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ENGLISH SUMMARY

Traditional oxyfluoride glass-ceramics (GCs) are a kind of multiphase material that
contains fluoride crystallites embedded in the oxide glass matrix. These materials
have attracted much attention as superior candidates for active rare-earth (RE) ions.
Thus, a large number of optical applications based on RE ions doped oxyfluoride GCs
have been developed during the recent three decades. However, the optical
oxyfluoride GCs cannot achieve ultrahigh optical properties owing to the decrease of
the light transmittance and the small-sized (below 100 nm) fluoride crystallites after
heat treatment (HT). To overcome this limitation, this project aims to explore a new
type of high transparent oxyfluoride GCs, in which large-sized fluoride crystals can
be formed in the oxide glass matrix during quenching. The impact of chemical
composition, subsequent HT and melting temperature on the structure, crystallization
and optical properties of RE ions doped melt-quenching derived oxyfluoride GCs has
been thoroughly investigated.

The impact of network modifiers LaF3/La;O; ratio on the glass structure,
crystallization behavior, optical properties of Er’*-Yb’* doped melt-quenching
derived oxyfluoride glasses and GCs were investigated. It was found that the area of
the fluoride-rich phase in the phase-separated oxyfluoride glasses increases with
increasing the modifiers ratio, which was agreed well with the results of MD
simulations. This led to the decrease of crystallization activation energy of fluoride
crystals and resulted in the formation of around 200 nm sized flower-like BaLaF;
crystals in the oxide glass matrix. However, the optical transmittance of the studied
samples decreases with the increase of the ratio, whereas the Up-conversion
luminescence (UCL) increases.

Appropriate heat treatment (HT) above the glass transition temperature (7;) on the
translucent melt-quenching derived 7LaF samples was conducted based on the above-
mentioned results. Interestingly, the light transmittance of 7LaF samples increased
with increasing HT temperature, which is in contrast to common sense, where the
transmittance of oxyfluoride GCs lowered after HT. This anomalous phenomenon was
attributed to the fact that the refractive index (n) of the residual glass matrix
approaches that of Ba,LaF; crystals via HT, and thereby light scattering is minimized.
In addition, HT also enhanced the UCL of the studied samples. Thus, this HT strategy
could inspire other host materials.

The effect of four melting temperatures on the properties of four melt-quenching
derived oxyfluoride glass and GCs was investigated. It was found that the derived
sample became more heterogeneous with lowering the melting temperature, and this
enhanced the formation of Ba;LaF7 crystals. Consequently, the light transmittance of
the GCs decreased, whereas the UCL increased. Upon HT, the crystallinity of the
heat-treated samples was increased, leading to the enhancement of UCL and the



variation of light transmittance. Thus, glass properties can be tailored by a combined
approach, i.e., by varying both the melting temperature and HT.

The impact of YF3/LaFs ratio on the glass properties of the melt-quenching derived
oxyfluoride GCs was also investigated. It was found that a series of fluoride crystals
such as complex fluoride crystals and BaYFs crystals can be formed during quenching
via adjusting the composition. Additionally, the derived samples gradually became
transparent and the 3La4Y sample containing complex fluorite crystals exhibited the
highest UCL intensity. This indicated that it could be a more promising host material
compared with 7LaF sample. Furthermore, the temperature sensing performance of
the heat-treated 7YF sample was evaluated, the outstanding performances mean the
heat-treated 7YF sample is an excellent temperature-sensing material.



DANSK RESUME

Traditionelle oxyfluorid keramiske glas (GCs) er et multifase materiale som
indeholder fluorid krystalliter indlejret i en oxid glas matrix. Disse materialer har
tiltrukket meget opmarksomhed for deres evne til at inkorporere sjeldne
jordartsmetal (RE) ioner. P4 baggrund af dette har der i de seneste tre artier blevet
udviklet et stort antal af optiske teknologier baseret pa RE ioner. Dog kan optiske
oxyfluorid GCs ikke opnar ultrahgje optiske egenskaber pa baggrund af en sankelse
af optisk transmission. Dette tab forekommer af at varmebehandlingen (HT) og
krystalliternes sterrelse (mindre end 100 nm). For at overkomme denne begransning
vil dette projekt undersege en ny type af hej transmissions oxyfuorid GCs. Disse nye
GCs har store fluoride krystaller som bliver dannet i oxid glas matrixen under keling.
Effekten af kompositionen, HT og smeltning, pa strukturen, krystallisering og optiske
egenskaberne af RE ion dopet oxyfluorid GCs er blevet undersggt.

Effekten af LaF3/LayO; netverksmodifikator forholdet pé& glas struktur,
krystalliserings karakteristika, optiske egenskaber af Er**-Yb*" dopet oxyfluorid glas
og GCs blev undersggt. Det blev observeret at omraderet af den fluorid rige fase i
fasesepareret oxyfluorid glas eges med aget LaF3/La,0s forhold. Dette fund stemmer
godt overens med resultater fra MD-simuleringer. Dette medforte et tab i
aktiveringsenergien for krystallisering af fluorid krystaller og resulterede i formering
af 200 nm store blomster formet Ba,LaF7 krystaller i oxid glas matrixen. Den optiske
transmission faldt med @get LaF3/La,0s forhold, mens at op-konvertings luminescens
(UCL) steg. Passende HT over glasovergangstemperaturen (7;) af gennemsigtige
bratkelet 7LaF prover var udfert baseret pa de ovennavnte resultater.
Lystransmissionen af 7LaF proverne steg med eget HT-temperatur. Dette atypiske
feenomen er tilskrevet at brydningsindekset () af den resterende glasmatrix tilnaermer
sig brydningsindekset for Ba,LaF; ved HT og dermed minimeres lys spredningen.
Derudover ogede HT ogsa UCL af preverne. Dermed kan denne HT-strategi bruges
som inspiration for andre vertmaterialer.

Effekten af fire smeltetemperaturer pa egenskaberne af oxyfluorid glas og GCs blev
undersegt. Praverne blev mere heterogene ved lavere smeltetemperatur, hvilket ogede
formeringen af Ba,LaF; krystaller. Som konsekvens af dette faldt lystransmissionen
af GCs imens at UCL steg. Krystalliniteten steg under HT, hvilket medforte
forbedringen af UCL og variationen i lystransmission. Dette viser at glasegenskaber
kan tilpasses gennem en kombineret tilgang ved at variere bade smelte temperaturen
og HT.

Effekten af YFs/LaF; forholdet pa glas egenskaber af oxyfluorid GCs blev ogsa
undersogt. Ved at variere kompositionen af reaktanter er det muligt at danne fluorid
krystaller, eksempelvis komplekse fluorid krystaller og BaYFs krystaller, under glas
dannelsen. Preverne blev gradvist mere transparente og 3Lad4Y preverne der



indeholder komplekse fluorid krystaller udviste den hgjeste UCL styrke. Dette
indikerer at disse materialer er potentielt mere lovende vaert materialer sammenlignet
med 7LaF preven. Derudover blev varmefolings evnen af HT 7YF proven undersogt,
hvor dens enestdende egenskaber viser at HT 7YF preven er velegnet som
varmemalende materialer.
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CHAPTER 1. INTRODUCTION

1.1. BACKGROUND AND CHALLENGES

Rare earth (RE) ions doped oxyfluoride glass-ceramics (GCs) have been regarded as
promising optical materials for optical amplifiers (1), multicolor displays (2), up-
conversion (UC) fibers (3), random lasers (4), and optical thermometry (5) since they
were first reported by Wang and Ohwaki in 1993 (6). Although the characteristics
applications of RE ions doped oxyfluoride GCs are gradually getting mature,
advanced technologies and new types of oxyfluoride GCs are still being explored.

Droplet Phase S i g Phase

glass-ceramics

glass
[ B e n—
;o
phase separation

droplet agglomeration of crystals
surounded by a diffusion barrier

resdiual glassy phase X
containing phase separation 8
droplets with nano crystals

Scheme 1-1 The possible crystallization mechanism scheme in phase-separated oxyfluoride
glasses (left one) and two classical types of phase separation in oxyfluoride glasses (right one).
Figure Taken from Ref. (10)(12)

Oxyfluoride GCs are composite multiphase materials containing fluoride crystallites
and oxide glass matrix, where the fluoride crystals are embedded in the oxide glass
matrix (7). They are generally prepared by appropriately heat-treating the
corresponding oxyfluoride precursor glasses (PGs), which are formed by quenching a
liquid from above their liquid temperature to avoid crystallization (8). Compared with
oxyfluoride PGs, oxyfluoride GCs usually exhibit enhanced mechanical, thermal and
optical properties (9)(10). Therefore, the crystallization in oxyfluoride PGs has
undoubtedly become a key research direction. It is reported by Prof. Christian Riissel
in the previous studies (11) that the amorphous phase separation (12)(13), e.g., the
fluoride-rich and the aluminosilicate oxide-rich glass phases, would assist the
formation of fluoride crystallites in oxyfluoride PGs (14). In other words, the fluoride
crystallites can be precipitated from the fluoride-rich phases in the oxyfluoride PGs
via appropriate heat treatment (HT) (15). In addition, to understand and predict glass
structure and phase transitions of oxyfluoride PGs, Molecular Dynamics (MD)
simulation has been proposed and developed by Prof. Jincheng Du. Despite this, the
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physical and chemical properties of the separated glass phases have not yet been
conclusively determined, and the mechanism of crystallization in those phases
remains unclarified. Thus, it is necessary to combine experiments and MD simulations
to further clarify the relation between phase separation and crystallization.

On the other hand, many studies focus on the development of functional RE ions
doped oxyfluoride GCs for optical applications. Usually, large-sized fluoride crystals
and high transparency are vital for enhancing the optical properties of RE ions doped
oxyfluoride GCs. However, the growth of fluoride crystals in oxyfluoride PGs is
limited by diffusion barriers forming around crystals (16)(17). Thus, it is difficult to
precipitate large-sized fluoride crystals and obtain high fraction of fluoride crystals in
oxyfluoride PGs (18)(19). Furthermore, the optical transmittance of oxyfluoride GCs
is lower than that of their corresponding oxyfluoride PGs since the former has stronger
optical absorption and light scattering than the latter. According to the Rayleigh-Gans
theory (20), when crystallinity is relatively low and the size of the fluoride crystallites
is well below the wavelength of the incident light, the attenuation due to light
scattering is negligible (21). As a result, if the fluoride crystallites are less than 30 nm,
most of the oxyfluoride GCs will exhibit ultrahigh transmittance due to the limited
light scattering and absorption (7). However, both the optical absorption and light
scattering loss of oxyfluoride GCs increase rapidly with increasing the fluoride
crystallite size and the crystallinity, resulting in reduced light transmittance. On the
other hand, if the fluoride crystallites are too small, they cannot accommodate a large
amount of RE ions required to achieve high up-conversion luminescence (UCL)
efficiency (22)(23)(24). In the end, it is still a challenge to gain large-sized fluoride
crystallites, high crystallinity, and high transmittance in oxyfluoride GCs via HT. To
overcome this challenge, the melt-quenching derived oxyfluoride GCs, that is, the
desired fluoride crystals formed in the oxyfluoride PGs during quenching, are
explored by researchers (5). Thus, numerous melt-quenching derived oxyfluoride GCs
containing different fluoride crystals such as NaLuF4, KTb,F7, and K3YFg, have been
reported in recent years (25)(26)(27). However, this still cannot obtain aimed
oxyfluoride GCs after HT owing to low crystallinity and optical transmittance.
Therefore, the development of new types of oxyfluoride GCs with high transparency,
large-scaled fluoride crystals, high crystallinity has been attracting more attention in
recent years. Concerning the relation between amorphous phase separation and
crystallization, amorphous phase separation might be the key factor to design the
required oxyfluoride GCs for optical devices.

1.2. OBJECTIVES

This PhD project aims to investigate some puzzles that remained in oxyfluoride GCs,
such as the microstructure of melt-quenching derived oxyfluoride GCs and the
formation mechanisms of fluoride crystals in phase separation regions. More
specifically, this thesis focuses on adjusting the type of glass network modifiers in the
chemical composition to investigate the glass structure and crystallization behavior of
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the melt-quenching derived oxyfluoride GCs. Furthermore, this thesis also attempts
to regulate melting temperature and conduct proper HT to further understand their
relations. In short, by adjusting the chemical composition and subsequent HT to
minimize the differences in refractive index (7) between fluoride crystal and residual
glass matrix, an ideal optical host material with high transparency, high crystallinity
and large-scale fluoride crystals is found in this thesis. The main objectives of this
thesis are summarized as below:

* Formation of composition-dependent melt-quenching derived oxyfluoride glasses
and GCs

* Conduct HT on melt-quenching derived oxyfluoride GCs to enhance the optical
properties

* Increasing melting temperature to tailor melt-quenching derived oxyfluoride glasses
and GCs

* Adjusting the chemical composition to obtain different melt-quenching derived
oxyfluoride GCs

* Heat-treated oxyfluoride GC for the optical application of temperature sensing

1.3. THESIS CONTENT

This thesis contains five journal papers (two published papers, one submitted paper
and two papers in preparation). These five papers correspond to Chapter 3, Chapter 4,
Chapter 5 and Chapter 6. The papers listed below constitute the thesis content, which
will be referred to by their roman numerals:

I. Li, Z., Zhou, D., Jensen, L. R., Qiu, J., Zhang, Y., & Yue, Y., Er**-Yb*" ions doped
fluoro-aluminosilicate glass-ceramics as a temperature-sensing material. Journal of
American Ceramic Society, 104, 4471-4478 (2021).

II. Li, Z., Chen, C., Shen, W., Zhou, D., Jensen, L. R., Qiao, X., Ren, J., Du, J., Zhang,
Y., Qiu, J., & Yue, Y., Transformation from Translucent into Transparent Rare Earth
Ions Doped Oxyfluoride Glass-Ceramics with Enhanced Luminescence. Advanced
Optical Materials, DOI: 10.1002/adom.202102713 (2022) (in press).

II. Li, Z., Tan, L., Chen, C., Zhou, D., Jensen, L. R., Ren, J., Zhang, Y., Qiu, J., &
Yue, Y., The impact of melting temperature on the properties of rare earth doped
oxyfluoride glass/glass-ceramics (under review).
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IV. Li, Z., Chen, C., Zhou, D., Jensen, L. R., Qiao, X., Du, J., Zhang, Y., Ren, J., Qiu,
J., & Yue, Y., Impact of network modifiers on the formation of rare earth ions doped
melt-quenching derived oxyfluoride glass-ceramics (in preparation).

