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A B S T R A C T   

We prepared four Er3+-Yb3+ co-doped oxyfluoride precursor glass (PG) samples with the same chemical 
composition at different melt-homogenization temperatures (Thomo), respectively, at the same melt-quenching 
rate. We investigated the effect of Thomo and heat-treatment (HT) on the crystallization, structure, and optical 
properties of the four samples. The results show that the structural heterogeneity in the PG sample increases with 
lowering Thomo, and this promotes phase-separation, and hence, formation of Ba2LaF7 crystals. Consequently, the 
light transmittance of PG samples is decreased, but the up-conversion (UC) luminescence is enhanced. Moreover, 
the crystallinity of the four PG samples was increased by HT, and this altered the light transmittance, and greatly 
enhanced the UC luminescence. The mechanism of these discovered phenomena was discussed in terms of 
structure and crystal evolution. This work provides an effective way to optimize the optical and photonic per-
formances of the rare earth doped oxyfluoride glass-ceramics.   

1. Introduction 

An oxyfluoride glass-ceramic (GC) is composed of both glass phase 
and fluoride crystals, and is produced by heat-treating its parent or 
precursor glass (PG) [1]. The PG is obtained by quenching its liquid state 
at a sufficient rate to bypass crystallization [2]. It was reported that the 
phase separation, e.g., the separation between the fluoride-rich and the 
aluminosilicate-rich phases in oxyfluoride glasses, could induce the 
formation of nanocrystals [3,4]. In other words, the fluoride crystals can 
be precipitated from the fluoride-rich phases in the PG via appropriate 
heat-treatment (HT). However, the growth of fluoride crystals in some 
oxyfluoride glasses is limited by the energy barrier for ionic diffusion in 
the liquid around crystals, and hence large crystals cannot be obtained 
[5–7]. It was reported that the small-sized fluoride crystals are difficult 
to accommodate more rare earth (RE) ions for optimizing optical 
properties for applications [1]. To achieve large-sized fluoride crystals 
in oxyfluoride glasses, some of the present authors recently designed 
numerous compositions, from which large fluoride crystals can be 

generated even during melt-quenching [8]. The thus-derived oxy-
fluoride glasses contained different kinds of fluoride crystals, such as 
NaLuF4, KTb2F7, and K3YF6 [9–11]. 

Compared with traditional oxyfluoride glass-ceramics (GCs), the 
melt-quenching derived oxyfluoride GCs have the following two ad-
vantages. First, the latter ones contain larger fluoride crystals with low 
phonon energy, which can accommodate more RE ions, and this gives 
superior optical performances [12]. Second, the preparation of such new 
types of GCs is simpler and more energy-saving since the HT procedure 
for traditional GCs can be skipped [13]. Thus, the melt-quenching 
derived GCs have potential to be used as high-performance optical 
materials. However, the origin of the formation of the fluoride crystals in 
the oxyfluoride glasses still needs to be further investigated. In partic-
ular, revealing the relations between structural heterogeneity, crystal 
formation and functionalities in glass is a key for designing new types of 
functional glass-ceramics [14–16]. In this work, we investigated the 
impact of structural heterogeneity and phase separation on fluoride 
crystal formation and optical properties by varying the 

* Corresponding authors. 
E-mail addresses: zhang-yanfei@hotmail.com (Y. Zhang), qiu@kmust.edu.cn (J. Qiu), yy@bio.aau.dk (Y. Yue).  

