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Abstract 

Novel Er3+ doped transparent glass ceramics containing hexagonal Na(Gd,Lu)F4 nanocrystals 
were prepared from oxyfluoride glasses. The distribution of rare earth ions in the crystalline 
and glassy phase has been analyzed by X-ray diffraction and erbium luminescence decay 
kinetics measurement. A strong deviation of rare earth ion content in fluoride nanocrystals in 
comparison to the base glass has been observed. Preferential incorporation of Gd3+ over Lu3+ 
ions in the fluoride lattice leads to the stabilization of hexagonal Na(Gd,Lu)F4 structure and 
prevents the formation of cubic fluorite type solid solutions. A considerable enhancement of 
upconversion luminescence correlates with the formation of hexagonal solid solutions and is 
attributed to an efficient energy transfer between Er3+ ions.  

Introduction 

Transparent oxyfluoride glass ceramics are interesting composites that combine the good 
chemical and mechanical stability of oxide glasses with the excellent optical properties of 
fluoride crystals [1]–[3]. These materials are ideal hosts for rare earth (RE) ions – the low 
phonon energy of fluorides reduces the non-radiative relaxations.  

Among other RE ions, erbium is a widely investigated candidate for infrared to visible 
upconversion luminescence (UCL) processes due to favorable energy levels and long decay 
times of its excited states [4]. When introduced to different hosts, the UCL efficiency of 
erbium depends on its local environment. Significant efforts have been devoted to the 
investigation of erbium doped β-NaREF4 crystals because they have low phonon energy and 
low local symmetry of RE ions. Both of these factors contribute to a highly efficient UCL in 
the materials [5]. Several hexagonal NaREF4 compounds, such as NaLaF4 [6], β-NaGdF4 [7], 
[8] and β-NaYF4 [9] have been successfully precipitated also in aluminosilicate and 
borosilicate glasses.  

Some reports suggest that Er3+ doped β-NaLuF4 is a highly efficient host for the UCL and its 
efficiency can surpass other β-NaREF4 [10], [11]. Unfortunately, only its high temperature 
polymorph α-NaLuF4 has been obtained in the glass ceramics [12]–[14], although the UCL 
efficiency of RE doped β-NaREF4 materials is several orders of magnitude higher compared to 
α-NaREF4 [15].  

In aqueous solutions lutetium ions can be introduced in β-NaREF4 lattice by co-precipitation 
of Na(Gd,Lu)F4 solid solutions. In these metastable systems Gd3+ ions effectively stabilize the 
hexagonal structure [16]. A similar phenomenon has been observed in oxyfluoride glass 
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ceramics – the introduction of Gd3+ in Y3+ containing aluminosilicate glasses suppressed the 
crystallization of α-NaYF4 and a single phase hexagonal NaREF4 was formed [17]. The 
introduction of rare earth ions with different ionic radii can reduce the local symmetry of the 
optically active RE and is beneficial for the efficiency of the luminescence [18]. 

In this work new transparent oxyfluoride glass ceramics containing hexagonal NaREF4 
nanocrystals – a solid solution of Er3+ doped β-Na(Gd,Lu)F4 have been prepared. The effects 
of Lu3+ introduction into NaGdF4 lattice on the crystallization and upconversion luminescence 
of the glass ceramics are investigated. 

 

Materials and methods 

Glasses with molar composition of 17Na2O-7NaF-(8-x)GdF3-xLuF3-7Al2O3-61SiO2 (x=0-8) 
doped with 0.1 and 1 mol% Er3+ were prepared by melting of analytical grade raw materials. 
Batches of 9 g were melted in covered corundum crucibles at 1500⁰C for 30 min and casted in 
stainless steel molds. The high temperature melting leads to changes in the chemical 
composition of oxyfluoride glasses. The most notable effects are the corrosion of crucible 
material and decomposition or evaporation of fluorides. A slight increase of Al2O3 (less than 1 
mol%) can be detected indicating a rather insignificant corrosion of corundum crucibles. 
However, the fluorine concentration can vary considerably depending on the moisture content 
of the raw materials. The fluorine content in the glass plays a crucial role in the preparation of 
glass ceramics. An excess fluorine causes spontaneous crystallization during the melt 
quenching while significant fluorine loss can completely prevent the formation of 
nanocrystals. To obtain X-ray amorphous glasses and nanocrystalline glass ceramics, 
adjustment of Na2O and NaF ratio might be required.   