V. Li, Z., Zhang, K., Zhou, D., Jensen, L. R., Zhang, Y., Ren, J., Qiu, J., & Yue, Y.,
Impact of the LaF3/YF; ratio on the properties of rare earth ions doped melt-quenching
derived oxyfluoride glass-ceramics (in preparation).



CHAPTER 2. EXPERIMENTAL
SECTIONS

In this Chapter, sample preparation methods and the characterization techniques of
melt-quenching derived oxyfluoride glasses and GCs are presented.

2.1. SYNTHESIS

All the chemicals (99.99%) used for the synthesis are bought from the company of
Aladdin. All the samples were prepared from Kunming University of Science and
Technology by the author in this thesis. All the structures of samples were verified by
matching XRD patterns with simulated ones and reported ones.

2.1.1. COMPOSITION-DEPENDENT OXYFLUORIDE GLASSES AND
GLASS-CERAMICS

The composition-dependent oxyfluoride glasses and GCs were prepared by a
traditional melt-quenching method (28). The molar compositions of composition-
dependent samples are 45Si0,-15A1,03-12Na,0-21BaF,-(7-x)La,03-xLaF3-0.5ErFs3-
1YbF; (x= 0, 2, 4, 6 and 7, respectively) and 45Si0,-15A1,03-12Na,0-21BaF,-(7-
x)LaF3-xYF3-0.5ErF3-1YbF3 (x= 0, 2, 4, 6 and 7, respectively). In detail, 10 g raw
material for each sample was mixed in proportion and put into an alumina crucible
with a lid, which was heated in a muffle furnace under air atmosphere to 1450 °C for
45 min, respectively. Then each melt was cast quickly onto a steel plate preheated at
300 °C. Subsequently, to remove the permanent thermal stress, each PG sample was
annealed at 500 °C for 8 hours and then slowly cooled down to room temperature
inside the furnace. Then all the studied samples were cut into small pieces and
polished for property characterizations.

2.1.2. MELTING TEMPERATURE-BASED OXYFLUORIDE GLASSES
AND GLASS-CERAMICS

Melting temperature-based samples with the molar composition of 455i0,-15A1,0;-
12Na,O-21BaF,-7LaF3-0.5ErF3-1.0YbF; were also prepared by a melt-quenching
method. 10 g of the powdered mixture was melted in an electric furnace in air at 1450,
1500, 1550, and 1590 °C, respectively, and kept for 45 min. Then each melt was
quickly cast onto a heating plate at around 300 °C. Afterwards, each as-cast glass was
annealed at 500 °C for 8 hours and slowly cooled down to room temperature inside
the furnace. Then all the studied samples were cut into small pieces and polished for
property characterizations.
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2.2. CHARACTERIZATION METHODS

The author performed most of the experiments and analyzed all results in this thesis.
A co-author contribution is presented in the relevant sections if the experiments or
characterizations were not conducted by the author independently.

2.2.1. X-RAY DIFFRACTION (XRD)

XRD patterns were obtained by using PANalytical X-ray diffraction meters in
Aalborg University with Cu Ka (A= 1.5406 A) radiation during the range of 10 <26
< 90° with a step size of 0.013°. All samples were finely grinded before measurement.
Standard Powder Diffraction File (PDF) cards of the corresponding crystal structures
were obtained from the software Jade 6.5.

2.2.2. DIFFERENTIAL SCANNING CALORIMETRY (DSC)

DSC measurements were performed on a Simultaneous Thermal analyser (STA) 449
F1 Jupiter (Netzsch, Germany) in Aalborg University. Pt/Rh crucibles were used for
both samples and the references. The sample mass was normally about 30 mg. The
direction of the enthalpy release, i.e., exothermic direction, points downwards in all
figures in this thesis. All samples were scanned at 10 °C/min and heated from around
30 °C to target temperature (900 or 1000 °C) under Argon ambiance. Baselines were
collected within the same temperature range and under same temperature rates before
each test.

2.2.3. RAMAN SPECTROSCOPY

Raman spectra were obtained from a Micro-Raman spectrometer (inVia, Renishaw)
within the range from 200 to 2000 cm'. All samples were excited by a 532 nm green
laser and a typical power of 0.1W was used to record the Raman shift. All samples
were tested two times for error reduction.

2.2.4. ULTRAVIOLET-VISIBLE (UV-VIS) ABSORPTION
SPECTROSCOPY

UV-VIS absorption spectra within 200-1000 nm were collected from a UV-VIS
spectrophotometer (Varian Cary 50) at Aalborg University. Baselines were collected
from ambiance for each test. The real spectra were obtained by subtracting the
baseline from each original one.
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2.2.5. MOLECULAR DYNAMICS (MD) SIMULATIONS

Glass microstructures of the most samples were simulated by our collaborator
Jincheng Du from University of North Texas, US. The DL POLY 2.20 package with
a set of partial charge pairwise potentials with the form of Buckingham was used in
investigating the structures and phase separation of several oxyfluoride glass systems
(29). La*" ions were used for representing Er** and Yb3" ions in the glass composition.
All the atoms were contained in the simulation bulk. The input density was
theoretically calculated, and the method was described in the previous publications
(29). Further details of MD simulations of oxyfluoride glasses can be found in their
recent papers (30)(31)(32).

2.2.6. SCANNING ELECTRON MICROSCOPY (SEM)

Field-emission SEM images were acquired from a QUANTA 200 SEM, Zeiss EVO
60 SEM and a Zeiss Gemini SEM 500 with both secondary electron imaging and
backscattered electron imaging modes in Alborg University, Qilu University of
Technology and Kunming university to investigate the morphology of samples.
Before the SEM measurements, most samples were etched in 7% HF solution for 20-
25 s. Then all the samples were vacuum dried at 120 °C and then pasted onto the
conductive gel before testing.

2.2.7. TRANSMISSION ELECTRON MICROSCOPY (TEM)

TEM photos of some samples were collected from a special aberration-corrected
transmission electron microscope (ACTEM, FEI Titan Cubed Themis G2 300)
worked at the voltage of 200 KV. In addition, this TEM is equipped with energy-
dispersive X-ray spectrometer (EDS), high-angle annular dark-field scanning TEM
(HAADF-STEM) and the selected area electron diffraction (SAED). TEM
measurements of bulk samples were conducted in Zhongke Kefu Technology
Company, while powder samples were measured at Kunming University of Science
and Technology. Powder samples were dispersed in ethanol and ultrasonicated for 30
min, and then drop cast to copper mesh before TEM measurements. Bulk samples
were prepared via the ion-beam milling Technique.

2.2.8. SOLID-STATE NUCLEAR MAGNETIC RESONANCE (NMR)

Solid-state NMR measurement was conducted by our collaborator Jinjun Ren, who is
from Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences.
All details of NMR measurements for '°F and ?’Al can be found in Paper II. To probe
the distribution of the RE ions in the studied samples, we conducted the '**La NMR
measurements. The static spectra of '3°La were obtained at 71.2 MHz via the wideband
uniform-rate smooth truncation-Carr-Purcell-Meiboom-Gill (WURST-CPMG)
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technique. Further details of NMR measurements for '3°La can be found in their
papers (33)(34).

2.2.9. REFRACTIVE INDEX (n)

n was measured at various wavelengths by KALNEW Precision Refractometer KPR-
2000 at 25 °C in Shanghai Institute of Optics and Fine Mechanics, Chinese Academy
of Sciences. All the samples were cut into the shape that two adjacent edges are 90
degrees and polished for » measurements.

2.2.10. UP-CONVERSION LUMINESCENCE (UCL)

The UCL spectra were measured by using a HITACHI F-7000 fluorescence
spectrophotometer, which was conducted at Kunming University of Science and
Technology. The wavelength range is 500-700 nm and all samples were excited by
980 nm laser diode (LD) (excitation power was 0.5 W and the slit was 1 nm).

2.2.11. FLUORESCENCE DECAY LIFETIME

The lifetime measurements were carried out using the method described in Ref. (35)
The UC photoluminescence decay curves of both P-GC and the P-GC sample heat-
treated at 680 °C for 4 hours were recorded by FLSP-980 spectrophotometer
(Edinburgh Instruments Ltd., Edinburgh, UK), and the excitation source was 980 nm
laser with the frequency of 500Hz.



CHAPTER 3. OXYFLUORIDE GLASSES
AND GLASS-CERAMICS WITH
VARYING LA203/LAF3; RATIO

It is known that glass network modifiers, especially alkali earth metal oxide or
fluorides such as Na,O, BaF», La,O3 and LaF3, can break bridging oxygen (BO) bonds
in [SiO4] and [AlOs] tetrahedra and form non-bridging oxygen (NBO) bonds, thus
lowering glass network connectivity and resulting in different microstructures. In
addition, glass network modifiers also can induce the formation of amorphous phase
separation, which could reduce the crystallization activation energy to form fluoride
crystals. Therefore, we first investigate the impact of different chemical compositions
on the glass structure of melt-quenching derived oxyfluoride glasses or GCs. The
studied molar compositions are 45Si0,-15A1,03-12Na,0-21BaF,-(7-x)La,O3-xLaF;-
0.5ErF3-1YDbF;3 (x=0, 2, 4, 6 and 7, denominated as OLaF,2LaF,4LaF, 6LaF and 7LaF,
respectively). This Chapter is mainly based on Paper IV, in which all the detailed
information about the preparation, characterization and optical performances of the
melt-quenching derived oxyfluoride glasses or GCs could be found.

3.1. CHARACTERIZATION OF MELT-QUENCHING DERIVED
OXYFLUORIDE GLASSES AND GLASS-CERAMICS

3.1.1. GLASS STRUCTURAL ANALYSES

PDF#48-0099: Ba,LaF,| (b) | 268

T

c s
g R
& o S T8 § @& -
|y 283 8§38 |3 I N
P - N b ] i N
> LaF| & g Pl
2 L e il Z 2| SN
@ o} i N
2 : N
% LJ 1oy _4laF| €
i 2laF / 2LaF
oot

oLaF m

20 30 40 50 60 70 80 90 200 400 600 800 1000 1200
26(°) Raman shift (cm™)

Figure 3-1 (a) XRD patterns and (b) Raman spectra of OLaF, 2LaF, 4LaF, 6LaF and 7LaF
samples, respectively. Figure adapted from Paper IV.
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To obtain the structural information on medium-range order inside the studied
samples, XRD analysis is conducted and the XRD patterns of OLaF, 2LaF, 4LaF, 6LaF
and 7LaF samples are shown in Figure 3-1a. For the XRD patterns of OLaF and 2LaF
samples, no distinct diffraction peak appears instead of two weak and broad humps,
which belongs to the characteristic diffraction peak of oxyfluoride glasses reported in
the previous study (36). This means both OLaF and 2LaF samples are melt-quenching
oxyfluoride glasses. With increasing LaF3 content from around 4% to 7%, ten obvious
diffraction peaks located at 25.5, 29.5,42.2,49.9,52.3,61.1,67.3,69.4, 77, and 82.7°
are observed in the XRD patterns. In addition, both the peak positions and relative
intensities match well with the standard face-centered cubic (FCC) BaLaF; crystal
(Powder Diffraction File (PDF)#48-0099) (25)(36), which indicates that Ba,LaF;
crystals take place during the quenching process. Thus, it is confirmed that melt-
quenching derived oxyfluoride GCs form with increasing the content of LaF; by the
XRD results. Noting that, owing to the substitution of the smaller sized Er** and Yb**
ions for larger La>" ions via entering Ba,LaF; crystals, it leads to the shrinkage of the
BasLaF7 unit cell (36) and the peak position slightly shifts to the larger angle
compared with the standard PDF card of Ba;LaF7 crystal. Furthermore, it is seen from
the full width at half maximum (FWHM) of XRD peaks that the average size of
Ba,LaF7 crystals in studied samples increases with increasing the content of LaFs,
which also can be calculated by the Debye-Scherrer equation (37)(38).

Figure 3-1b shows the Raman spectra of the studied samples. It is found that the
Raman spectrum of 0LaF sample shows two broad Raman bands, which are attributed
to oxyfluoride glasses (39). For other studied samples, the Raman peak at 268 cm™!
occurs in their Raman spectra, whose peak intensities increase with increasing the
content of LaFs. This also verifies that BaLaF; crystals are formed during melt-
quenching and the fraction of Ba,LaF; crystals increases with increasing the content
of LaF; from 2% to 7% (36). The remaining Raman peaks at 387, 416, 549 cm™, 616
and 688 cm™! are attributed to the Si-O-Si (Al) symmetrical stretching vibrations
connecting inter-tetrahedral, respectively (40). Thus, the microstructural information
of the Raman spectra agrees well with that of the XRD patterns, which indicates that
melt-quenching derived GCs containing Ba;LaF; crystals can be formed via
increasing the content of LaFs.
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3.1.2. LOCAL STRUCTURAL ANALYSIS
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Figure 3-2 Structure characterizations by MAS NMR. 2°Si (a), 2’Al (b), and '°F (c) spectra of
OLaF, 2LaF, 4LaF, 6LaF and 7LaF samples, respectively. +: spinning sidebands. Figure
adapted from Paper IV.

2Si MAS NMR spectra for the studied samples are shown in Figure 3-2a. It is noticed
that the resonance band shifts from -84 to -88 ppm with the samples obtained by the
replacement of LaF; to LayOs. This means that the coordination of Si** does not
undergo an obvious change and this shifted band can be also ascribed to Q® species
(41), where @ donates the sum of the numbers of Si-O-Si (Al) linkages per unit.
However, it is hard to distinguish the Q® units from the Si-O-Si or from Si-O-Al
linkages. With increasing the content of LaFs, La*" and F- play the role of network
modifiers, which further lowers glass network connectivity, thereby facilitating phase
separation.

As shown in Figure 3-2b, 27 Al MAS NMR spectrum of OLaF sample features the main
resonance at about 58 ppm, which is attributed to four-coordinated aluminum
(AI(IV)). With increasing the content of LaF;, the Al(IV) main resonance peaks
shifted a little from 58 to 55 ppm, which suggests that the coordination number of Al
has no significant change. It is reported that AI** ions primarily exist in [AlO4]
tetrahedra besides a minor amount of [Al(O,F)4] in this system (29). However, owing
to the field strength difference between AI** and La*" ions and the increase of the
fraction of BasLaF; crystals, some Al-O linkages in the interface regions could be
replaced by the Al-F linkages when increasing the content of LaFs. This means that
the coordination environment of Al could be altered.

