol-gel is
possible to get larger crystals of β-KLaF4 phase than for MQ.

In conclusion, it can be said that in the case of needing the presence of a large amount of
β-KLaF4 phase in relatively short times, sol-gel processing is a great option. However, with
sol-gel is difficult obtaining bulk material, so if it is required the presence of β-KLaF4 phase
in a bulk melt-quenching is the option, although long times are required. On the other hand,
SPS requires shorter times, but the α-KLaF4 crystalline phase is dominant with this type of
processing.

5. General conclusion and perspectives

Transparent oxyfluoride glass-ceramics have been developed for the last decades with promising
results in their optical properties. The processing method by which these materials can be obtained
is determinant for their further application. Three different processes have been described in
this work, MQ, SPS and SG. Melt-quenching demonstrated to be the most suitable process for
preparing bulk and fiber OxGCs with high optical efficiency despite the uncontrollable content
of active phase due to the fluoride losses. As an alternative for the bulk OxGCs obtention, SPS is
being developed. Only few work of SPS has been reported, the results demonstrate that is suitable
for photonic applications as the lifetimes reported are encouraging, very similar to those obtained
by MQ with the same compositions. Improving the content of active phase, sol-gel appeared
as a suitable process for OxGCs bulk, powders and films. Compositions with more than 20%
of fluorides have been described and the optical results demonstrated the higher efficiency of
these materials. Although 20% it is considered as a high amount of active phase, it is necessary
to continue studying the incorporation of more content of fluorides into the glass matrix. In
addition, the pre-crystallized nanoparticle route described in this work is a promising method to
prepare OxGCs coatings but at the moment only a few articles have been published about it and
it is a challenge for the next years to go deep on this process. In this research the finding of an
appropriate dispersant and the design of a suitable heat treatment for the coatings would be the
most important goals.

All the OxGC materials obtained by MQ described in this article are suitable for preparing
preforms as precursors for drawing optical fibres, as well as substrates for waveguides written
using laser radiation. First attempts were successful and published in Refs. [25,76]. Further work
is in progress to identify the structural changes caused by the interaction of the glass-ceramic
with the laser and improve the quality of the waveguides.

On the other hand, it is well known that the addition of Ag ions can efficiently enhance
the luminescent properties in RE-doped glasses. Ag resides in the glass as isolated Ag+ ions,
molecular-line Ag nanoclusters, or Ag NPs with surface plasmonic resonance (SPR) absorption
bands [77–79]. In particular, the fluorescent enhancement of Ag NPs is due to the increase in the
electromagnetic field that surrounds them. The spectroscopic properties of these materials have
been studied in visible and near-infrared ranges [80,81] but not so much in the mid-infrared (MIR).
The MIR emission is particularly important because most molecules display a high absorption
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cross-section in this region and therefore these materials present promising applications in
chemical and biomolecular sensing and food-quality control [82]. An important goal is the
preparation of oxyfluoride transparent GCs containing Ag, Au and Pt NPs doped with RE ions
such as Eu, Nd, Er and Er/Yb to further enhance the luminescent response.

An important target is also to prepare new GCs by SPS; in particular, a main objective is to
employ SPS for processing glass matrix composites by mixing glass powder, obtained by MQ,
with NPs of fluoride phases obtained by SG. The glass matrix can either crystallize the same
fluoride phase of the incorporated NPs during the SPS experiment or remain amorphous. For
this purpose, various glasses from different glass systems, including not only oxyfluorides but
borosilicate or borate compositions, which present lower processing temperatures, are being
considered. A main advantage is that the amount of NPs to be incorporated and its crystallization
degree may be controlled. Moreover, the dopant concentration could only be present in the
SG-synthesized NPs and not in the glass matrix, avoiding emissions from the glassy phase.

This should be a more efficient method respecting to others preparing hybrid glasses, by
incorporating the NPs that are produced in the melted glass at high temperature (temperature
also dependent on the glass system) that lead to a significant dissolution of the particles [83,84].
The glass systems must necessarily present very low melting temperatures, such as phosphates,
borates or tellurites, to maintain particle integrity. SPS method and low processing temperatures
favour the preparation of transparent materials which maintain the structure and integrity of the
NPs and their localization in the more stable and refractory glass matrices. Additionally, this type
of processing will allow hybrid materials with crystalline lithium double fluorides to be prepared,
otherwise very difficult to obtain by the conventional glass-ceramic route. These double fluorides
may be obtained by the SG method, but the sintering process by SPS of these hybrid materials
needs important development to get optimised mixtures of glass powder and NPs prepared in wet
media, followed by drying and consolidation of the green pieces or layer of a certain thickness.
The various steps constitute a challenge for future investigations.
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