For the evaluation of RE content in glass ceramics, series of polycrystalline β-Na(Gd,Lu)F4 

were prepared using hydrothermal synthesis followed by a heat treatment. In a typical 
synthesis a mixture of RE nitrates (0.002 M) were prepared from appropriate amounts of 
Gd2O3 and Lu2O3 (99.99%) by dissolving in concentrated HNO3. The excess HNO3 was 
removed by evaporation. The obtained RE nitrates were dissolved in 5 ml of deionized water. 
A 10 ml of 2.5 M NaF solution was added under vigorous stirring. The pH of the resulting 
solution was adjusted to 7 with NaOH and the resulting solution was transferred to 25 ml 
Teflon-lined autoclave, sealed and heated at 200⁰C for 24 h. After the reaction, the system was 
allowed to cool to room temperature naturally. The resulting precipitate was separated by 
filtration and heat treated at 150⁰C for 1 h in He/F2 gas flow (90% He; 10% F2) followed by 
additional heat treatment at 550-650⁰C for 1h in Ar atmosphere. The resulting product was a 
single phase microcrystalline β-Na(Gd,Lu)F4. 

The differential thermal analysis (DTA) was performed with Shimadzu Corp. DTG-60. The 
powdered glass samples were heated in corundum crucibles at a rate of 10 K/min in Ar 
atmosphere. Al2O3 powder was used as a reference. 
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The glass ceramics were obtained by isothermal heat treatment of the precursor glasses. The 
glasses and glass ceramics are named according to the LuF3 content in base glass. 

X-ray diffraction (XRD) data were measured with PANalytical X’Pert Pro diffractometer 
using Cu Kα tube operated at 45 kV and 40 mA. The unit cell parameters of β-Na(Gd,Lu)F4 
solid solutions were calculated from XRD patterns using DICVOL [19]. 

The UCL was excited by pulsed solid state laser Ekspla NT342/3UV (pulse duration – 4 ns) 
and a temperature controlled continuous wave (CW) laser diode (λem=975 nm, variable radiant 
power up to 1000 mW) from Thorlabs. Luminescence spectra were measured by Andor DU-
401-BV CCD camera coupled to Andor SR-303i-B spectrometer. Luminescence decay times 
were measured by a photomultiplier tube (time resolution better than 20 ns) and digital 
oscilloscope Tektronix TDS 684A.  

Results and discussion 

 

Fig. 1. DTA curves of glasses with 0, 2, 4, and 6 mol% LuF3. 

Fig. 1. shows DTA curves of oxyfluoride glasses. The characteristic temperatures are 
summarized in Table 1.  

Table 1 
Thermal properties of oxyfluoride glasses. 

Sample Tg (⁰C) Tc1 (⁰C) Tc2 (⁰C) Tc3 (⁰C) Tm (⁰C) 
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0% LuF3 496 - 603 682 738 
2% LuF3 495 - 603 676 732 
4% LuF3 496 - 603 675 728 
6% LuF3 488 522 595 673 712 

 

DTA measurements reveal that all characteristic temperatures are rather similar for the glasses 
with 0 to 4% LuF3 and slightly shifted to lower temperatures for the glass with 6% LuF3.  

Glass transition temperature Tg of the glasses with 0-4% LuF3 lies at approximately 496⁰ C 
while for the glass with 6% LuF3 it is considerably lower (488⁰C). The first exothermic effect 
Tc1 can only be detected for the glass with the highest LuF3 content. This effect is attributed to 
the crystallization of an unknown phase. Two distinct partly overlapping exothermic effects 
present in all the samples appear at Tc2 and Tc3. According to the XRD data, Tc2 corresponds to 
the crystallization of hexagonal NaREF4 while Tc3 – surface crystallization of aluminosilicates. 
Tc3 is followed by an endothermic effect Tm associated with the partial melting of the base 
glass. The melting temperature of these glasses decrease with the increase of LuF3 content.  