Figure 3-2¢ demonstrates the '’F MAS NMR spectra of the studied samples. All the
spectra exhibit two main broad signals at around -12 and -194 ppm, which are denoted
as F1 and F2, respectively (32). In addition, a much broader resonance signal F3 with
a smaller amplitude is observed at around -27 ppm in OLaF sample, which gradually
shifts to the position of F1 resonance with increasing the content of LaF; owing to the
formation of Ba,LaF; crystals. Thus, this resonance of F3 signal can be attributed to
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F with different local environments in Ba,LaF; clusters (42). This large width of this
resonance suggests that BaLaF; clusters have already presented in the oxyfluoride
glass though still with a high degree of disorder (43). The resonance F1 is assigned to
the F in La-F-Ba linkage of Ba,LaF7 crystals (29). F2 signals are related to F species
involved in the F-Al linkages of Ba-F-Al or Na-F-Al (44).

3.1.3. THERMODYNAMIC ANALYSIS

Figure 3-3 shows the DSC output curves of the OLaF, 2LaF, 4LaF, 6LaF and 7LaF
samples, respectively, which are as a function of temperature. The onset temperatures
of Ty, Tt1, Tca, T, Timi and Ty are determined by the method described elsewhere (45)
for each DSC curve and their values are shown in Table 3-1, respectively. It is seen
that both 7 and 7 values vary with increasing the content of LaF3, which means the
glass network connectivity changes with the concentration of LaF; since the glass
structure determines T, and 7¢i (46). In addition, the area of the first crystallization
peak gradually increases and that of the second one slowly disappears with the
increase of LaF3, implying that crystallization ability in the first crystallization regions
increased with increasing the content of LaFs;. The values of Tt, Tmi and T2 also
exhibit variation in the DSC curves of the studied samples.

Table 3-1 The onset temperatures of T, Tc1, Tc2, Tc and Tmi and Tm2 of the OLaF, 2LaF, 4LaF,
6LaF and 7LaF samples, respectively. Table adapted from Paper IV.

Sample T Ta T2 T. Tmi Tm2
OLaF 561 631 692 807 936 958
2LaF 555 614 699 826 947 991
4LaF 583 624 ~ 820 938 963
6LaF 587 618 ~ 792 866 961

7LaF 561 605 ~ 790 871 982
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Figure 3-3 (a) Overall DSC curves of all the samples. Each enlarged DSC curve of :(b) OLaF,
(c) 2LaF, (d) 4LaF, (e) 6LaF and (f) 7LaF samples, respectively. The onset temperatures of Tg,
Tc1, T2, Te, Tm1 and Tm2 are marked in each figure. Figure adapted from Paper IV.
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3.1.4. MD SIMULATION ANALYSIS
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Figure 3-4 MD simulated glass structure of OLaF (a), 2LaF (b), 4LaF (c) and 7LaF (d) samples
composed of network forming SiO4 and AlO4 tetrahedra and network modifiers. Note that Er**
and Yb*" are replaced by La** to perform MD simulations. Figure adapted from Paper IV.

To understand the structure of the studied samples at the atomic level, MD simulations
have been extensively applied in studying oxyfluoride glasses (47)(48). Thus, MD
simulation is conducted to reveal the studied glass structural features. As shown in
Figure 3-4, the simulated glass structure shows the regions of aluminosilicate oxide-
rich and fluoride-rich phases, and this is an obvious sign of phase separation (49).
Additionally, the fluoride-rich phase domains increase with the content of LaFs. It is
also seen that the chemical composition of the fluoride-rich region is similar to that of
Ba,LaF; crystals. This might mean that the high tendency of phase separation leads to
the occurrence of spontaneous crystallization. It is seen that the aluminosilicate oxide-
rich phase is composed of a network structure with [SiO4] and [ AlO4] tetrahedral units.
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In comparison, most of the network modifier cations such as Ba?* and La*>* ions enrich
in the fluoride-rich phase, which can be interpreted by Poulain’s ionic glass model
(50). However, AI** and Na' ions are preferentially distributed at the interface
between aluminosilicate oxide-rich and fluoride-rich phases. In addition, these cations
not only act as network modifiers in the aluminosilicate oxide-rich phase but also
connect with non-bridging Oi," and ionic F~ of the fluoride-rich phase. For the
coordination number in the aluminosilicate-rich phase, Si** ions keep the coordination
number being 4 with LaF3 substituting for La;,O3 (Figure 3-5), while the coordination
number of AI** decreases from 4 to 3.6. These results indicate that the local structure
of [Si04] network remains unchanged and a small amount of the [A1O4] species transit
into [Al(O,F)4] tetrahedra at the interphase regions with increasing the content of
LaFs. For the fluoride-rich phase, Ba-F and La-F coordination numbers sharply
increase with the content of LaFs, whereas coordination numbers of Na-F slightly
increase. This means that preferential coordination of both Ba?" and La*" in the
fluoride-rich phase and Na* in the interphase agrees well with the experimental studies
that F- ions prefer to bond with Ba? and La®" ions rather than with Na* ions (51).
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Figure 3-5 Coordination number variation of A" (a), Ba?* (b), La’" (c) Na* (d) and Si** (e)
with increasing LaF3 content. Figure adapted from Paper IV.
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3.1.5. MORPHOLOGY OF GLASSES AND GLASS-CERAMICS

Figure 3-6 SEM images of OLaF (a), 2LaF (b), 4LaF (c) and 7LaF (d) samples, respectively.
Figure adapted from Paper IV.

To further observe the phase separation in the oxyfluoride glasses, we perform SEM
measurements for the studied samples etched in 7% HF solution for 20-25 s. It is seen
that two distinct regions of both white droplet and black domains are shown in the
SEM images of the OLaF sample (Figure 3-6a), which correspond to fluoride-rich and
aluminosilicate oxide-rich phases of glass matrix, respectively (10). Usually, the
aluminosilicate oxide-rich phases containing [SiO4] and [AlO4] tetrahedral are
attacked stronger by HF acid than the fluoride-rich phases (52). The etched reactions
are expressed by the following equations:
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[Al0,] + HF — AlF; + H,0 (3-1)
[Si0,] + HF - SiF, T + H,0 (3-2)

Thus, the fluoride-rich phases become visible in glass matrix and are shown by white
droplet domains. It is reported that La>Oj3 can be regarded as the network intermediate
(53) in the oxyfluoride glasses, the role of which is similar to that of A1,Os. Therefore,
a few La* ions might enter the aluminosilicate oxide-rich network, forming
[Si(La)O4] tetrahedral units. On the contrary, LaF; can disaggregate the glass network.
Thus, both area and shape of the fluoride-rich phase vary with increasing the content
of LaF3 and even two types of white domains in both flower-like and interpenetrating
shapes occur in 4LaF (c) and 7LaF (d) samples. To further distinguish between the
two types of white domains, SEM measurements (backscattered electron mode) are
conducted for OLaF, 4LaF and 7LaF samples without etching by HF acid. The
corresponding images are shown in Figure 3-7. It is seen that only some flower-like
shaped domains are observed in the glass matrix, their size increases with the
increasing content of LaF3. Thus, this domain can be attributed to Ba,LaF7 crystals.
Another one is assigned to the interpenetrating fluoride-rich phase.

Figure 3-7 SEM images obtained from backscattered electron mode of OLaF (a), 4LaF (b) and
7LaF (c) samples without etching by HF acid, respectively. Figure adapted from Paper IV.
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3.2. OPTICAL PROPERTIES MELT-QUENCHING DERIVED
OXYFLUORIDE GLASSES AND GLASS-CERAMICS

3.2.1. ABSORPTION AND TRANSMITTANCE SPECTRA
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Figure 3-8 Absorption spectra (a) and light transmittance spectra (b) with insert photo images
(from left to right) of OLaF, 2LaF, 4LaF, 6LaF and 7LaF samples, respectively. Figure adapted
from Paper IV.

Figure 3-8a shows the absorption spectra of the studied samples. Five main absorption
peaks at about 362, 376, 486, 521, and 651 nm, respectively, are observed in all the
spectra, which correspond to the transitions from the ground state *I;5 to the excited
states: 2G7.2, *G1112, 2Hop, 2Hi112, and *Fopx of Er’* ions, respectively (24). It is seen that
the absorption intensities first decrease then increase with the increasing content of
LaFs. To investigate the variation of optical transmittance in the studied samples, the
light transmittance for 1 mm in thickness is obtained from the above absorption
spectra by using the below equation (24):

1
T = 10@ 7R (3-3)

Where T is optical transmittance (%), / is the absorption intensity, 7HK is the sample
thickness (mm).

The corresponding transmittance spectra are shown in Figure 3-8b, their values first
increase then decrease with the increasing content of LaFs. This trend can also be
reflected by the inserted optical images of the studied samples (from left to right,
respectively). The decrease in the optical transmittance can be clarified as follows.
First, the size of the Ba;LaF7 crystals increases with the increasing content of LaF3,
which is gradually close to the wavelength of the incident light, resulting in strong
light scattering. Second, the area of the fluoride-rich phase increases with increasing
the concentration of LaF;. The refractive index (#) differences between fluoride-rich
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and aluminosilicate oxide-rich phases also increase with the increasing LaF3, causing
an increase in light scattering (54).

3.2.2. UCL AND FLUORESCENCE DECAY LIFETIME
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Figure 3-9 UCL spectra (a) and decay lifetime of Er** in 2H11/2 (b), *S312 (¢) and *Foy2 (d) states
of OLaF, 2LaF, 4LaF, 6LaF and 7LaF samples, respectively. Figure adapted from Paper IV.

As shown in Figure 3-9a, compared with OLaF sample, other samples exhibit much
stronger UCL and the intensities of which gradually increase with the high LaF3
content samples. Note that the UCL arises from the transitions *Hii, — “I1s2 (523
nm), 4S3/2 - 4115/2 (541 nm), and 4F9/2 - 4115/2 (653 nm) of Er*" ions (55) It is seen
that the UCL of 7LaF sample is about 2700 times higher than that of OLaF sample.
This enhancement can be explained by the following two aspects. First, for OLaF
sample, Er** and Yb3* ions are present in glass matrix rather than Ba,LaF; crystals.
Since glass matrix possesses higher phonon energy (1200-1300 cm™') than the crystals
(270 cm"), the non-radiative relaxation rate of Er** and Yb3" in the former is higher
than that in the latter (36). Hence, the UCL of OLaF sample is weaker than that of the
samples doped with LaFs. Second, as the fraction of Ba,LaF7 crystals increases with
increasing the content of LaF3, some Er** and Yb*" ions can exist in Ba,LaF7 crystals
and their distance in Ba,LaF; crystals becomes short, both of which increase the
energy transfer possibility from Yb*" and Er** ions, and thus enhancing the UCL. The
energy level scheme of Er’* and Yb®' ions in the studied samples are described in
Paper I, which indicates the UCL mechanism (56). To further demonstrate the energy
transfer from Yb** to Er** ions, the UCL decay curves of the studied samples for 2Hii2
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— 15 (523 nm), *S32 — *Iisn (541 nm), and *Fon — *I1s5 (653 nm) transitions of
Er** ions are shown in Figure 3-9b-d. The corresponding decay curves can be well
fitted by the second-order exponential decay mode as the equation below (57).

I = Ale(—t/f1)+Aze(—t/Tz) (3-5)

Where / is the UCL intensity, 41 and 4, are the fitting parameters, ¢ is the time, 7; and
n, are the slow and fast decay components (long and short lifetime), respectively.
Using these above parameters, the average lifetime 7 can be calculated by the
following equation:

T= (Alff + AZT%)/(Alfl + A,7,) (3-6)

The values (see Figure 3-9b-d) of the average lifetime for 2Hj152, *S3, and *Fy, states
increase with increasing the content of LaF3, respectively. These results imply that the
samples with higher concentrations of LaF3 exhibit higher probabilities of energy
transfer between Er’* and Yb3* ions.

3.3. SUMMARY

In this Chapter, the preparations and characterizations of composition-dependent
oxyfluoride glasses are presented, detailed information could be found in Paper IV.
We investigate the impact of different chemical compositions on the glass structure
of melt-quenching derived oxyfluoride glasses or GCs. The experimental results show
that fluoride-rich domains increase with the content of LaF3, which agrees well with
the results of MD simulations, leading to the decrease of crystallization activation
energy for precipitating fluoride crystals. Interestingly, Ba,LaF; crystals take place
from the glass matrix during the quenching process by replacing La>O3 with LaF3 in
the composition. Additionally, the transmittance of the studied samples decreases with
increasing the fraction and the size of crystals, which results from the strong light
scattering, However, the intensities of UCL gradually enhance with the variation of
compositions. This can be attributed to the increasing probabilities of energy transfer
between Er’* and Yb*" ions. In summary, this composition-dependent strategy can
provide us with a new perspective to enhance the UCL, though this strategy leads to
a decrease in optical transmittance. Thus, these derived composition-dependent GCs
are novel materials for enhancing optical properties.
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CHAPTER 4. IMPACT OF HEAT
TREATMENT ON PROPERTIES OF
OXYFLUORIDE GLASS-CERAMICS

Based on Chapter 3, we have found that glass structure, phase separation,
crystallization behavior and optical properties vary with modifying the ratio between
La,O3 and LaF; in the chemical compositions. In this Chapter (see Paper II), we
mainly studied the impact of HT on 7LaF samples to further understand the structural
evolution and to investigate the origin of the transformation from translucent to
transparent. All the detailed information about the characterization and optical
performances of these samples is also conducted. To investigate the effect of HT on
both the 7, and T¢; of 7LaF sample, 7LaF samples are heat-treated at 600, 640 and
680 °C for 4 hours, respectively.

4.1. OPTICAL, THERMAL AND MICROSTRUCTURAL ANALYSES

4.1.1. OPTICAL TRANSPARENCY ANALYSIS

a b 100
3- _—~

— S 80

3 3

(Y]

~ 2} S 60f

s £

= £

2 @ 40}

o c

211 g

< 20}
0

1 1 1 I 1 0 1 L L 1
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 4-1 (a) Absorption spectra of 7LaF samples before and after HT at 600, 640, and 680 °C
for 4 hours. (b) Transmittance spectra of the above-mentioned samples. Inset: Photo images of
7LaF sample and three 7LaF samples heat-treated at 600, 640, and 680 °C for 4 hours,
respectively (from left to right). Figure adapted from Paper II.