Contents lists available at ScienceDirect 

Journal of Non-Crystalline Solids 

journal homepage: www.elsevier.com/locate/jnoncrysol 

https://doi.org/10.1016/j.jnoncrysol.2022.121773 
Received 4 May 2022; Received in revised form 16 June 2022; Accepted 26 June 2022   

mailto:zhang-yanfei@hotmail.com
mailto:qiu@kmust.edu.cn
mailto:yy@bio.aau.dk
www.sciencedirect.com/science/journal/00223093
https://www.elsevier.com/locate/jnoncrysol
https://doi.org/10.1016/j.jnoncrysol.2022.121773
https://doi.org/10.1016/j.jnoncrysol.2022.121773
https://doi.org/10.1016/j.jnoncrysol.2022.121773
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnoncrysol.2022.121773&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Non-Crystalline Solids 593 (2022) 121773

2

melt-homogenization temperature (Thomo). We prepared the Er3+-Yb3+

co-doped Ba2LaF7 melt-quenching derived oxyfluoride PG and GC 
samples by quenching the glass melt from four different Thomo. To study 
the structural and morphological evolution of the PG and GC samples 
during crystallization, we utilized X-ray diffraction, Raman spectros-
copy and scanning electron microscopy on both the melt-quenched and 
the heat-treated samples. In addition, we detected the phase transition of 
the studied samples using differential scanning calorimetry. We deter-
mined the optical properties of the studied materials and identified the 
optimum Thomo for fabricating oxyfluoride GCs with high optical 
performances. 

2. Experimental 

The oxyfluoride PG and GCs with the molar composition of 45SiO2-

–15Al2O3–12Na2O-21BaF2–7LaF3–0.5ErF3–1.0YbF3 were prepared by 
the melt-quenching method. 10 g raw materials, each component of 
which has a purity of 99.99%, were mixed and put into an alumina 
crucible with a lid, and then melted and homogenized in a box-type 
furnace in air atmosphere at 1450, 1500, 1550, and 1590 ◦C, respec-
tively, for 45 min. Each melt was cast quickly onto a stainless-steel plate 
preheated at 300 ◦C. Subsequently, the obtained samples were annealed 
at 500 ◦C for 8 hours in a muffle furnace to release thermal stress and 
then cooled down to room temperature in the furnace. The above- 
derived samples were denominated as PG-1, PG-2, PG-3 and PG-4, ac-
cording to the melt-homogenization temperatures of 1450, 1500, 1550, 
and 1590 ◦C, respectively. The four PG samples (PG-1, PG-2, PG-3, and 
PG-4) were subjected to heat-treatment (HT) at around 1.07Tc1for 2 hrs. 
where Tc1 is the onset temperature of the first crystallization (Fig. 1), 
and accordingly the heat-treated samples were named HT-PG-1, HT-PG- 
2, HT-PG-3 and HT-PG-4. 

The studied samples were upscanned using differential scanning 
calorimetry (DSC, NETZSCH STA 449F3 Jupiter) at 10 ◦C/min in ni-
trogen atmosphere. X-ray diffraction (XRD) measurements were per-
formed to identify the crystalline phase by a powder diffractometer 
operated at 45 KV and 40 mA, using Cu-Kα as the radiation. The Raman 
spectra in the range of 175–1200 cm− 1 were obtained using a micro- 
Raman spectrometer (inVia, Renishaw) with a 532 nm green HeNe 
laser at room temperature. The microstructure of the samples was 
characterized by field-emission scanning electron microscopy (SEM, 
QUANTA 200) using a voltage of 30 kV. The chemical compositions of 
the samples were determined by the special aberration-corrected 
transmission electron microscope (ACTEM, FEI Titan Cubed Themis 
G2 300) equipped with High-Angle Annular Dark Field transmission 
electron microscope (HAADF-STEM) and selected area electron 
diffraction (SAED) at the voltage of 200 KV. The optical absorption 
spectra in the wavelength range of 275 to 1000 nm were acquired using 
a Varian Cary 50 spectrophotometer. The local structure in PG sample 
was characterized by performing the solid-state nuclear magnetic reso-
nance (NMR) experiments (Bruker Avance III HD 500 MHz spectrometer 
(11.7 T)) at 25 ◦C. 27Al magic angle spinning (MAS) NMR spectra were 
obtained at the resonance frequency of 130.2 MHz, operating with a 4 
mm MAS probe at a spinning rate of 12 kHz. The typical pulse length was 
0.83 μs (10◦ liquid flip angle). The relaxation delay was 0.5 s for all the 
samples. The chemical shifts of 27Al were referenced to Al(NO3)3 (1 M) 
aqueous solution. The UC luminescence spectra were recorded in the 
wavelength range from 500 to 700 nm using a HITACHI F-7000 fluo-
rescence spectrophotometer under the 980 nm laser excitation. 