The replacement of GdF3 with LuF3 should not lead to significant changes in the connectivity 
of the glass network, however, it does change the viscosity of the glass melt. There is limited 
information available about the effect of different rare earth ions on the viscosity of 
oxyfluoride melts, nevertheless the characteristic melting temperatures of lutetium fluorides 
are lower than those of gadolinium fluorides [20]. 
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Fig. 2. XRD patterns of glass ceramics with various LuF3 content (mol%) doped with 1% ErF3 

containing NaREF4 nanocrystals after heat treatment at 600⁰C for 2 h. Inset: photograph of 
respective glass ceramics. 

Glass ceramics samples were obtained after the heat treatment of the precursor glasses at 
600⁰C for 2h.  The glass ceramics with LuF3 content up to 6% contain only one crystalline 
phase – hexagonal NaREF4 solid solution (see Fig. 2). The average size of these nanocrystals, 
estimated using Scherrer equation [21], is 45±4 nm. The small size of β-Na(Gd,Lu)F4 crystals 
heat treated at 600⁰C for 2 h prevents light scattering, therefore these glass ceramics are highly 
transparent (see inset of Fig. 2).  

When the content of LuF3 exceeds 7%, additional crystalline phase emerges. The structure of 
this phase is similar to cubic NaREF4 solid solution, however there seems to be some splitting 
of plane (220) (2θ=47⁰). This could be caused by both the presence of secondary phase and 
distortion of the fluorite lattice. It should be noted that a complete replacement of GdF3 by 
LuF3 (8% LuF3 in the base glass) suppresses the formation of hexagonal NaREF4 in the 
investigated glass ceramics. 

The cubic fluorite type compound is observed in all NaF-REF3 systems except for LaF3 and 
CeF3 [22]. The chemical formula of this compound is often written as stoichiometric α-
NaREF4, however, it is a solid solution with variable Na/RE ratio and therefore it should be 
expressed as α-NaxREyF(x+3y). An increase of the time of the heat treatment reveals that the 
glass ceramics with high LuF3 content contain two cubic fluorite type phases – possibly, a 
mixture of two NaxREyF(x+3y) solid solutions with different Na/RE ratio. The region of 
formation of these solid solutions and the difference between the unit cell parameters of α-
NaxREyF(x+3y) with high and low Na/RE ratio increases from Pr3+ to Lu3+ [22], thus the 
crystallization of considerably different fluorite type solid solutions in Lu3+ containing systems 
becomes more probable. 

According to the DTA data presented previously (see Fig. 1), the crystallization of glass 
ceramics with high LuF3 content considerably differs from the glass ceramics with smaller 
LuF3 content. The XRD patterns of glass ceramics with 0 and 6% LuF3 heat treated for 2 h at 
different temperatures are compared in Fig. 3. 
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Fig. 3. XRD patterns of the base glass and glass ceramics with a) 0 and b) 6% LuF3 doped 
with 1% ErF3 after appropriate heat treatment. Unidentified metastable phase is marked by 

asterisk. 

Fig. 3 a) shows XRD pattern of base glass and glass ceramics with 0% LuF3 heat treated at 
various temperatures for 2 h. No diffraction peaks can be observed in the precursor glass 
indicating that it is X-ray amorphous. After the heat treatment sharp diffraction peaks emerge 
indicating the crystallization of hexagonal NaGdF4. When the temperature of the heat 
treatment is increased, the peaks become narrow and more intense indicating gradual growth 
of the fluoride nanocrystals. Similar trend has been observed in other β-NaGdF4 containing 
glass ceramics  [7], [8]. The average size of β-NaGdF4 varies from 30 nm (500⁰C for 2 h) to 
100 nm (700⁰C for 2 h) leading to the loss of transparency in the latter. However no 
significant scattering can be detected for samples heat treated in temperature range 500-600⁰C.   

The crystallization processes of glass ceramics with high LuF3 content are more complex. 
After the heat treatment at 500⁰C for 2 h a small fraction of β-NaREF4 with an unidentified 
compound (marked by asterisk in Fig. 3 b) isostructural to a phase observed in β-NaYF4 
containing glass ceramics [9] can be detected. The temperature increase up to 600⁰C leads to 
the formation of single phase hexagonal Na(Gd,Lu)F4. Further increase of the temperature 
favors the crystallization of cubic NaxREyF(x+3y). According to the equilibrium diagrams of 
NaF-REF3 binary systems, the temperature of polymorphic transition from hexagonal to cubic 
NaREF4 is considerably higher for NaGdF4 (850⁰C) than NaLuF4 (~600⁰C) [22], therefore the 
introduction of Gd3+ in the β-NaLuF4 lattice should extend the temperature range, in which the 
hexagonal phase can be precipitated. In the investigated glass ceramics samples the formation 
of high temperature α-phase can be detected only in the LuF3-rich samples. These results 
suggest that Gd3+ ions efficiently stabilize the β-NaREF4 structure in the glass ceramics.  