The absorption spectra (Figure 4-1a) of the studied samples contain five main
absorption peaks at about 362, 376, 486, 521, and 651 nm, respectively. These
absorption peaks correspond to the transitions from the ground state *I1s/2 to the excited
states: G7, *Gi1s2, 2Hop, Hi12, and *Foy of Er’' ions, respectively (see Chapter 3).
Strikingly, the absorption intensities for the three heat-treated samples decrease with
increasing the HT temperature, and this tendency is opposite to that for traditional
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GCs (27)(36)(46)(58). Figure 4-1b shows the transmittance spectra converted from
the absorption spectra (equation see Chapter 3), revealing that their transmittance
increases from 59% to 80% (for the thickness of 1 mm) upon the increasing HT
temperature. The corresponding inset shows the optical images of 7LaF and three
7LaF samples heat-treated at 600, 640, and 680 °C (from left to right, respectively)
for 4 hours, where it is seen that the transmittance increases with HT temperature.
This trend can be clarified as follows. First, the size of the Ba,LaF; crystals might
decrease with the increasing HT temperature, leading to a reduction of light scattering.
Second, if they are large-sized crystals (e.g., up to micrometer scale), HT might
change the chemical composition of glass matrix and then adjust the # of glass matrix
to match that of Ba,LaF5 crystals. Thus, light scattering can be attenuated and exhibit
high transmittance (54).

4.1.2. THERMODYNAMIC ANALYSIS
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Figure 4-2 DSC output of 7LaF sample and three 7LaF samples heat-treated at 600, 640 and
680 °C, respectively, for 4 hours. Tg, Tc1, Tc and Tm1 are marked in the Figure. The area of the
first exothermic peak (i.e., the hatched area) represents 4H determined by the extent of the
crystal formation in each sample. Figure adapted from Paper II.

The DSC curves of the studied samples show that 7, and Tt first increase and then
gradually remain unchanged with increasing HT temperature. However, the values 7.
decrease from 792 to 782 °C upon HT at 600 °C for 4 hours, and then remain stable
with further increasing HT temperature, while the 7, values remain constant with
increasing HT temperature (Figure 4-2). To further show the dynamic change of these
characteristic temperatures, we also conduct HT at the duration of 1 and 2 hours for
each HT temperature. The values of T, and T¢; are shown in Table 4-1, which increase
with the increasing HT temperature and duration. Moreover, the varied trend of their
values in the heat-treated samples for 1 and 2 hours is similar to that in the studied
samples heat-treated for 4 hours. The maximum 7, and T values indicate that the
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crystallinity has reached maximum values at the sufficiently high extent of HT
temperature and duration. In other words, the composition of the glass matrix phase
cannot vary with further HT, i.e., the glass structure does not change since the glass
structure determines 7, and T¢; (59). To study the first crystallization event of 7LaF
sample and three 7LaF samples heat-treated at 600, 640 and 680 °C, respectively, for
4 hours, the crystallization enthalpy (4H) of each sample was calculated by integrating
the exothermic peak (Figure 4-2). It is evident that 4H values gradually decrease with
increasing HT temperature, implying that the crystallization already takes place
during HT. This means that 7LaF sample has a strong tendency to crystallize before
the main crystallization occurs around 800 °C (60).

Table 4-1 The onset temperatures of Ty and Tc1 of both 7LaF and 7LaF samples subjected to
HT at 600, 640, and 680 °C for 1, 2 and 4 hours, respectively. Table adapted from Paper II.

Tur (hours) 1 2 4
Tg Ta Tg Ta Tg Ta
7LaF 558 607 558 607 558 607

T ) 600 582 630 591 635 594 638
ur ( 640 588 634 592 637 602 647
680 587 638 594 640 601 651

4.1.3. MICROSTRUCTURAL ANALYSIS

Figure 4-3a illustrates the XRD patterns of the studied samples. The diffraction peaks
of 7LaF sample are identified to be the FCC Ba,LaF7 crystal (See Chapter 3). It is
seen that the diffraction peaks become more intense and no new diffraction peak
appears upon HT, which means that the crystal is pure Ba;LaF7 crystals. Additionally,
the purity of the cubic Ba,LaF7 crystals is also verified via performing XRD Rietveld
refinement for 7LaF sample heat-treated at 640 °C for 4 hours (see Paper II). It is
estimated that the crystallinity increases from around 42 to 65% with increasing HT
temperature at 680 °C for 4 hours (Table 4-2), which is obtained by calculating the
area ratio between all the crystalline peaks and all the crystalline and amorphous peaks
via the software of Jade. This implies that HT causes the formation of Ba,LaF; crystals
compared with the fraction of Ba,LaF; crystals in 7LaF sample.
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Figure 4-3b illustrates the Raman spectra of the studied samples, which are
normalized by the intensity of the peak at 550 cm™! on Raman curves. It is found that
the sharp Raman peak at 269 cm™! (low-frequency region) enhances with increasing
HT temperature, which should the combined vibration peaks of both Ba-F and La-F
bonds in Ba;LaF7 crystals (36)(61). However, other Raman peaks of tetrahedral units
at 386, 416, 550, 616 and 689 cm’!, respectively, become weaker with the increasing
HT temperature. This verifies that the crystallinity increases upon HT, which agrees
with that of the DSC and XRD results. Specifically, for the Raman peaks of tetrahedral
units, the mid-frequency bands at 350-700 cm™! are associated with the Si-O-Si (Al)
symmetric stretching vibration in the glass matrix (62)(63). The peak at 418 cm™ is
ascribed to the symmetric stretch of five-fold ring structure, while the peaks at 550,
and 610 cm™' are attributed to the symmetric stretch of three-fold ring structures,
respectively (64).
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Figure 4-3 (a) XRD patterns and (b) Normalized Raman spectra of 7LaF sample and three 7LaF

samples heat-treated at 600, 640 and 680 °C, respectively, for 4 hours, where the vibrational

modes and the peak positions are indicated. Figure adapted from Paper II.

Table 4-2 Crystallinity in both 7LaF and three 7LaF samples heat-treated at 600, 640, and 680
°C for 4 hours, respectively. Table adapted from Paper II.

7LaF  600°C 640°C 680 °C
Crystallinity 42% 44% 57% 64%
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Figure 4-4 MAS NMR spectra of 27Al (a), #Si (b) and '°F (c) spectra of 7LaF sample and three
7LaF samples heat-treated at 600, 640 and 680 °C, respectively. +: spinning sidebands. Figure
adapted from Paper II.

To further reveal the local structural evolution during HT, we performed the 2’Al, »°Si,
and '""F NMR measurements on the studied samples. The main resonance signal in all
the 2A1 MAS NMR spectra (Figure 4-4a) is still located at about 60 ppm before and
after HT, indicating that AI(TV) has no significant change upon HT. Note that AI**
ions primarily exist in [AlO4] tetrahedra besides a minor amount of [Al(O,F)4]). Some
Al-F linkages in the interface regions could be replaced by the Al-O linkages upon
HT owing to the increasing fraction of Ba,LaF; crystals. This means that the
coordination environment of Al(IV) could be altered slightly (see Chapter 3). For the
MAS NMR spectra (Figure 4-4b) of 2°Si, the resonance band at about -86 ppm is
ascribed to Q® species. Thus, the coordination of Si** does not undergo an obvious
change after HT and remains as Q®. All the '°F MAS NMR spectra in Figure 4-4c
exhibit two broad signals at around -12, and -188 ppm, which are denoted as F1 and
F2, respectively. The broad signal of F1 is assigned to the F in La-F and Ba-F linkages,
while the F2 signal belongs to the Al-F-Al and Na-F-Al linkages, respectively. Upon
HT, owing to the increasing fraction of Ba,LaF7 crystals, the F1 resonance shifts from
-12 to -18 ppm, indicating that some F~ ions participate in the Ba,LaF; crystals rather
than stay in the glass matrix.
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4.1.4. STRUCTURAL ORIGIN AND EVOLUTION OF CRYSTALS

Figure 4-5 SEM images of 7LaF sample (a) and three 7LaF samples (b-d) heat-treated at 600,
640, 680 °C for 4 hours, respectively. Figure adapted from Paper II.

To reveal the impact of HT on the crystal evolution of the studied samples, we conduct
SEM measurements. The corresponding SEM images are illustrated in Figure 4-5,
respectively. We have clarified that the three distinct regions are in Chapter 3. For the
SEM image (Figure 4-5a) of 7LaF sample, it is observed that the Flower-like Ba,LaF;
crystals (around 180~190 nm) are distributed in the fluoride-rich phases. Ba;LaF;
crystals grow to about 220 nm and the tiny spherical Ba,LaF7 nanocrystals (about 5
nm) precipitate from the fluoride-rich phase upon HT at 600 °C (Figure 4-5b). This
implies that the formation of the fluoride-rich phase assists the growth of the existing
crystals and the formation of Ba,LaF; nanocrystals. Upon HT at 640 °C, both the
flower-like crystals and the nanocrystals grow to about 260 nm and 15 nm,
respectively (Figure 4-5¢). At 680 °C, two types of BasLaF7 crystals further grow to
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300 nm and 25 nm, respectively (Figure 4-5d). This implies the rise of both the
crystallinity and the size of the flower-like Ba,LaF; crystals with increasing HT
temperature.

+(200)
1)
(220)

=0.35nm

ESEnm - diz00=0-305 nm

Figure 4-6 ACTEM images of 7LaF sample (the first row) and three 7LaF samples heat-treated
at 600, 640, 680 °C for 4 hours, respectively (See the second, third and fourth row). The first
column: Overview images; The second column: Lattice structure of the flower-like Ba:LaF7
crystals; The third column: Electron diffraction of the domains (see inset) selected from red
dashed circles in their overview images. The fourth column: Formation of the tiny spherical
crystals and their evolution with HT temperature (see the black dashed squares in the overview
images). Insets: Lattice structure of the tiny spherical crystals selected from black dashed
squares. Figure adapted from Paper II.

ACTEM and HRTEM micrographs for the studied samples are shown in Figure 4-6.
For 7LaF sample, flower-like Ba,LaF7 crystals (about 190 nm) precipitate from the
glass matrix. It is found that the crystal lattice fringes with the spacings 0.345 nm and
0.295 nm are shown in HRTEM image, which are indexed as the (111) and (220)
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planes of Ba,LaF7 crystals, respectively. The SAED photograph reveals that Ba,LaF;
crystals are single-crystal. The HRTEM images exhibit the amorphous nature of the
glass matrix phase. This means that only flower-like Ba,LaF7 single crystals exist in
glass matrix of 7LaF sample.

Upon HT at 600 °C, 640 °C and 680 °C, it is seen from the overview images that two
kinds of crystals are separately precipitated in the glass matrix. the flower-like
BayLaF7 crystals grow to approximately 220, 260, 300 nm, respectively. Meanwhile,
some spherical Ba;LaF7 crystals with sizes of around 6, 15 and 25 nm, respectively,
uniformly precipitate and grow in some regions from glass matrix. These Ba,LaF;
crystals grow through the migration of Ba?*, La*" and F- ions to the nucleation sites.
Thus, the composition of glass matrix (see the regions around the flower-like crystals)
is changed by the depletion of Ba?" and La**, and consequently, the network
connectivity of the oxide glass matrix increases with the increasing HT. These results
of crystals size agree with the above-mentioned SEM results. For the HRTEM images
of the heat-treated samples, their crystal lattice spacings are determined, which match
the corresponding planes of Ba;LaF7 crystals. It is inferred that Ba?" and La*" ions are
arranged in an ordered manner, being a typical feature of a single crystal. This
confirms that the flower-like Ba,LaF; are indeed single crystals in the SAED pattern
photograph. The inset lattice structure of spherical Ba;LaF; crystals (fourth column)
indicates that the spherical domains are still Ba,LaF; single nanocrystals (see Paper
10).

4.2. ORIGIN OF THE INCREASE OF TRANSMITTANCE

a 7, = PGC | b 1.5473 0.0090
-8 600 °C 10.
156k & 640°C 1547| ny@588 nm
-y~ 680 °C
< & 1 0.0075%U
155+ 1.546
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15— 1545 L— : : '
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wavelength (nm) (7%LaF3) T (°C)

Figure 4-7 (a) n as a function of the light wavelength for 7LaF sample and three heat-treated
samples. (b) n4 at the wavelength of 588 nm (black star symbols) and Anq between the studied
samples and the BaxLaF7 crystallites (red sphere symbols). The error range of n: +0.0001.
Figure adapted from Paper II.

To explore the origin of the increase of transmittance with increasing HT temperature,
we measure # of the studied samples at different wavelengths. It is found that n values
decrease with increasing HT temperature (Figure 4-7a and Table 4-3), indicating that
the n values of the remaining glass matrix are lowered since that of Ba,LaF7 crystal is
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constant. It is reported that n is proportional to the density of the studied samples
(65)(66)(67), and hence the density exhibits the same variation trend with HT
temperature as the » trend (Table 4-3). To compare the difference of n between the
studied samples and the pure Ba;LaF7 crystals, ng and Ang are shown in Figure 4-7b
and decreases with increasing HT temperature (68). It is seen that the n4 of the heat-
treated 7LaF sample gradually approaches that of Ba,LaF; crystals (~1.54@588 nm),
and consequently, the light scattering is greatly suppressed (39)(69)(70). Hence, the
heat-treated 7LaF sample at 680 °C for 4 hours displays the highest transmittance.
This is opposite to the trend for traditional GCs, where 4nq4 increases with increasing
HT temperature.

Table 4-3 n and Density of the investigated 7LaF sample and three heat-treated samples. Table
adapted from Paper II.

Sample name 7LaF 600 °C 640 °C 680 °C
nn (404.66 nm) 1.56264 1.56196 1.56146 1.56093
ng (435.84 nm) 1.55858 1.54792 1.55742 1.55701
ns(486.13 nm) 1.55372 1.55233 1.55249 1.55222
ne (546.07 nm) 1.54931 1.54844 1.54837 1.54801
na (587.56 nm) 1.54732 1.54636 1.54623 1.54585
nc (656.27 nm) 1.54458 1.54367 1.54332 1.54322
nr (706.52 nm) 1.54308 1.54210 1.54163 1.54158

Density (g/cm?) 3.457 3.455 3.453 3.452
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HAADF Elemental Mapping
STEM Ba La F

Figure 4-8 HAADF-STEM and EDS-mapping micrographs of 7LaF sample (the first row) and
three 7LaF samples heat-treated at 600, 640, 680 °C for 4 hours, respectively (the second, third
and fourth row). The third column: HAADF-STEM images; EDS-mapping elements: Ba, La
and F (see the second, third and fourth columns, respectively). Figure adapted from Paper II.

To clarify the origin of the » trend with HT temperature, we perform HAADF-STEM
and EDS-elemental mapping analyses on both Ba,LaF; crystals and the remaining
glass matrix. HAADF-STEM images and the EDS-element mapping images of Ba,
La, and F atoms are shown in Figure 4-8. The EDS-element mapping images for other
types of atoms are displayed in Paper II. It is seen that the sizes of two types of crystal
and the concentrations of Ba, La, and F increase with increasing HT temperature.
Some Ba*" and nearly all the La’" and F- diffuse from the glass matrix to both the
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existing flower-like BajLaF; single-crystals and the small spherical Ba,LaF;
nanocrystals with increasing HT temperature. Owing to the escape of La*" ions from
the glass phase, the n values of the studied sample become lower, since La>* ions are
the main contributor to the n of glass (71).