3. Results and discussions 

3.1. Calorimetric analysis 

Fig. 1a and b show the DSC curves of both PG (PG-1, PG-2, PG-3, and 
PG-4) and the heat-treated PG (HT-PG-1, HT-PG-2, HT-PG-3, and HT- 
PG-4) samples, respectively, from which the glass transition 

temperature (Tg), the first and second onset temperatures of crystalli-
zation peaks (Tc1 and Tc2) and the first and second melting peaks (Tp1 
and Tp2) were determined (Table 1). It is seen that both Tg and Tc1 
slightly decrease with increasing melt-homogenization temperature 
(Thomo) for the PG samples prepared with temperatures up to 1550 ◦C. 
By further raising Thomo to 1590 ◦C, an increase of Tg and Tc1 is observed. 
The Tg decrease could be attributed to the depolymerization of the glass 
network since the fluoride crystallites break down at Thomo = 1550 ◦C 
and hence, the fluorine ions as modifiers dissociate the network. In 
contrast, the Tg increase could be ascribed to the increase of the network 

Fig. 1. Differential scanning calorimetry (DSC) output (arbitrary unit) of both 
PG samples (PG-1, PG-2, PG-3, and PG-4) (a) and the heat-treated ones (HT-PG- 
1, HT-PG-2, HT-PG-3 and HT-PG-4) (b). Tg: the glass transition temperature; Tc1 
and Tc2: the onset temperatures of the first and second crystallization peaks, 
respectively; Tp1 and Tp2: the temperatures of the first and second melting 
peaks, respectively. Hatched area: the crystallization enthalpies (ΔH) for the 
first exothermic peak. 

Table 1 
The onset temperatures (in ◦C) of the glass transition (Tg), the first and the 
second crystallization peaks (Tc1 and Tc2), and the first and the second melting 
peaks (Tp1 and Tp2) of both PG and the heat-treated PG samples, respectively.  

Samples Tg Tc1 Tc2 Tp1 Tp2 

PG-1 559 601 793 872 981 
PG-2 547 593 819 ~ 965 
PG-3 546 587 824 ~ 970 
PG-4 558 600 831 ~ 961 

HT-PG-1 591 637 758 877 950 
HT-PG-2 590 635 765 879 951 
HT-PG-3 578 633 772 870 963 
HT-PG-4 571 612 803 881 967  
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polymerization degree as fluorides (SiF4 and NaF4) escape from the 
melts at higher Thomo (1590 ◦C) and thus the number of bridging oxy-
gens increases [17]. In Fig. 1a, it is observed that Tc2 of PG samples 
increases with increasing Thomo, indicating that the secondary crystal-
lization needs higher temperature (i.e., higher kinetic energy) to be 
initiated. Increasing Thomo can help destroy some relatively ordered 
domains, that is, reduce the dynamical and structural heterogeneity in 
the melt, and thus increasing the energy barriers for nucleation to occur. 
This indicated that varying Thomo is an effective way to alter the crys-
tallization behavior of glasses. It should be noted that the first melting 
peak for PG-2, PG-3, and PG-4 samples might be hidden in the second 
crystallization peak (see Tp1), whereas the melting peak is observable in 
the curve of PG-1 sample. In contrast, Tp2 exhibits only a slight change 
with varying Thomo, meaning that the melting event is almost indepen-
dent of the melt- homogenization history. 