A slight XRD peak shift to higher angles with the increase of LuF3 content in the glass 
ceramics indicates a reduction of the interplanar distances and unit cell parameters, suggesting 
incorporation of ions with smaller ionic radii in the fluoride nanocrystals. In order to estimate 
the content of RE in the nanocrystals, a series of polycrystalline β-NaREF4 were prepared. The 
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unit cell parameters of the nanocrystals in the glass ceramics and polycrystalline solid 
solutions with variable GdF3/LuF3 ratio are presented in Fig. 4. 

 

Fig. 4. The change of the lattice parameters a and c a) in glass ceramics doped with 0.1 and 
1% ErF3 and b) polycrystalline β-Na(Gd,Lu)F4. 

A gradual decrease of lattice parameters for both glass ceramics and polycrystalline solid 
solutions can be detected indicating an incorporation of an ion with smaller ionic radius in the 
NaREF4 structure.  

The polycrystalline β-Na(Gd,Lu)F4 readily form solid solutions with unlimited solubility. A 
linear dependence of lattice parameters a=b and c on the LuF3 content is observed (see Fig. 4 
b). Both lattice parameters are larger for the glass ceramics than for the polycrystalline 
materials with the same LuF3 fraction, suggesting that the RE content in nanocrystals 
considerably differs from the theoretical estimation, which could be deduced from the rare 
earth fraction in the base glass. The ionic radii of Gd3+, Er3+ and Lu3+ for nine-fold 
coordination expected in β-NaREF4 lattice [23] are 1.107 Å, 1.062 Å and 1.032 Å, [24] 
respectively, therefore the changes in the unit cell can be explained by an incorporation of both 
Er3+ and Lu3+ ions in NaREF4 lattice. No significant difference of interplanar distances were 
detected for glass ceramics doped with 0.1 and 1% ErF3, probably due to a smaller deviations 
in ionic radii of Gd3+ and Er3+ ions. It can be concluded that the contraction of the unit cell 
with the increase of LuF3 content in the base glass is mostly due to the replacement of Gd3+ by 
Lu3+ in β-Na(Gd,Lu)F4 lattice.  

In oxyfluoride glass ceramics most of the RE ions are expected to be segregated in the fluoride 
crystals [1], [25], [26]. This is one of the greatest advantages of these materials, however the 
quantitative analysis of the RE distribution is a challenging task. In this study, the LuF3 
content in nanocrystals was estimated by the comparison of lattice parameters of 
polycrystalline solid solutions with the glass ceramics. The results are shown in Fig. 5. 
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Fig. 5. Theoretical and experimental LuF3 content in β-NaREF4 nanocrystals. 

The Lu3+ fraction in β-Na(Gd,Lu)F4 nanocrystals (experimental fraction) estimated from the 
XRD data considerably differs from the LuF3/(GdF3+LuF3) ratio in the base glass (theoretical 
fraction). In these glass ceramics only 45 mol% of Lu3+ can be incorporated in β-Na(Gd,Lu)F4 
lattice, which  is considerably lower than expected. The preferential binding of larger RE ions 
with fluorine have been observed in immiscible alkali aluminosilicate oxyfluoride melts [27]. 
Similar trend can be expected also in oxyfluoride glass ceramics. In fluorine deficient glasses 
RE (Gd3+ and Lu3+) ions are competing for fluorine environment. The larger RE ion (Gd3+) is 
the first to incorporate in fluorine environment, possibly acting as a nucleating agent. Only 
when the Gd3+ content in the glass is low, a considerable fraction of Lu3+ ions can take part in 
the formation of crystalline phase. This effect can also be applied to the Er3+ ions and the 
preferential incorporation in the fluoride nanocrystals should follow a trend: Gd3+>Er3+>Lu3+. 
However, no clear evidence could be obtained from the XRD data. 