640 °C

7LaF-RE free

-3000 -2000 -1000 O 1000 2000 3000
139La Chemical shift (ppm)

Figure 4-9 3°)La WURST-QCPMG NMR spectra of both 7LaF-RE free sample with the molar
composition of 45Si02-15A103-12Na>0-21BaF2-7LaF3 and 7LaF-RE free sample heat-treated
at 640 °C for 4 hours, respectively.

We perform the '*’La NMR measurements for 7LaF-RE free sample and the heat-
treated one to probe the distribution of the La*" ions, thus verifying the diffusion of
La’" ions from glass phase to Ba,LaF; phase after HT. Figure 4-9 illustrates the '*La
NMR spectra, obtained by using the scheme of the WURST—QCPMG pulse, of both
7LaF-RE free sample and the heat-treated one. It can be noticed that some broad '3°La
NMR signals dominated by magnetic shielding anisotropy and quadrupole interaction
are observed from '3°La NMR spectra of 7LaF-RE free sample (65)(72). After HT at
640°C for 4 hours, it can be noticed the '3°La spectrum is narrowed with some new
BasLaF7 crystals precipitated from glass matrix. This can be assigned to the diffusion
of La*" ions from glass phase to Ba,LaF; crystal phase after HT (34).
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4.3. UCL PERFORMANCES
a P b _ 7LaF, r=1385ms
Sy s 7LaF 00l
—600°C| = ‘ - 680°C, r=1.421ms
= ——640 °C S
= —s6s0°c| &
& > I
= ‘@ 4n2 |
5 102§
2 g1
k] c
o —_ -
IS 5 |
4':912*4“5/2 ] [
10" F
500 550 600 650 700 0 4 6 8 10
wavelength (nm) Decay time (ms)
c - TLaF, r=1.418ms d / - TLaF, r=1.835 ms
=10°} . 680°C, r=1.429ms i . 880°C, r=1.816ms
S —10°F¢
8 S /
> 8 i
@ > :
3 2l B :
= 107 F S
= £ |
= S10°k
- :
- H
101 E " f L L L L o
0 2 6 8 10 0 2 4 6 8 10

4
Decay time (ms) Decay time (ms)

Figure 4-10 UCL spectra (a) of 7LaF sample and three 7LaF samples heat-treated at 600, 640,
680 °C for 4 hours, respectively, and decay lifetime of Er** in 2Hiz (b), “S32 (¢) and *Foz (d)
states 7LaF sample and 7LaF samples heat-treated at 680 °C for 4 hours. Figure adapted from
Paper II.

Figure 4-10a shows the UCL spectra of the four studied samples. The heat-treated
samples exhibit the stronger UCL of Er** compared with 7LaF sample. This
enhancement is described in three aspects. First, some Er** and Yb?" ions in glass
matrix can enter Ba;LaF7 crystals upon HT. Thus, the non-radiative relaxation rate of
both Er** and Yb’' ions decreases with increasing HT temperature, leading to the
enhancement of UCL (36). Second, both the content of Ba;LaF; crystals and the
transmittance of the studied samples increase with the HT temperature, and thus, the
UCL is enhanced by lowering light scattering. Third, as the concentrations of Er** and
Yb?" ions in Ba,LaF; crystals increase with HT temperature, the distance between
them in Ba,LaF; crystals becomes shorter, resulting in an increased probability of
energy transfer, and thereby enhancing the UCL. Furthermore, the increased energy
transfer probability is verified by the UCL decay time of the studied samples (Figure
4-10b-d). The corresponding decay curves are well fitted by the second-order
exponential decay mode and all the equations are described in Chapter 3. Thus, the
values of the average lifetime zfor 2H 1.2, *S32, and *Foy, states increase with increasing
HT temperature, implying higher energy transfer probabilities. For comparison, the
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UCL of 7LaF sample is four times higher than that of the traditional GC (heat-treated
OLaF sample, details see Paper II). In addition, the UCL intensity of 7LaF sample
heat-treated at 680 °C for 4 hours is increased by about 23 times compared with the
traditional GC. Thus, the studied 7LaF sample is an excellent starting candidate for
enhancing the UCL by proper HT.

4.4. SUMMARY

In this Chapter, we conduct HT above 7 for the translucent 7LaF samples at 600, 640
and 680 °C for 4 hours. Normally, HT leads to the increase of the fraction of Ba,LaF;
crystals with the growth and the formation of Ba,LaF7 crystals, thereby lowering the
transmittance of GCs. Interestingly, the light transmittance of 7LaF samples increases
with the increasing HT temperature, which contrasts with common sense. This
anomalous phenomenon is attributed to the variation of the composition of the
residual glass phases upon HT, that is, the depletion of La3*, Ba?" and F- from the
residual glass matrix. This leads to the fact that the » of the residual glass matrix
approaches that of Ba,LaF; crystals, thereby causing the low light scattering. In
addition, as confirmed via the HRTEM images, the flower-like Ba,LaF; crystals are
single-crystals, which also contributes to the suppression of light scattering.
Furthermore, the mechanism of both crystal formation and growth has been revealed
by performing XRD, TEM and SEM analyses. The relationship between amorphous
phase separation and crystallization of fluoride crystals of Ba,LaF7 has been clarified
by HT. The glass connectivity and thermal stability increase with the increase of HT
temperature. The structural evolutions and atom distribution of the studied samples
after HT have been probed by NMR and TEM mapping, respectively. Finally, we
found that the highly transparent oxyfluoride GC tailored by optimum HT can greatly
enhance UC luminescence. Thus, compared with the melt-quenching derived 7LaF
sample, the heat-treated one exhibits superior optical performances, which might
inspire other host materials.
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CHAPTER 5. MELTING
TEMPERATURE-DEPENDENT
OXYFLUORIDE GLASSES AND
GLASS-CERAMICS

In this Chapter, to investigate the structural origin of the formation of the Ba,LaF;
crystals during quenching, we are going to discuss the structural homogeneity of the
samples prepared by quenching four glass melts from different melting temperatures
of 1450, 1500, 1550 and 1590 °C, respectively. The melt-quenching derived
oxyfluoride glasses and GCs are denominated as PG1450 (7LaF), PG1500, PG1550
and PG1590, respectively. To further study the crystallization behavior, the melt-
quenching derived samples were heat-treated at their proper 7. values, which are
named GC1450, GC1500, GC1550, and GC1590, respectively. The thermodynamic,
structural and optical properties of both the melt-quenching derived and the heat-
treated samples are detailed studied in Paper III.

5.1. CHARACTERIZATION OF MELT-QUENCHING DERIVED
OXYFLUORIDE GLASSES AND GLASS-CERAMICS

5.1.1. THERMODYNAMIC ANALYSIS
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Figure 5-1 (a and b) DSC output curves of both the melt-quenching derived (PG1450, PG1500,
PG1550 and PG1590) and the corresponding heat-treated samples (GC1450, GC1500, GC1550
and GC1590), respectively. The onset temperatures of Ty, Tc1, Tc, Tm1 and Tm2 are marked in
Figure 5-1, respectively. The area of the first exothermic peak (i.e., the hatched area) represents
AH determined by the extent of the crystal formation in each sample. Figure adapted from Paper
1.
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The DSC output curves of the melt-quenching derived samples are shown in Figure
5-1a. The onset temperatures of T, Tci, Tc, Tmi1 and Tm> are determined from the DSC
curves and their values are shown in Table 1, respectively. Both 7, and T¢; values
exhibit a gradual decrease in PG1450, PG1500 and PG1550 and then a slightly
increase in PG1590. This implies that glass network connectivity first decreases and
then increases owing to both the tetrahedral depolymerizations damaged by fluoride
and the volatilization of fluorides (SiFs and NaF) at higher melting temperatures. In
addition, 7. gradually increases with increasing melting temperature, indicating that
the main crystallization becomes more difficult owing to the more homogeneous melt
at higher melting temperature. As 7m; in each of PG1500, PG1550 and PG1590
samples might be overlapped by its second crystallization peak, 7y is only presented
in the curve of PG1450 sample. The values of T, exhibit slight variation between the
range of 961 and 981 °C in all curves of melt-quenching derived samples.

Table 5-1 The onset temperatures of Tg, Tc1, Tc, Tmi and Tm2 of the melt-quenching derived and
the heat-treated samples, respectively. Table adapted from Paper III.

T (°C) Te Ta T. Tm Tm2
PG1450 | 559 601 793 872 981
PG1500 | 547 593 819 ~ 965
PG1550 | 546 587 824 ~ 970
PG1590 | 558 600 831 ~ 961
samples

GCI1450 | 591 637 758 877 950
GCI500 | 590 635 765 879 951
GCI550 | 578 633 772 870 963
GCI590 | 571 612 803 881 967

For the DCS curves of the corresponding heat-treated samples (Figure 5-1b), both 7,
and T¢; values of the corresponding heat-treated samples increase upon HT compared
with those of the melt-quenching derived samples, respectively. This means the
concentration of [SiO4] and [AlO4] tetrahedral units increases upon HT, thus
strengthening the glass network connectivity (73). However, the values of both 7 and
T.1 in the heat-treated samples show a dropping tendency due to the volatilization of
fluorides (SiF4 and NaF) during melting at the higher temperature. The 7t value in
each heat-treated sample decreases with HT compared with that in each melt-
quenching derived sample, implying that the main crystallization in the remaining
glass matrix becomes easier. However, the 7m; values in the heat-treated samples are
similar to those in PG1450 sample. This indicates that these values are ascribed to the
melting point of Ba,LaF7 crystals as these melting peaks appear in GC1500, GC1550
and GC1590 samples after HT. Meanwhile, each Ty, value of the heat-treated samples
is lower than that of the melt-quenching derived samples (74).
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To study the first crystallization event of the studied samples, AH calculated by
integrating the first crystallization peak are shown in Figure 5-1, respectively. The
values of 4H for the melt-quenching derived samples (Figure 5-1a) gradually decrease
with increasing the melting temperature, indicating that the first crystallization ability
and the degree of structural heterogeneity decrease with increasing the melting
temperature (75). For the heat-treated samples in Figure 5-1b, their values of AH
become very small even close to zero. This implies that the first crystallization ability
decreases even disappears after HT. Therefore, each heat-treated sample owns higher
crystallinity than its melt-quenching derived sample.
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Figure 5-2 DSC output curves of PG1450 (a), PG1500 (b), PG1550 (c) and PG1590 (d) samples
by repeated scan to Tscan-max of 740, 700, 720, 690 °C, respectively, for three times at the same
up-scan and down-scan rate of 10 °C/min. Figure adapted from Paper III.

The varied T, values in each sample are determined from their corresponding DSC
curves (Figure 5-2). Compared to the first (1*) up-scan, 7, values first sharply increase
upon the second (2"%) up-scan and then increase slowly even unchangeable at the third
(3™) up-scan. Significantly, the area of the first crystallization peak in each DSC curve
decreases with the number of cycles and then remains nearly constant. This could be
explained by the formation of diffusion barrier at the interfaces between crystal and
glass matrix after the 1% up-scan, which hinders the diffusion of F-, La’', and Ba®
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ions to both the regions of existing Ba,LaF; crystals and new nucleation sites (10).
Thus, the glass network structure remains unchangeable.

5.1.2. GLASS STRUCTURAL ANALYSES
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Figure 5-3 XRD patterns of PG1450, PG1500, PG1550 PG1590, GC1450, GC1500, GC1550
and GC1590 samples, respectively. Figure adapted from Paper III.

Figure 5-3 illustrates XRD patterns of the eight studied samples. It is seen that some
obvious diffraction peaks are also found in PG1500 and PG1550 samples although
their intensities become weaker with increasing the melting temperature. These peaks
are also well attributed to the FCC BaLaF; crystal (PDF#48-0099) (25). With further
increasing the melting temperature, two weak and broad humps become evident in the
XRD pattern of PG1590 sample, which belong to the characteristic diffraction peak
of oxyfluoride glasses. This suggests that increasing the melting temperature can
weaken the formation of Ba,LaF7 crystals in the melt-quenching derived samples due
to the increase of structural homogeneity of the glass melt. Upon HT, the diffraction
peaks in the XRD patterns of GC1450, GC1500 and GC1550 samples become more
intensive. More importantly, several weak diffraction peaks corresponding to Ba;LaF;
crystal occur in the XRD pattern of GC1590 sample, which is similar to the
crystallization behavior in traditional oxyfluoride glasses. In short, the content of
Ba,LaF; crystals in melt-quenching derived samples increases upon HT (76), which
is consistent with the DSC results.
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Figure 5-4 Raman spectra of the melt-quenching derived (a) and the heat-treated samples (b),
respectively. Figure adapted from Paper III.

In Figure 5-4a, the Raman peak of Ba;LaF; crystals (269 cm’!, see Chapter 3) in

PG1450, PG1500 and PG1550 samples becomes weaker and disappears with
increasing the melting temperature, while appears two broad Raman peaks in the
spectrum of PG1590. This also confirms the formation of Ba,LaF7 crystals in PG1450,
PG1500 and PG1550 samples during the quenching process. In addition, the
characteristic broad peaks verify the amorphous nature of PG1590 sample (39). The
assignments for other Raman peaks are described in Paper IV and Paper III. Thus, the
above results mean that the content of Ba,LaF; crystals and the structural
heterogeneity of the melt-quenching derived samples decrease with increasing the
melting temperature (36)(77). To study the impact of HT on the microstructure of
melt-quenching derived samples, we also conduct the Raman spectroscopy
characterization for the heat-treated samples. The Raman spectra are illustrated in
Figure 5-4b. Compared to the Raman spectra of PG1450, PG1500, and PG1550 in
Figure 5-4a, the Raman peak corresponding to Ba,LaF; crystal becomes stronger upon
HT, consisting with the DSC and XRD results. Additionally, the weak Raman peaks
of both BayLaF; crystals at 269 cm™! and tetrahedral units appear in GC1590 sample,
implying that the crystallization takes place upon HT and lets the peaks of tetrahedral
units observable.

To investigate the local coordination environment around Al*" ions of the melt-
quenching derived samples, we performed 2’Al MAS NMR measurements. 2’Al MAS
NMR spectra (Figure 5-5) feature the main resonance of Al(IV) at about 60 ppm,
indicating that the coordination environment of Al has no obvious change with
increasing melting temperature. We have found that AI** ions can form [Al(O,F)4]
and [Al(O)4] tetrahedra, respectively, in both the interface regions and the glass
network in PG1450 sample. However, due to the volatilization of F ions and the
decrease of the area of fluoride-rich regions with increasing melting temperature,
some Al-F linkages in the interface regions could be replaced by the Al-O linkages.
This means that the coordination environment of Al could be slightly altered, while
this variation cannot be detected.
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Figure 5-5 27Al MAS NMR spectra of PG1450, PG1500, PG1550 and the PG1590 samples,
respectively. (+) denotes spinning sidebands. Figure adapted from Paper III.