As shown in Fig. 1(b), both Tg and Tc1 of the heat-treated PG samples 
are higher than those of the corresponding PG samples. This is attributed 
to the fact that the fraction of the connected [SiO4] and [AlO4] tetra-
hedral units in the glass matrix increases upon heat-treatment (HT) 
owing to the precipitation of the Ba2LaF7 crystals. Thus, the network 
connectivity of the glass phase increases, thereby making both Tg and 
Tc1 higher [18]. The heat-treated PG samples exhibit lower Tc2 than the 
PG samples, implying that the second crystallization occurs more easily. 
Comparing the DSC curves of both PG-1 (Fig. 1a) and HT-PG-1 (Fig. 1b), 
it is seen that the first melting peak in PG-1 becomes stronger due to the 
further formation of Ba2LaF7 crystals upon HT. In addition, the first 
melting peaks of HT-PG-2, -3 and -4 samples appear during DSC upscans, 
indicating that Ba2LaF7 crystals are precipitated from the glass matrix 
upon HT. The crystal precipitation is also confirmed by the XRD results 
(Fig. 3b). Thus, Tp1 of the studied samples is the onset temperature of the 
melting of Ba2LaF7 crystals. Furthermore, each Tp2 value of the 

heat-treated samples is lower than that of the PG samples [19]. 
To study the first crystallization behavior of both PG and the heat- 

treated PG samples, the crystallization enthalpies (ΔH) are obtained 
by calculating the area of the first exothermic peak as shown in Fig. 1(a 
and b). The ΔH of PG samples decreases with increasing Thomo (Fig. 1a), 
implying that the glass stability preventing the first crystallization event 
increases. This suggests that the degree of structural heterogeneity de-
creases with increasing Thomo [20]. It is seen in Fig. 1b that the HT makes 
the first crystallization peaks much smaller for samples HT-PG-1 and -2, 
and even disappeared for the samples HT-PG-3 and -4. This means that 
the formation of Ba2LaF7 crystals is already completed in the samples 
with higher Thomo (i.e., in HT-PG-3 and -4) during isothermal HT, and 
hence, the first crystallization peak does not exist during the subsequent 
DSC upscans. In contrast, the formation of Ba2LaF7 crystals is not 
completed in the samples with lower Thomo (i.e., in HT-PG-1 and -2) 
during HT, and thus, the first crystallization peaks appear during the 
DSC upscans despite they are tiny. In other words, the heat-treated PG 
samples exhibit higher crystallinity than the original PG samples. 

To observe the crystallization event in PG samples, each sample was 
upscanned to 740, 700, 720, and 690 ◦C (above Tc1), respectively, three 
times at 10 ◦C/min equal to the subsequent cooling rate. The determi-
nation of Tg is shown in Fig. 2a-d, and the Tg values obtained from the 
first upscans are given in Table 1. It is seen that the first DSC upscan 
gives a lower Tg value than the second and third upscans, whereas the 
latter two upscans exhibit almost the same Tg. In addition, the area (i.e., 
enthalpy) of the first crystallization peak decreases with the number of 
DSC cycles and then remains nearly constant. This could be explained by 
the increased stability of the glass matrix after the crystal precipitation 
during the first upscan to Tmax. In other words, during the dynamic 
heating process, a large portion of F− , La3+, and Ba2+ ions are depleted 
from the glass matrix and then migrate to the existing Ba2LaF7 crystals 

Fig. 2. DSC output (arbitrary unit) of PG-1 (a), PG-2 (b), PG-3 (c) and PG-4 (d) samples by repeated scans to maximum scanning temperatures of 740, 700, 720, 690 
◦C, respectively, for three times at the heating and cooling rate of 10 ◦C/min. 
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for further growth and also to the structural domains where nucleation 
can easily occur [21]. However, during the 2nd and 3rd upscans, the 
remaining glass matrix will not crystallize since both thermodynamic 
and kinetic barriers for nucleation are quite large owing to the high 
network connectivity. 