In order to improve the crystallinity of Lu3+ containing glass ceramics, phase separated or 
partly crystallized Lu3+ oxyfluoride glasses are often prepared [12], [13], [28]. In the Lu3+-rich 
glasses investigated in the present study, the increase of the fluorine content by variation of 
Na2O/NaF ratio resulted in a spontaneous crystallization of the glass during the cooling and 
improved the crystallinity of the glass ceramics. Nevertheless, only the formation of cubic 
NaxREyF(x+3y) was detected and the precipitation of stoichiometric β-NaLuF4 nanocrystals in 
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these glasses was not successful.

 

Fig. 6. a) UCL spectra of β-Na(Gd,Lu)F4 glass ceramics with 0, 2, 4 and 6 mol% LuF3 doped 
with 1% ErF3 excited with 975 nm CW laser, b) energy level scheme of Er3+ and c) UCL 

intensity and red to green luminescence intensity ratio dependence on LuF3 content in glass. 

Fig. 6 a shows room temperature UCL spectra of glass ceramics with various LuF3 content. 
Under excitation at 975 nm CW laser three main emission bands of 520, 550 and 660 nm 
corresponding to 2H11/2→

4I15/2, 
4S3/2→

4I15/2 and 4F9/2→
4I15/2 transitions of Er3+ attributed to two 

photon upconversion are detected for all glass ceramics. In addition to these bands violet and 
blue three photon upconversion emissions from higher emitting states can be observed. All 
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these transitions are summarized in Er3+ energy level scheme (Fig. 6 b). A gradual increase of 
UCL intensity reaching a maximum at 3 mol% LuF3 in the base glass (corresponding to a 6 
mol% LuF3 in hexagonal nanocrystals) indicate that the formation of β-Na(Gd,Lu)F4 solid 
solutions can enhance the UCL efficiency (see Fig. 6 c). With the increase of LuF3 in the glass 
ceramics, a rise of red-to-green emission ratio due to increased cross-relaxation between Er3+ 
ions can be observed. The cross-relaxation rate depends on the distance between erbium ions. 
The cross-relaxation efficiency could be enhanced for two reasons: increase of erbium content 
in the nanocrystals or decrease of the average distances between rare earth ions due to the 
replacement of Gd3+ by Lu3+ leading to the contraction of β-Na(Gd,Lu)F4 lattice. The change 
of the red-to-green ratio is gradual but insignificant for the glass ceramics with β-NaREF4 
nanocrystals, however a considerable enhancement of the red emission can be observed with 
the formation of cubic NaxREyF(x+3y) fluorite type phase. From XRD pattern (shown in Fig. 2) 
one can see that the crystallinity of the cubic phase is low, which could increase the rate of 
non-radiative multiphonon relaxation or Er3+ ions from 4S3/2 to

 4F9/2 in glass matrix and 
contribute to the enhancement of the red emission. 

 

Fig. 7. UCL decay curves of Er3+ green emission (monitored at λem=540 nm, excited with 
λexc=978 nm) in β-NaREF4 containing glass ceramics doped with 1% ErF3. 

Fig. 7 shows the UCL decay curves of 4S3/2→
4I15/2 transition in the glass ceramics. With the 

increase of LuF3 in the glass composition a gradual decrease of the decay time of the green-
emitting state indicate an increase in cross-relaxation processes between Er3+ ions in β-
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NaREF4 nanocrystals. The possible cross-relaxation routes in similar Er3+ doped oxyfluoride 
glass ceramics were reported previously [29]. 

 

Fig. 8. Luminescence decay curves of Er3+ green emission (monitored at λem=540 nm, excited 
with λexc=488 nm) in glass ceramics with 0-6% LuF3 doped with 0.1% ErF3. Inset: enlarged 

initial part of the decay curves. 