5.1.3. MORPHOLOGY OF GLASSES AND GLASS-CERAMICS

Figure 5-6 shows the TEM images of PG1450, PG1590, GC1450 and GC1590
samples, respectively. As shown in Figure 5-6a, flower-like Ba,LaF; crystals are
present in the glass matrix of PG1450 (see Paper III), which size increases with the
HT. Furthermore, some additional spherical BaLaF; nanocrystals appear in glass
matrix of GC1450 sample (Figure 5-6¢, see Paper III). Figure 5-6b verifies the glassy
nature of PG1590 sample as no distinct lattice fringes are observed. After HT, some
ordered domains (about 10 nm) with regular lattice fringe denoted by the black dashed
circles are present in the glass matrix (Figure 5-6d), which are also conformed to be
Ba,LaF7 crystals by measuring the distance (0.35 nm) between (111) planes (Inset of
Figure 5-6d).
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Figure 5-6 ACTEM images of PG1450 (a), PG1590 (b), GC1450 (c), and GC1590 (d) samples,
respectively. Figure adapted from Paper III.

Figure 5-7 shows SEM graphs of the studied samples. It is seen that some flower-like
Ba,LaF; crystals (Figure 5-7a) are distributed uniformly in the parent glass matrix,
which grows to a larger size, i.e., around 300 nm, upon HT along with some new-
formed tiny spherical Ba,LaF7 crystals around 20 nm in glass matrix (Figure 5-7c¢).
No crystals are observed in glass matrix of PG1590 (Figure 5-7b), which suggests that
PG1590 is oxyfluoride glass. After HT, some tiny spherical nanocrystals approximate
20 nm precipitate from glass matrix (Fig. 5-7d) (78). The results agree well with those
in TEM images.
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Figure 5-7 SEM graphs of PG1450 (a), PG1590 (b), GC1450 (c), and GC1590 (d) samples,
respectively. For GC1450, white flower-like domains and grey regions are BaxLaF7 crystals
and tiny spherical Ba;LaF7 nanocrystals, respectively. For GC1590, small white dot regions are

new-formed BazLaF7 nanocrystals embedded in glass matrix (large black areas). Figure adapted
from Paper III.
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5.2. OPTICAL PROPERTIES

5.2.1. TRANSMITTANCE SPECTRA
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Figure 5-8 Transmittance spectra of the melt-quenching derived samples (a) and the
corresponding heat-treated samples (b), respectively. Figure adapted from Paper III.

Figure 5-8 shows the transmittance spectra and the optical images (inset Figure 5-8)
of the melt-quenching derived (a) and the heat-treated samples (b). Four main
absorption peaks of Er’" ions at around 378, 488, 522, and 653 nm are observed in the
spectra, the attribution of which is described in Chapter 3. The light transmittance in
Figure 5-8a gradually increases with increasing the melting temperature, illustrated
by the highest light transmittance around 94% (per 1 mm) of PG1590 sample. The
origin of the increase of light transmittance should be that the light scattering from
both the size of BasLaF7 crystals and » differences between the Ba;LaF5 crystals and
the remaining glass matrix decreases with increasing the melting temperature.

After HT, the optical transmittance of GC1500 sample is higher compared with that
of PG1500 sample, which is similar to that of GC1450 samples (see Chapter 4). This
is also an anomalous phenomenon that light transmittance increases with the increase
of both size and fraction of Ba;LaF; crystals (7). This implies that the HT can adjust
the n of glass matrix to match that of Ba,LaF7 crystals, resulting in a decrease in light
scattering. However, the light transmittance of PG1550 and PG1590 samples
decreases upon HT, which means that the » differences between Ba,LaF; crystals and
glass matrix are smaller than those in GC1550 and GC1590 samples.
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5.2.2. UCL SPECTRA
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Figure 5-9 UCL spectra of Er**-Yb3* co-doped melt-quenching derived samples and the heat-
treated samples, respectively. Figure adapted from Paper II1.

Figure 5-9 shows the UCL spectra of the studied samples obtained by excitation of
the 980 nm LD. The characteristic UCL peaks at 523, 541, and 653 nm were described
in Chapter 3. The UCL intensity of the melt-quenching derived samples decreases
with the increasing melting temperatures. In addition, the heat-treated samples exhibit
higher UCL intensity and more pronounced stark splitting of the energy levels
compared with the corresponding melt-quenching derived samples (55). This can be
attributed to the incorporation of more Er** ions into Ba,LaF; nanocrystals with low
phonon energy, which can reduce the probability of nonradiative relaxation and
increase the possibilities of energy transfer between Er** and Yb*" ions (79).

5.3. SUMMARY

In this Chapter, Er**-Yb*" co-doped melt-quenching derived oxyfluoride GCs and
glass are prepared by adjusting the melting temperature. The effect of melting
temperature on crystallization behavior, structural evolution and optical properties of
the studied samples is investigated. The results show that the studied samples become
more homogeneous with increasing melting temperature, and this lowers the
formation of Ba,LaF7 crystals and decreases the crystallization capability determined
by the enthalpy of the first crystallization peak. Interestingly, the transmittance of
melt-quenching derived samples increases with increasing melting temperature,
whereas the UCL decreases. The decreasing transmittance can be attributed to the fact
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that the differences of n between oxide glass matrix and Ba,LaF; crystals (fluoride-
rich regions) get smaller. Upon HT, the heat-treated samples exhibit higher
crystallinity and UCL compared with the corresponding melt-quenching derived
samples. Thus, in this Chapter, we investigate a new path via controlling the melting
temperature to design oxyfluoride glasses or GCs and clarify the impact of melting
temperature on the structural origins of the melt-quenching derived samples.
Importantly, this study also investigates the effect of HT on tailoring optical
properties.
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CHAPTER 6. OXYFLUORIDE GLASS-
CERAMICS WITH VARYING LAF;/YF;
RATIO

We further investigate the impact of the ratio of LaF3/YF3 on the properties of melt-
quenching derived oxyfluoride GCs. The derived samples are denominated as 7LaF,
S5La2Y,3LadY, 1La6Y and 7YF, respectively. This content is mainly based on Paper
V, which is in preparation for submission. In addition, the temperature sensing
performances of the heat-treated 7YF sample are evaluated. All the detailed
information about the preparation, characterization and optical performances of the
melt-quenching derived oxyfluoride GCs could be found in Paper V and Paper 1.

6.1. THERMODYNAMIC ANALYSIS
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Figure 6-1 DSC curves of 7LaF, 5La2Y, 3La4Y, 1La6Y and 7YF samples, respectively. The
onset temperatures of Tg, Tc1, Tc2, Tc, Tmi1, Tm2 and Tm3 are marked in Figure, respectively. Figure
adapted from Paper V.

DSC output curves of the studied samples are shown in Figure 6-1 which are a
function of temperature (°C). The onset temperatures of Ty, Tci, T2, Tc, Tmi, Tm2 and
Tm3 are determined by the method mentioned in Chapter 3, the values of which are
shown in Table 6-1. It is seen that the values of both 7; and Tt varied with increasing
the content of YF3, which means the glass network connectivity becomes higher since
the glass structure determines 7, and 7c¢i (46). Moreover, the area of the first
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crystallization peak gradually decreases and the second one slowly appeared with
increasing content of YFs3, implying that crystallization ability for the first
crystallization peak decreases with increasing the content of YF3, while that for the
second one increases. The values of T¢, Tmi, Tm2 and T3 also exhibit variation in the
curves of the studied samples.

Table 6-1 The onset temperatures of Tg, Tc1, Tec2, Tc, Tm1, Tm2 and T3 of 7LaF, 5La2Y, 3La4y,
1La6Y and 7YF samples, respectively. Figure adapted from Paper V.

Sample T Ta T2 T. Tmi Tm Tm3
7LaF 561 602 ~ 790 872 958 ~
SLa2Y 569 606 ~ 758 862 897 ~
3La4Y 574 609 652 752 818 846 897
1La6Y 576 610 659 759 812 841 886
7YF 580 617 678 760 821 982 891

6.2. GLASS STRUCTURAL ANALYSES
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Figure 6-2 XRD patterns of 7LaF, 5La2Y, 3La4Y, 1La6Y and 7YF samples, respectively.
Figure adapted from Paper V.

The XRD patterns in Figure 6-2 shift gradually from cubic Ba;LaF7 crystals in 7LaF
sample to BaYFs crystals (PDF#46-0039) in the 7YF sample with increasing the
dopant ratio of YF3/LaFs. It can be seen that BaYFs crystals also take place during
quenching and show ten characteristic diffraction peaks in the 20 range from 20° to
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90°, the peak positions of which slightly shift to larger angles compared with that of
BayLaF7 crystals (see Paper II). In addition, the crystals formed in the 3La4Y sample
can be deduced to complex fluorite crystals rather than mixed crystals of Ba,LaF7 and
BaYFs (80).
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Figure 6-3 Normalized Raman spectra of 7LaF, 5La2Y, 3La4Y, 1La6Y and 7YF samples,
respectively. Figure adapted from Paper V.

Figure 6-3 shows the Raman spectra of the studied samples, which are normalized by
the intensity of the peak at around 548 cm™'. It is found that the intensity ratios between
the crystalline peaks at 270 cm! and the tetrahedral peaks at 548 cm! first slightly
increase and then decrease with substituting YF3 for LaFs. This means that the
crystallinity in the studied samples exhibits the same tendency as intensity ratios. In
addition, the sharp Raman peak at 268 cm™' gradually shifts to 294 cm™! and a new
weak Raman peak at around 327 cm™! appears by substituting LaF; with YF3. Thus,
the Raman peaks of 294 and 328 cm™' can be ascribed to the vibrations of the Ba-F
and Y-F bonds, respectively, in BaYFs crystals (61). Thus, based on the results in
Chapter 3, we assume that the Raman peak at 268 cm™' can be attributed to a combined
vibrational Raman peak of the La-F and Ba-F bonds in Ba,LaF7 crystals, which needs
to be approved in further study. For the Raman peaks of tetrahedral units, the Raman
peak at 387 cm™! increases with the variation of the composition, while the Raman
peak at 417 cm™! gradually disappears. Other main Raman peaks of 689, 616 and 548
cm! progressively move to 667, 604 and 554 cm™!, respectively, with replacing LaF;
to YF3 in the compositions. Specifically, the mid-frequency bands at 350-700 cm'! are
associated with the Si-O-Si (Al) symmetric stretching vibration in the glass matrix
(62)(63). The peak of 387 cm™! is assigned to a symmetric stretch of five-fold ring
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structures while the peaks at 550 and 604 cm'! are attributed to the symmetric stretch
of four- and three-fold ring structures, respectively (64) (see Chapter 4).

6.3. MORPHOLOGY FEATURES

Figure 6-4 SEM images obtained from backscattered electron mode of 7LaF (a) and 7YF (b)
samples without etching by HF acid, respectively. Figure adapted from Paper IV and Paper 1.

Figure 6-4 shows SEM micrographs of the studied samples. It is seen that some
flower-like BaLaF; crystals (light regions, Figure 6-4a) are distributed uniformly in
glass matrix (black region), which is described in chapter 3. By substituting LaF3 with
YF3, some nanosized sphere-shaped crystals (represented by light domains) with an
average size of around 30 nm are observed in glass matrix (Figure 6-4b), which means
that the size and fraction of crystals decrease. These results agree well with those in
the XRD and Raman spectra. This also shows that the variation of composition may
alter the microstructure in the studied samples, that is, the area and shape of fluoride-
rich regions in the phase-separated oxyfluoride glass, which needs to be further
investigated.
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6.4. OPTICAL PERFORMANCES
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Figure 6-5 Transmittance spectra (a) and UCL spectra (b) of Er**-Yb3* co-doped 7LaF, 5La2Y,
3La4Y, 1La6Y and 7YF samples, respectively. Figure adapted from Paper V.

The light transmittance (Figure 6-5a) of the studied samples increases with
substituting LaF3 to YF3, thereby resulting in low light scattering, which benefits to
enhance optical performance. The reason for the increase in light transmittance is
similar to that mentioned in Chapter 4. The UCL spectra of the studied samples are
shown in Figure 6-5b, their intensity of 3La4Y sample is about 2.5 times higher than
that of 7LaF sample, while 7YF sample possesses the weakest UCL. The detailed
descriptions of UCL are mentioned in Chapter 3. The origin of the UCL intensity first
increases and then decreases with substituting LaF3; to YF3 can be assigned to the
following two factors. First, the UCL intensity is dependent on the light scattering.
Although the fraction of complex fluorite crystals in the 3La4Y sample is slightly
lower than that in 7LaF sample, the optical transmittance of 7LaF sample leads to
relatively weak UCL due to the strongest light scattering. Second, the crystallinity
main affects the UCL intensity of the 7YF sample. The fraction of BaYFs crystals is
lower compared with that of complex fluorite crystals, which decreases the
concentration of Er** and Yb*" ions in the crystals and results in a decrease in energy
transfer possibilities, thereby lowering the UCL intensity (see chapter 3).

6.5. APPLICATION OF NON-CONTACT OPTICAL
TEMPERATURE SENSING

It is known that Er** ions doped oxyfluoride GCs can be used in various potential
applications. However, the application of non-contact optical temperature sensing will
be significant because it can precisely and conveniently measure the environment
temperature. The principle for measuring temperature is via calculating the
fluorescence intensity ratio (FIR) between 2Hj 2 and *Ss, states, the thermally coupled
energy levels (TCELs), of Er’" ions to evaluate the environment temperature
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(81)(82)(83). Thus, we assess the temperature sensing ability of the heat-treated 7YF
sample. Detailed information could be found in paper V.

To investigate the effect of temperature variation between 313 and 473 K on the peak
intensity at 523 nm (*Hyi2), their peak intensities are normalized by the peak
intensities at 541 nm (*Ssp) (Figure 6-6). It is obvious that the corresponding FIR
values increase with increasing the environment temperature owing to the population
inversion through the transition from *S;, to 2Hji» state via the annihilation of
phonons.

1.0- 433/2 44'15/2
0.8 Aex = 980 nm
0.6 2H11/244|15/2

500 520 540 560

Figure 6-6 Normalized UCL spectra of the heat-treated 7YF sample at the temperature range
from 313 to 473 K. Figure adapted from Paper I.