3.2. Structural analysis 

Fig. 3a shows the XRD patterns of the four PG samples, where 
diffraction peaks are detected in PG-1, -2 and -3 samples, and become 
weaker with increasing Thomo. These peaks are attributed to the face- 
centered cubic (FCC) Ba2LaF7 crystal (PDF#48–0099) [9]. However, 
two weak broad humps appear for PG-4 sample, implying its glassy 
nature [3,22]. This suggests that the formation of Ba2LaF7 crystals can 
be suppressed since the structural heterogeneity in the glass melt is 
drastically reduced by increasing Thomo. Upon isothermal HT, the 
diffraction peaks of samples HT-PG-1, -2 and -3 become stronger. 
Interestingly, several weak peaks are observed for sample HT-PG-4, and 
they are ascribed to Ba2LaF7 crystals, indicating that HT leads to an 
increase of Ba2LaF7 content in PG samples [23]. 

Fig. 4a and b show the Raman spectra of both PG and the heat- 
treated PG samples, respectively, which are normalized by the in-
tensity of the peak at around 549 cm− 1. It is seen in Fig. 4a that the 
Raman peak at 269 cm− 1 becomes weaker and even disappears with 
increasing Thomo from 1450 to 1590 ◦C, i.e., for samples PG-1, -2, -3 and 
-4. The peak at 269 cm− 1 is ascribed to the stretching mode of Ba-F and 
La-F bonds in Ba2LaF7 crystals, confirming the existence of Ba2LaF7 
crystals in PG-1, -2 and -3 samples. The Raman peaks in the wavelength 
range of 388-691 cm− 1 are assigned to symmetric stretching vibration 
modes of the interconnected [Si(Al)O4] tetrahedra [24,25]. Specifically, 
the peaks at 425, 550, and 691 cm− 1 are associated with the symmetric 

stretch of 5-, 4- and 3-fold rings, respectively [26,27]. Interestingly, only 
two broad peaks at 474 and 720 cm− 1 appear in the spectrum of the 
sample homogenized at 1590 ◦C (i.e., sample PG-4), indicating the 
amorphous nature of PG-4 [28]. This implies that the structural het-
erogeneity in PG samples increases with decreasing Thomo, hence pro-
moting formation of Ba2LaF7 crystals. In addition, the symmetric 
stretching vibrational peaks are not detected in PG-4, indicating that the 
[Si(Al)O4] tetrahedra are not well interconnected [28]. 

To investigate the effect of HT on both crystallization and local 
structure of PG samples, the Raman spectroscopy measurements were 
conducted on the heat-treated PG samples (Fig. 4b). Compared to the 
Raman spectra of PG-1, -2 and -3 in Fig. 4a, the Raman peak at 269 cm− 1 

becomes stronger upon HT, indicating an increase of Ba2LaF7 crystal 
content, and this agrees with the XRD evidence (Fig. 3). Moreover, the 
weak Raman peak at 269 cm− 1 appears in HT-PG-4 sample, meaning 
that Ba2LaF7 crystals form upon HT. In addition, the Raman peaks 
related to the symmetric stretching vibration modes of [Si(Al)O4] 
tetrahedra also occur in HT-PG-4 sample, which are consistent with 
those of HT-PG-1, -2 and -3 samples. This indicates that the dissociated 
glass network containing [Si(Al)O4] tetrahedra is interconnected again 
in PG-4 upon HT, being confirmed by the increase of Tg. 

Fig. 5 shows the TEM images of samples PG-1, PG-4, HT-PG-1, and 
HT-PG-4. It is seen in Fig. 5a that flower-like Ba2LaF7 crystals are present 
in the glass matrix of PG-1, and their size increases upon HT. The dis-
tance between the adjacent fringes is determined to be 0.35 nm, which 
matches with the spacing of the (111) planes of Ba2LaF7 crystals. 
Furthermore, new spherical Ba2LaF7 nanocrystals emerge in HT-PG-1 
sample (Fig. 5c). The TEM image in Fig. 5b confirms the glassy nature 
of PG-4 sample since there are no distinct lattice fringes. Through HT, 

Fig. 3. (a) X-ray diffraction (XRD) patterns of PG-1, PG-2, PG-3, and PG-4 
samples, respectively. (b) XRD patterns of HT-PG-1, HT-PG-2, HT-PG-3, and 
HT-PG-4 samples, respectively. Bars represent cubic Ba2LaF7 crystal 
data (PDF#48–0099). 