 

Fig. 8 shows the luminescence decay curves of 4S3/2 state of Er3+ in the glass ceramics doped 
with 0.1% ErF3. The low Er3+ content prevents efficient cross-relaxation processes, 
nevertheless a decrease in the lifetime of the emitting state can be detected for the glass 
ceramics with LuF3>3 mol%. Both reduction of the average distance between the Er3+ ions due 
to the contraction of β-Na(Gd,Lu)F4 lattice and an increase of the Er3+ content in fluoride 
crystals can contribute to this effect. The luminescence decay for these glass ceramics can be 
described as a double-exponential function (see inset in Fig. 8) with two distinct decay rates – 
fast and slow. This behavior indicates the incorporation of Er3+ ions in considerably different 
environment. A fast luminescence decay suggests a higher non-radiative decay rates induced 
by non-radiative processes such as multiphonon relaxation or cross-relaxation. In order to 
determine the origin of the non-exponential behavior of these glass ceramics time-resolved 
luminescence spectra were measured.  
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Fig. 9. Time-resolved spectra of glass ceramics with 0.1% ErF3 corresponding to the fast (0-
0.002 ms) and slow (0.01-3 ms) components of luminescence decay excited at 488 nm. Inset: 

Fast and slow luminescence integral intensity ratio in glass ceramics. 

The results are presented in Fig. 9. The luminescence spectrum corresponding to the fast decay 
(0-0.002 ms) shows broad luminescence bands characteristic to the non-crystalline 
environment. The sharp luminescence bands detected at longer times (0.01 to 3 ms) suggest 
that the corresponding luminescence of Er3+ ions appears in the crystalline phase. The 
relatively high phonon energy of the glass matrix leads to rapid multiphonon relaxation to the 
lower emitting states shortening the lifetime of the green emission, while the Er3+ ions in the 
lower phonon energy crystalline environment favor the radiative decay. Thus, we can conclude 
that the fast component in the decay curves is caused by the luminescence of Er3+ ions in glass 
matrix and the slow component is the result of luminescence of Er3+ located in β-
Na(Gd,Lu)F4.  The comparison of the luminescence decay ratio of the fast and slow 
component can be used to qualitatively analyze the Er3+ fraction in glass and crystalline phase. 
An obvious increase of the relative intensity of the slow component with the increase of LuF3 
content up to 3 mol% can be observed in the insets of Fig. 8 and 9 suggesting an increase of 
Er3+ ion content in the crystalline phase. A further increase of the LuF3 content reveals a rise 
of the fast-to-slow luminescence integral intensity ratio. This phenomenon could be caused by 
the decrease of the Er3+ content in the crystalline phase, however it is highly unlikely due to 
the observed increase of the cross-relaxation rate in β-NaREF4 nanocrystals. The most 
probable explanation is the reduction of the integral intensity of slow component in 
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luminescence decay curves caused by cross-relaxation and as the result increasing the relative 
intensity fast and slow component intensity ratio.  

The results suggest that in the mixed rare earth oxyfluoride glasses preferential incorporation 
of rare earth ions with larger ionic radii plays an important role in the crystallization of the 
glass and has a significant impact on the UCL processes. The replacement of Gd3+ ions with 
Lu3+ leads to the increase of both Lu3+ and Er3+ content in the fluoride nanocrystals, 
decreasing the average distance between Er3+ ions and improving the energy transfer and 
cross-relaxation processes in these materials. 

Conclusions 

For the first time Er3+ doped transparent glass ceramics with hexagonal Na(Gd,Lu)F4 
nanocrystals has been prepared using melt-quenching and subsequent heat treatment. The Gd3+ 
ions are predominantly incorporated in the fluoride nanocrystals, effectively stabilizing the 
hexagonal structure and preventing the formation of cubic NaLuF4. An efficient upconversion 
luminescence of Er3+ ions has been observed under infrared excitation. With the increase of 
LuF3 content in nanocrystals a gradual decrease of unit cell dimensions and lifetimes Er3+ 
emitting states has been detected indicating a reduction of average distance between erbium 
ions in the nanocrystals. The most efficient upconversion luminescence has been detected for 
Er3+ doped β-Na(Gd,Lu)F4 glass ceramics with approximately 6 mol% LuF3 incorporated in 
the hexagonal lattice, however, the maximum Lu3+ ions concentration reaching 45 mol% could 
be obtained.  
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• New Er3+ doped glass ceramics with β-Na(Gd,Lu)F4 nanocrystals has been prepared. 
• The distribution of the rare earth ions in the material has been analyzed. 
• A preferential incorporation of Gd3+ ions in β-Na(Gd,Lu)F4 has been detected. 
• An enhancement of upconversion luminescence of Er3+ ions has been discussed.  
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