The FIR between Iy and Is, that is the UCL intensities from Hji» and *Sz; levels,
respectively, can be related to the absolute temperature (7) based on the Boltzmann
distribution theory, this relation is shown below:

AE
1

FIR =2 = Ce KgT (6-1)
Is

For the equation 6-1, AE is the effective energy gap between the two levels of Er**
ions, C is a temperature-independent constant, and Kg is the Boltzmann constant
(27)(84). Thus, the fitting curve (black) is shown in Figure 6-7a, which exhibits the
strong temperature dependence of the FIR between the corresponding transitions of
Er’** ions in the heat-treated 7YF sample. The monolog plot of Ln (FIR) versus inverse
absolute temperature (1/T) was illustrated in Figure 6-7b. This curve can be fitted by
the following equation (79):
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Ln(FIR) = 1.54 — 1134% (6-2)

It gives the slope (AE/kg) of -1134 and the AE is determined to be 787 cm!, being
close to AE (812 cm™) calculated from transmittance spectra. The relative temperature
sensitivity (Sz) is an important parameter, which is defined as the relative change of
the FIR value concerning temperature variation. Thus, high Sg can be expected in the
heat-treated 7YF sample, which can be defined as the following equation:

1 d(FIR)| _ AE

FIR dr |~ kgT?

R (6-3)

As shown in Figure 6-7a (red fitting curve), The Sk value (1134/7?) of the heat-treated
7YF sample can be obtained from the equation 6-3 by fitting the experimental data.
To compare Sr values of the studied sample and that of other materials reported
previously, the corresponding Sk values are listed in Table 6-2. It can be found that the
Sr values of the studied sample are larger than those of other materials. Additionally,
the Sg values are in the range of 0.51-1.15% K! for the experimental temperature
range of 473-313 K. This means that the studied sample exhibits high sensitivity to
measure environment temperature. Moreover, 10 cycles of the heating-cooling
process in the sample temperature range for the heat-treated 7YF sample are
conducted in order to evaluate the thermal stability of the UCL. The FIR values
derived from 10 cycles are very similar to those in this study (Figure 6-8), which
indicates that the temperature-dependent UCL behavior of the heat-treated 7YF
sample is repeatable for the cycling experiments. Moreover, the reversible properties
of the heat-treated 7YF sample should result from the protecting role of the oxide
glass matrix for the fluoride crystals. Thus, the heat-treated 7YF sample is an excellent
candidate for measuring environment temperature.
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Figure 6-7 (a) Black fitting curve: Temperature dependence of FIR between 2Hi12 — “l15/2 and
4832 — 152 transitions of Er¥* of the 7YF sample. (b) Red fitting curve: The sensitivity Sr of
the heat-treated 7YF sample. Figure adapted from Paper 1.
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Figure 6-8. Temperature-induced switching of FIR of the heat-treated 7YF sample (alternating
between 313 and 473 K). Figure adapted from Paper .

Table 6-2 AE and Sr of several typical FIR-based optical temperature sensors based on UC
luminescence from 2Hi12 and #S32 levels of Er’* ions. Table adapted from Paper 1.

Sensing materials Trange (K) AE (em?) Sk (%K) Ref.
BaYFs: heat-treated 7YF 313-473 787 1134/T2 This work
Mn?": ZnGa,04 NG 323-523 - 2.51 (85)

SroYbF7: GC 300-500 786 1129.8/T? (86)
NaYF4: GC 298-693 774 1117.4/T? (87)
NaYF,: phosphors 290-320 715 1028/T? (88)
TeO,-WOs: glasses 300-690 679 976.8/T? (89)
silicate glass 296-723 413 593/12 (90)

Fluorphosphate glass 77-500 390 559/12 91)
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6.6. SUMMARY

In this Chapter, we further investigate the impact of the ratio of LaFs/YF; in the
chemical composition on the properties of melt-quenching derived oxyfluoride GCs.
By increasing the ratio of YFs/LaF; in the chemical composition, we found that a
series of fluoride crystals such as complex fluoride crystals and BaYFs crystals can
be formed during quenching via adjusting the composition. This led to the decrease
of the fraction of fluoride crystals, which was verified by the results of XRD and
Raman spectra. In addition, the derived samples become gradually transparent and the
UCL first increases and then decreases with the variation of the composition. Thus,
3La4Y sample containing complex fluorite crystals exhibits the highest UCL
intensity, indicating that it can be a promising host material. Furthermore, glass
network connectivity increases with increasing the content of YFs, which is
determined by the increase of both 7, and Tt values.

For the optical application, we evaluate the temperature sensing ability of the heat-
treated 7YF sample. The maximum Sk is determined to be 1.15% K! at 313 K, which
is higher than those of the Er** doped glasses and GCs reported previously. during 10
cycles of the heating-cooling process in the temperature range of 473-313 K, the heat-
treated 7YF sample exhibits stable UCL intensity and FIR ratios, thus showing
superior sensing capacity. This should be assigned to the protecting role of the oxide
glass matrix for the fluoride crystals. Thus, the heat-treated 7YF sample is an excellent
candidate for measuring environment temperature.
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CHAPTER 7. CONCLUSIONS AND
PERSPECTIVE

7.1. CONCLUSIONS

Traditional oxyfluoride glass-ceramics (GCs) have been regarded as promising host
materials due to their excellent mechanical, thermal and optical properties, however,
the low luminescent efficiency cannot meet their requirements for optical
applications. Thus, this needs to be enhanced by forming large-sized fluoride crystals
in the oxide glass matrix. Therefore, to achieve this goal, the chemical composition
was altered in our project by using two strategies, i) substituting lanthanum oxide
(La203) with lanthanum fluoride (LaF3) in the composition of traditional oxyfluoride
GCs, ii) adjusting the melting temperature of the composition of the translucent
sample. These tailor glass microstructure, crystallization behavior and optical
properties of the Er**-Yb3* ions codoped melt-quenching derived oxyfluoride GCs.

By varying the chemical composition via substituting La;O3; with LaF3, the results
show that fluoride-rich domains increase with increasing the content of LaF3, which
agrees well with the results of Molecular Dynamic (MD) simulations. This led to the
decrease of crystallization activation energy for precipitating fluoride crystals and the
formation of Ba,LaF; crystals during the quenching process. In addition, the optical
transmittance of the studied samples decreases with the variation of chemical
composition, which results from the strong light scattering via increasing the fraction
and the size of crystals, whereas the up-conversion luminescence (UCL) intensities
increased. Thus, this composition-dependent strategy can provide us with a new
perspective to enhance the UCL, though this strategy leads to a decrease in light
transmittance. To investigate the structural evolution and enhance the optical
properties of the translucent 7LaF samples, heat treatment (HT) was conducted at
different temperatures. It is anomalous that the light transmittance of 7LaF samples
increases with the increasing HT temperature. It is observed that the melt-quenching
derived Ba;LaF7 single-crystals increase with increasing HT temperature. Moreover,
some new Ba,LaF; single crystals precipitate from the fluoride-rich regions, which
supports that phase separation would assist the formation of fluoride crystals.
Furthermore, HT resulted in the compositional variation in the residual glass matrix,
causing the fact that the refractive index (#) of the residual glass matrix approaches
that of the Ba;LaF; crystals. Consequently, 7LaF sample heat-treated at 680 °C
exhibits the highest light transmittance. Therefore, the optimum HT can not only
increase the light transmittance but also further enhance the UCL.

The impact of the ratio of LaF3/YF3; on the properties of melt-quenching derived
oxyfluoride GCs was also investigated. By adjusting the composition, a series of
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fluoride crystals can be formed during quenching, which leads to a decrease in
crystallinity. Additionally, the derived samples become transparent with the variation
of the composition. The 3La4Y sample exhibits the highest UCL intensity, indicating
that it can be a promising host material compared with 7LaF sample. For the optical
application, the temperature sensing performance of the heat-treated 7YF sample was
evaluated. The relative temperature sensitivity (Sr) of the studied sample is higher
than that of the Er** doped glasses and GCs reported previously. In addition, the heat-
treated 7YF sample exhibits stable sensing capacity during 10 heating-cooling cycles
in the temperature range of 473-313 K owing to the protecting role of the oxide glass
matrix for the fluoride crystals. This means the heat-treated 7YF sample is an excellent
candidate for measuring environment temperature.

In addition to the composition strategy, the melting temperature strategy for the
compositions of 7LaF sample was investigated. We discovered that the crystallization
capability of the studied samples decreases with increasing the melting temperature,
whereas the light transmittance increases and the UCL weakens. The lowered light
transmittance is attributed to the fact that the studied samples become more
heterogeneous than those prepared at higher melting temperatures. Thus, this strategy
offers a new path to design melt-quenching derived glass and GCs. Moreover, HT can
be used for tailoring the properties of the melt-quenching derived oxyfluoride glass
and GCs.

7.2. PERSPECTIVE

In this thesis, we have discussed glass microstructure, crystallization behavior and
optical properties of different melt-quenching derived oxyfluoride glass and GCs and
also investigated the impact of HT on the properties of the studied samples. However,
the following research still need to be further investigated.

Through the variation of chemical composition by varying the ratio of network
modifiers, we have successfully synthesized some melt-quenching derived
oxyfluoride GCs. The studied samples are a new kind of host material for enhancing
optical properties. Such research is at the beginning and needs to be further explored.
In addition, the formation mechanism of the fluoride crystals during quenching is still
clear, which needs to be investigated in the future. Some characterizations such as
High-temperature viscosity, liquid-liquid immiscibility and heterogeneity of glass
melts will be helpful to understand this mechanism. We also should verify the strategy
of HT leading to the translucence-transparency transformation that could be used for
other translucent GCs. We will design the optimum chemical composition, melting
temperature and subsequent HT temperature to tailor the oxyfluoride GCs with
specific optical properties, thus achieving micro-cavity or random laser outputs based
on high transmittance and crystallization of the heat-treated samples.
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Abstract

The transparent Er3+-Yb3+-doped fluoro-aluminosilicate glass-ceramic (GC) was
prepared by melt-quenching. The crystal phase, morphology, and up-conversion (UC)
luminescence of as-produced GC were characterized by X-ray diffraction, scanning
electron microscopy, and fluorescence spectrophotometry, respectively. The results
show that BaYFs nanocrystals were uniformly distributed in the glass matrix of the
as-produced GC. When the as-produced GC was subjected to heat treatment, the
crystallinity was increased, but the crystal identity remains unchanged. Such heat-
treatment doubled the intensity of the UC luminescence, and this enhancement was
ascribed to the increased incorporation of both Er’* and Yb** ions into the lower
phonon energy environment of BaYF5 nanocrystals. Furthermore, the heat-treated
GC was stable against further crystallization, and consequently its UC luminescence
was stable at the application temperature. The heat-treated GC was found to possess

an outstanding temperature-sensing capability.

KEYWORDS

Chemistry and Bioscience, Aalborg
University, 9220 Aalborg, Denmark.
Email: yy@bio.aau.dk

luminescence

Funding information

National Natural Science Foundation of
China, Grant/Award Number: 12064021;
China Scholarship Council, Grant/Award
Number: 201808530502

1 | INTRODUCTION

Temperature-dependent up-conversion (UC) lumines-
cence materials doped with rare-earth (RE) ions have at-
tracted a lot of attention owing to their various potential
applications such as thermal imaging, cancer treatment,
optical temperature sensors, optical refrigeration, and op-
tical heater.' Among all the applications, the noncontact
optical temperature sensing is of particular interest for two
reasons. First, such materials exhibit superior sensing per-
formances including high accuracy, high spatial resolution,
and fast response. Second, they can be applied in some

erbium ion, fluoro-aluminosilicate glass-ceramics, temperature sensing, up-conversion

special occasions, where the traditional contact methods for
detecting temperature cannot be used, for example, build-
ing fire detections, electrical transformer temperature in
power stations, nanoscopic temperature measurement, and
biological imaging systems.5  Precise measurement of tem-
perature is important in many industrial and scientific ap-
plications. For optical temperature sensors, the temperature
can be determined based on the fluorescence intensity ratio
(FIR) between the thermally coupled energy levels (TCELs)
of RE ions. The FIR technique possesses high reliability,
improved sensitivity, and wide operating temperature range
compared to some other optical-based techniques, for
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example, fluorescence lifetime and amplified spontaneous
emissions.”®

In the case of the FIR method of the optical temperature
sensor, to obtain a sufficient electron population from the
upper energy level of TCELs to its lower energy level, the
energy differences of TCELs should usually be controlled
between 200 and 2000 cm™". Several trivalent RE ions such
as Ho'* (°F,/°Gq, 4F,/’Ky), Er’* (Hy,p, and *Ssp), Tm**
(F,3 and *H,, 'Gy, and 'Gyg)), and Dy** (“I;s;, and *Fy),)
can meet the requirement of the above TCELs differences.’
These ions have been extensively explored as active centers
for noncontact temperature sensing. Among these RE ions,
Er’* ion was regarded as a favorable probe in temperature
sensing due to its energy level structure that possesses the
applicable energy differences (AE~700 cm™') of TCELs. In
addition to the active centers, the host materials of optical
temperature sensors also play a crucial role in obtaining good
stability, high UC luminescence, and excellent temperature
sensing performance. Many previous studies focused on
Er3+-d0ped fluoride nanocrystals and oxide glasses as optical
temperature sensors. '’ Although the fluoride nanocrystals
exhibit efficient UC luminescence and higher temperature
sensitivity owing to their low phonon energy and large en-
ergy gap (AE), their chemical stability is poor. Instead, Er’t-
doped oxide glasses show excellent optical transparency,
considerable chemical, and thermal stability. Although Er*t-
doped oxide glasses have some advantages, they could not
be applied in optical temperature sensors due to their high
phonon energy. To solve the above-mentioned problems, sci-
entists attempt to develop alternative materials, for example,
oxyfluoride glass-ceramics (GCs).""1? These GCs have ex-
hibited great potential to be applied as optical temperature
sensors since their thermal and chemical stabilities are better
than the fluoride nanocrystals, and their optical properties
are superior to oxide glasses.

Oxyfluoride GCs are often prepared by melt-quenching
followed by subsequent heat treatment. The heat treatment
conditions such as the temperature and time are crucial to
the nucleation and growth processes, as well as to the diffu-
sion coefficient of Er’* ions into the crystallites. The optical
transmittance of GCs decreases with heat treatment tempera-
ture since the light scattering increases with the growth of
Crystallites.B’14 However, it is a challenge to precisely control
the crystal size within nanoscale and to promote insertion of
Er*" ions into nanocrystals and thereby to improve UC lu-
minescent performance. This is why we put effort into the
investigation of the nanocrystals-containing GCs."”