Fig. 4. Normalized Raman spectra of PG (a) and the heat-treated PG (b) 
samples, respectively. Note: Raman spectra of PG-4 sample normalized by the 
maximum intensity; Raman spectra of other samples normalized by the in-
tensity of the peak at around 549 cm-1. 
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some ordered domains of about 10 nm (see the dashed circles) occur in 
glass matrix and exhibit the spacing of 0.35 nm between the (111) 
planes (Fig. 5d), indicating the formation of Ba2LaF7 crystals (Inset of 
Fig. 5d). 

To study the impact of both Thomo and HT on the heterogeneity and 
crystallization, SEM analyses were performed on samples PG-1, PG-4, 
HT-PG-1 and HT-PG-4 as shown in Fig. 6. Some flower-like Ba2LaF7 
crystals of about 200 nm (white domains) are uniformly distributed in 
PG-1 (Fig. 6a). In contrast, no crystals are detectable in PG-4 (Fig. 6b). 
This clearly indicates that increasing the homogeneity by elevating 

Thomo can suppress the formation of Ba2LaF7 crystals. In Fig. 6c and d, 
we can observe the influence of HT on the crystallization behavior of PG 
samples. For instance, when sample PG-1 is subjected to HT at 643 ◦C 
(1.07Tc1) for 2 hrs, flower-like Ba2LaF7 crystals grow up to 300 nm, and 
at the same time, tiny spherical Ba2LaF7 nanocrystals (about 15 nm in 
size) are precipitated from the glass matrix (see the image of HT-PG-1 in 
Fig. 6c). When the amorphous sample PG-4 is heat-treated at 642 ◦C 
(1.07Tc1) for 2 hrs, some spherical Ba2LaF7 nanocrystals of 10 nm in size 
are precipitated from the glass matrix of PG-4 sample (Fig. 6d) [29]. This 
crystallization behavior is also confirmed by the TEM results in Fig. 5. 

To reveal the effect of Thomo on the microstructures of PG samples, 
we performed the 27Al magic angle spinning (MAS) nuclear magnetic 
resonance (NMR) measurements (Fig. 7). It is seen that 27Al MAS NMR 
spectra of all the samples feature the main resonance at about 60 ppm, 
which is attributed to the four-coordinated aluminum (Al(IV)) [30]. In 
addition, the Al(IV) signal in PG-2, -3 and − -4 samples has the same 
chemical shift as PG-1, suggesting that the coordination environment of 
Al does not undergo detectable change with increasing Thomo. It was 
previously reported that Al3+ ions can be distributed both in the inter-
face regions and in the structural network to form [Al(O,F)4] and [Al 
(O)4] tetrahedra, respectively [31]. However, owing to the volatilization 
of fluorides (SiF4 and NaF) and the decrease of the size of fluoride-rich 
domains with increasing Thomo, some Al-F linkages in the interface re-
gions might be replaced by the Al-O linkages. This means that the co-
ordination environment of Al could be slightly altered though this 
change is not detectable in 27Al NMR spectra. 

3.3. Optical properties 

Fig. 8a and b show the light transmittance spectra in the range of 275 
to 1000 nm of PG and the heat-treated PG samples, respectively. The 
insets of the figures illustrate the change in transparency of the real 
samples. The light transmittance (%) spectra are derived from the op-
tical absorption spectra through the equation: 

Transmittance = 10

(

2− A
THK

)

(1)  

where A is the absorbance and THK is the sample thickness (in mm). 
Four main absorption peaks of Er3+ ions can be observed at around 378, 
486, 521, and 652 nm, which are attributed to the transitions from the 
ground state 4I15/2 to the excited states 4G11/2, 4F7/2, 2H11/2, and 4F9/2, 
respectively [17]. In addition to the above-mentioned peaks, an ab-
sorption peak at around 978 nm is seen in each transmittance spectrum, 

Fig. 5. ACTEM images of PG-1 (a), PG-4 (b), HT-PG-1 (c) and HT-PG-4 (d) 
samples, respectively. Note that the flower-like domains (PG-1), small dot re-
gions (HT-PG-1), and regions marked with dashed circles (HT-PG-4) present 
Ba2LaF7 crystals. 

Fig. 6. SEM micrographs of both PG and the heat-treated PG samples, (a) PG-1; 
(b) PG-4; (C) HT-PG-1; (d) HT-PG-4. For PG-1 and HT-PG-1, white flower-like 
domains and gray regions are Ba2LaF7 crystals and tiny spherical Ba2LaF7 
nanocrystals, respectively. HT-PG-4, small dot regions are new-formed Ba2LaF7 
nanocrystals, embedded in the glass matrix (large black areas). 

Fig. 7. 27Al magic angle spinning (MAS) NMR spectra of PG-1, PG-2, PG-3, and 
the PG-4 samples, respectively. (*) denotes spinning sidebands. 
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and it is associated with the transition of Yb3+ ions: 2F7/2 → 2F5/2. The 
light transmittance of PG samples increases with increasing Thomo 
(Fig. 8a), reaching the maximum value of around 95% (per mm) in PG-4 
sample. This is mainly because raising Thomo decreases the size of the 
Ba2LaF7 crystals and alters the chemical composition of the glass matrix. 
This reduces the differences in the refractive index (n) between the 
Ba2LaF7 crystal (1.54@588 nm) and the remaining glass matrix, thereby 
suppressing the light scattering and hence leading to the highest light 
transmittance [32]. 

Interestingly, the light transmittance of HT-PG-1 and HT-PG-2 sam-
ples is even higher than that of samples PG-1 and PG-2 although both the 
fraction and the size of Ba2LaF7 crystals increase upon HT. This anom-
alous phenomenon is in strong contrast to what is observed in traditional 
GCs [1]. This means that HT is an effective way to enable the n of glass 
matrix to match that of Ba2LaF7 crystals, and hence to reduce light 
scattering of the samples [33]. Contrarily, the light transmittance of 
samples PG-3 and PG-4 is lowered by HT, and therefore the heat-treated 
PG-3 and PG-4 samples are less transparent than the untreated ones. It 
was reported that n is proportional to density (ρ) for inorganic glasses 
[28,34,35]. The ρ values of the 8 studied samples are given in Table 2, 
demonstrating that ρ is lowered by HT. Thus, it can be inferred that the n 
value of glass matrix in the heat-treated samples decreases upon HT. 
Thus, the n differences between Ba2LaF7 crystals and the glass matrix for 

PG-1 and PG-2 become smaller after HT, but PG-3 and PG-4 exhibit the 
opposite trend. 

Fig. 9 shows the UC luminescence spectra in the wavelength range 
from 500 to 700 nm for the PG and the heat-treated PG samples, which 
are obtained by excitation of the 980 nm laser. The characteristic UC 
luminescence peaks at 521, 541, and 652 nm are attributed to the 
transitions from the excited states: 2H11/2, 4S3/2, and 4F9/2 to the ground 
state: 4I15/2 of Er3+ ions, respectively. It is seen that the UC luminescence 
intensity of PG samples decreases with the increasing Thomo (Fig. 9a and 
its inset) and the heat-treated PG samples exhibit higher UC lumines-
cence intensity than PG samples (Fig. 9b and its inset). In addition, these 
energy levels in the heat-treated PG samples are more strongly split than 
PG samples [36]. This behavior in heat-treated samples can be ascribed 
to the incorporation of more Er3+ ions into the low phonon energy 
environment in Ba2LaF7 crystals, reducing the probability of non-
radiative relaxation and thus enhancing UC luminescence [37]. 

By comparing the data in Fig. 8 with those in Fig. 3, we can find an 
effective way for designing glass-ceramics (GCs) with optimum lumi-
nescent behaviors, i.e., regulating both Thomo and HT conditions. As 
described above, the light transparency of PG samples increases with 
raising Thomo, and however, the UC luminescence becomes weaker. 
Based on these two opposite trends, we can tailor the optical and pho-
tonic properties of the GCs, depending on their application fields. If we 
want to achieve the highest UC luminescence effect (i.e., sample PG-1 in 
Fig. 9a) in an Er-Yb doped oxyfluoride glass-ceramic, we should fabri-
cate the precursor sample at the lowest Thomo (i.e., melting at 1450 ◦C), 

Fig. 8. Light transmittance spectra of PG (a) and the heat-treated PG samples 
(b), respectively. Insets: the optical photographs of the samples (maximum size: 
about 1 cm). 

Table 2 
Density (ρ) of PG and the heat-treated PG samples, respectively.  

sample PG- 
1 

PG- 
2 

PG- 
3 

PG- 
4 

HT- 
PG-1 

HT- 
PG-2 

HT- 
PG-3 

HT- 
PG-4 

ρ (g 
cm− 3) 

3.46 3.47 3.46 3.44 3.45 3.45 3.44 3.42  

Fig. 9. Up-conversion (UC) luminescence spectra. (a): PG samples (PG-1, -2, -3, 
-4); Inset: the dependence of UC luminescence intensity on Thomo. (b): The heat- 
treated PG samples (HT-PG-1, -2, -3, -4); Insets: the dependence of UC lumi-
nescence intensity on Thomo after HT. 
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but this sample exhibits the lowest light transmittance (Fig. 8a). How-
ever, if we desire to obtain the glass with both high light transmittance 
(Fig. 8b) and strong UC luminescent effect (Fig. 9b), we can subject it to 
a proper HT (see sample HT-PG-1). In other words, a proper HT can 
enable enhancing both light transmittance and UC luminescence. 
Depending on the application field of such GCs materials, an optimum 
combination between light transmittance and UC luminescence should 
be realized by controlling both the Thomo and the HT conditions. 

4. Conclusion 

Four Er3+-Yb3+ ions doped oxyfluoride precursor glass (PG) samples 
were prepared from the sample composition (45SiO2–15Al2O3–12Na2O- 
21BaF2–7LaF3–0.5ErF3–1.0YbF3) at four melt-homogenization temper-
atures (Thomo) (1450, 1500, 1550 and 1590 ◦C), respectively. The effect 
of Thomo on crystallization behavior, structural evolution and optical 
properties of the studied samples were studied by performing DSC, SEM, 
XRD, TEM and NMR characterizations and by conducting optical ana-
lyses. We found that the crystallization enthalpy (ΔH) corresponding to 
the first crystallization peak decreases with increasing Thomo, indicating 
a decrease of crystallization tendency in PG samples. This phenomenon 
could arise from a decrease of the fluoride-rich domains in glass melt, i. 
e., a decrease in structural heterogeneity. The light transmittance of PG 
samples increases with increasing Thomo. This is attributed to the 
decrease in both the fraction and the size of Ba2LaF7 crystals, and hence, 
to the lowered difference in the refractive index (n) between the Ba2LaF7 
crystals and the glass matrix. In addition, the Up-conversion (UC) 
luminescence of PG samples becomes weaker with increasing Thomo. 
Interestingly, the light transmittance of samples PG-1 and PG-2 samples 
increased upon heat-treatment (HT), whereas that of PG-3 and PG-4 
decreased. Moreover, the heat-treated PG samples exhibit higher crys-
tallinity and stronger UC luminescence than PG samples. Thus, this work 
provided an effective approach, i.e., the approach optimizing both melt- 
homogenization temperature and HT conditions, to develop the glass- 
ceramics with high optical and photonic performances for various 
applications. 
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