In this work, we prepared a novel Er’*-Yb* codoped
glass-ceramic (GC) containing BaYF5 nanocrystals by the
melt-quenching method. Then, we determined the thermo-
dynamic, structural, and luminescent properties of both as-
produced GC and heat-treated GC. We clarified the influence
of heat treatment on the morphology of nanocrystals in the

GC samples. Finally, we achieved the accurate temperature-
sensing function of Er3+-Yb3+codoped heat-treated GC
through the optical thermometry based on the FIR of the
green UC luminescence.

2 | EXPERIMENTAL PROCEDURE
The as-produced GC with the molar composition of 45510,—
15A1,05-12Na,0-21BaF,~7YF;—0.5ErF;—1YbF; was
prepared by the melt-quenching technique. About 10 g raw
materials (Si0,, Al,Os, Na,O, BaF,, YF;, ErF;, and YbF;)
was uniformly mixed and melted in a covered alumina
crucible in air at 1723 K for 45 min. Then the melt was cast
onto a preheated stainless steel plate. After that, the glass
samples were immediately transferred to an annealing furnace
at 673 K for 8 h and cooled slowly to room temperature to
eliminate thermal stress. The as-produced GC sample was
subjected to heat treatment at 913 K for 2 h to obtain the
heat-treated GC sample.

To determine the enthalpic responses to glass transition
and phase transitions, and their characteristic temperatures,
both as-produced GC and heat-treated GC samples were up-
scanned in the differential scanning calorimeter (DSC, STA-
449F3) to 1173 K at 10 K/min in nitrogen. X-ray diffraction
(XRD) measurements were performed to identify the crystal-
lization phases by a powder diffractometer operated at 40 KV
and 40 mA, using CuKa as the radiation. The 26 scan range
was 20°-90° with a step size of 0.02°. The XRD data were
subjected to the Rietveld refinement of the structure using the
software TOPAS to verify the crystal structure and to deter-
mine the purity of the crystals (Supporting Information). The
Raman spectra were acquired by a micro-Raman spectrom-
eter (inVia, Renishaw) from 200 to 1200 cm™! excited by a
532 nm green HeNe laser for 10 s. The morphology of the
samples was analyzed by field-emission scanning electron
microscopy (SEM, QUANTA 200) and transmission elec-
tron microscope (TEM, JEM-2100) equipped with the se-
lected area electron diffraction (SAED) at a voltage of 30 and
200 KV, respectively. The optical absorption spectra in the
wavelength range 275-1000 nm were measured on a Varian
Cary 50 spectrophotometer. The UC emission spectra in the
wavelength range from 500 to 700 nm were recorded with a
HITACHI F-7000 fluorescence spectrophotometer under the
980 nm laser excitation.

3 | RESULTS AND DISCUSSION

3.1 | Phase transitions and crystal identity

Figure 1A shows the comparison of DSC curves of both
the as-produced GC and the heat-treated GC samples.
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The glass transition temperature (7,) of as-produced GC
is determined to be 847 K. With the increasing upscan
temperature, the first crystallization peak with the onset
temperature (7,;) of about 893 K occurs, which nearly
overlaps with the glass transition peak. This indicates that
the as-produced GC is unstable toward crystallization. With
further increasing the upscan temperature, another sharp
and intense crystallization peak occurs at about 1026 K,
followed by the melting temperature of about 1165 K
In contrast, the heat-treated GC exhibits an increased Tg
(863 K) and T,; (911 K), indicating a stronger network
structure and a higher crystallinity than the as-produced
GC. The increase in T, and T, can be ascribed to the fact
that F, Y, and Ba can diffuse from the oxide glass matrix to
the new nucleus and the existing nanocrystals during heat
treatment, and thus, the concentration of network-forming
ions (Si*" and AI**) in the glass matrix increases. To study
the thermal stability of as-produced GC, the sample was
scanned four times at the same heating and cooling rate
of 10 K/min to 953 K, as shown in the inset of Figure
1B. It can be seen that the 7, and T, increases to 862 and
908 K, respectively, after the first scan. The two values
remain constant in the following two scans, indicating the
increased thermal stability of heat-treated GC. The high
thermal stability of heat-treated GC is beneficial to the
application of optical thermometry sensors.

The XRD patterns of as-produced GC and heat-treated GC
are presented in Figure 1B. Diffraction peaks appear in the
XRD pattern of as-produced GC, which are assigned to the
cubic BaYF; crystals (JCPDS NO. 46-0039). This indicates
that self-crystallization takes place during the melt-quenching
process.'® Upon heat treatment, the diffraction peaks of heat-
treated GC become more intense and sharper, implying the

Wavelength (nm)

formation of more BaYF;s crystals. To determine both the
nanocrystal structure and the purity of the cubic BaYF; nano-
crystals, we have performed the XRD Rietveld refinement
of the heat-treated GC (Supporting Information). The results
indicate that the cubic BaYFs nanocrystals are pure. The
diffraction peaks of heat-treated GC shift to smaller angle
slightly compared with those of as-produced GC (the inset
of Figure 1B), confirming the substitution of both Er*" ions
(0.089 nm) and Yb>* ions (0.099 nm) for Y>* ions (0.09 nm)
in the BaYF;s crystals. The crystal size of BaYF; crystals can
be estimated by the following Scherrer equationsz

_ KA
Pcosf

(1

where K is the Scherrer constant (0.89), 4 is the wavelength of
the incident XRD (for CuKa, 1 = 0.154056 nm), € is the Bragg
angle of X-ray diffraction peak, and S is the corrected half-
width of diffraction peak. The grain size of the BaYFs crystal
in the heat-treated GC sample is calculated to be approximately
60 nm, suggesting that the formed crystals are within nanoscale.

Figure 1C illustrates the Raman spectra of both the as-
produced GC and the heat-treated GC samples, which are
excited by a 532 nm laser. The Raman spectra of as-produced
GC consist of a sharp and enhanced Raman peak at around
293 cm™', which is ascribed to the BaYF; nanocrystals.'”
This further confirms that the nanocrystals can form during
the quenching process. Upon heat treatment, the peak of
the heat-treated GC shifts to a smaller wavenumber region
(286 cm_l) and matches well with the BaYFs nanocrystal, and
this shift might be attributed to the substitution of more Er**
ions for Y>* ions.'® Those peaks at 387, 552, and 672 cm™!
can be assigned to the Si(Al)-O-Si(Al) symmetric stretching
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and bending modes with inter-tetrahedral vibrations, respec-
tively.19 In addition, both the narrower full width at half
maximum (FWHM) and higher peak intensity at 286 cm™'
corresponding to the BaYFs nanocrystal implies the higher
crystallinity of heat-treated GC than as-produced GC. The
transmittance spectra in the range from 275 to 1000 nm of the
as-produced GC and the heat-treated GC samples are given
in Figure 1D. The characteristic absorption peaks located at
about 378, 487, 523, 541, 653, and 976 nm are attributed to
the transitions from the ground state 411 s, to the excited states
4G11/2’ 41:7/2’ 2Hn/z’ 4S3/2, 41:9/2’ and 21:5/2 (Yb** ions) transi-
tions of Er’* jons, respec:tively.20 It can be observed that both
the as-produced GC and the heat-treated GC samples present
high transmittance (>80%). This is because the precipitated
BaYFs nanocrystals are much smaller than the wavelength of
visible light, and hence, the light scattering becomes lower.

SEM micrographs of as-produced GC and heat-treated
GC are shown in Figure 2A,B. In Figure 2A, some spherical
nanocrystals (about 25 nm) (see light domains) are uniformly
distributed in the glass matrix, while the nanocrystals grow to
around 65 nm upon heat treatment (Figure 2B), and this size
is comparable to the diameter estimated by Scherrer equa-
tion. In addition to the ~65 nm crystals, the new spherical
BaYF; nanocrystals (about 10 nm) precipitate in the residual
glass matrix, being consistent with the crystal size reported
elsewhere. '

‘d@31)=0.339 nm

Figure 2C,D shows the TEM and high-resolution TEM
(HRTEM) images of the heat-treated GC sample contain-
ing BaYF; nanocrystals. The TEM images illustrate that the
nanocrystals (dark domains) are randomly distributed in the
glass matrix with clear boundaries, in accordance with the
SEM results. The polycrystalline feature of heat-treated GC
is confirmed by the SAED patterns (inset of Figure 2C). In
addition, the HRTEM image and its fast Fourier transform
(FFT) pattern (inset of Figure 2D) exhibit a well-defined lat-
tice structure with an interplanar spacing of 0.339 nm, which
could be attributed to the (111) lattice planes of cubic BaYF;
nanocrystal.16

3.2 | UC luminescent behaviors

Figure 3A shows the UC luminescence spectra in the
wavelength range from 500 to 700 nm of the Er’*-Yb**
codoped as-produced GC and heat-treated GC excited by
980 nm laser. The characteristic UC luminescence peaks at
523, 541, and 653 nm are attributed to the transitions from the
2HH 2 4S3 1, and 4F9,2 excited states to the 411 5, ground state of
Er’* ions, respectively. It is noticeable that both as-produced
GC and heat-treated GC show pronounced stark splitting and
the UC luminescence intensity of heat-treated GC is greatly
enhanced by two times compared with as-produced GC. This

FIGURE 2 SEM micrographs of
as-produced GC (A) and heat-treated GC
(B). (C and D) Low-resolution and high-
resolution TEM micrographs of heat-treated
GC. Insets: selected area electron-diffraction
(SAED) image of TEM micrographs (C) and
fast Fourier transform (FFT) image of the
square dash line region of TEM micrographs
D)
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enhancement is ascribed to the fact that the incorporation of
Er** jons into the low phonon energy environment of BaYFs
nanocrystals can reduce the probability of nonradiative
relaxation.”’ In general, the UC emission intensity (Iye) and
pumping power (P) of 980 nm laser are correlated by the
expression Iyc~P", where n is the photon number needed to
pump Er** ions from the ground state to the excited state,
that is, the number of photons required for achieving the
up-conversion transition. The logarithmic plots of pumping
power-dependent UC emission intensity are presented in
Figure 3B. The linear-fitted slopes are 1.95 and 1.88 at 541 nm
(483,2 - 4115,2) and 653 nm (4139,2 - 4115,2), respectively, for

heat-treated GC, indicating that the two-photon process
dominates the strong UC luminescence.

Figure 3C describes the energy level scheme of Er’* and
Yb** codoped as-produced GC and heat-treated GC, which
implies a UC mechanism. Excited by 980 nm laser, the
electrons of Yb*" ions at the ground state of “F, are first
populated to the excited state of 2F5/2 by ground-state ab-
sorption (GSA). Then, the excited Yb**
relax from 2F5,2 to 2F7,2 level, and this process releases the
energy to drive adjacent Er’* ions from I 152 ground state
to 4111 ,» excited state. The entire energy transfer can be de-
scribed as ET1 process: *I;s, (Er') + 2Fs,, (Yb') > 41,

ions nonradiatively
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TABLE 1 AFE and Sy of several typical

Ref FIR-based optical temperature sensors based
’ on UC luminescence from 2H] 12 and 453,2

This work levels of Er’* ions

25
24
26
3

27

28
29

Temperature Sk (%
Sensing materials range (K) AE (cm_l) K_l)
BaYF: Er’", Yb*" heat- 313-473 787 1134/T?
treated GC
Mn**:ZnGa,0, NG 323-523 - 2.51
St,YbF;: Er** GC 300-500 786 1129.8/T2
NaYE,: Er**, Yb** GC 298-693 774 1117.4/T>
NaYE,: Er**, Yb** 290-320 715 1028/T2
phosphors
TeO,-WO;: Er’*, Yb** 300-690 679 976.8/T*
glasses
silicate glass: Er’*, Yb>* 296-723 413 593/T>
Fluorphosphate glass: 77-500 390 559/T*
Er3+ Yb3+

(Er’") 4+ 2F,,, (Yb®"). Moreover, the 4f electrons of Er'*
ions at 411 s, level can be directly excited to 4111 » through
the GSA without the aid of the energy from 2F5,2 level of
Yb*" ions. Subsequently, Er*" ions at 411 12 level are driven
to *F,, level by ET2 process: *1,,, (Er’") + 2F5, (Yb*") —
4F,), (Er'") + 2F;, (Yb'). Afterward, Er’* ions at “F;,
level nonradiatively relax to 2H11,2 and 4S3,2 emitting lev-
els and further radiatively relax down to 4115 ,» ground state
to cause emissions at 523 and 541 nm, respectively. For
the red emission (*Fg, — 4115,2) at 653 nm, 4F9,2 emitting
level can be pumped by two ways: (1) nonradiative relax-
ation from *S, level; (2) ET3 process (‘1,5 (Er’*) 4 2Fs,
(Yb*") = 4F,, (Er’") + 2F,, (Yb®)) after the nonradia-
tive relaxation from 411 2 level .

3.3 | UC luminescence for
temperature sensing

The potential for the studied heat-treated GC to be applied
in optical temperature sensor has been assessed based on the
green UC luminescence spectra in a broad temperature range
313-473 K. The intensity of the spectra should be normalized
by that of the peak at 541 nm in order to quantify the impact
of temperature variation on the intensity of the characteristic
peak at 523 nm (Figure 4A). In Figure 4A, it is obvious that
the intensity ratio between the 523 nm peak (2H1 = 4I, s
transition) and the 541 nm peak (*S,,; — 4115,2 transition)
increases monotonously with temperature, resulting from
the temperature dependence of the distribution of Er’" jons
between 2H11,2 and 4S3,2 levels.

According to the Boltzmann distribution theory, the fluo-
rescence intensity ratio (FIR) between 2H] 12 and 4S3,2 levels for
Er’" ions is related to the absolute temperature (7) as follows:

I, _ar
FIR = 2 = Ce™ %7 2)
IS

where [j; and I are the intensities for the luminescence from
the upper (2H11 ) and lower (4S3,2) levels, respectively, AE is
the effective energy gap between 2H11 » and 453/2 levels, C is
a temperature-independent constant, and Ky is the Boltzmann
constant.”' The black fitting curve in Figure 4B represents the
temperature dependence of the FIR between 2H1 = 411 5 and
*S,/, = *;5), transitions for Er** jons in heat-treated GC. The
experimental relation between Ln (FIR) and the inverse abso-
lute temperature (1/7) is depicted in Figure 4C. This relation
can be fitted by the following equation23:

Ln(FIR) = 1.54 — 11341T 3)

The slope (AE/kg) is determined to be —1134, and thus
the AE is 787 cm ™!, being close to AE (812 em™) calculated
from the transmittance spectra. The relative temperature sen-
sitivity (Sg) is an important parameter reflecting the rate of
change in FIR in response to the variation in temperature,
which can be expressed by the following equation24:

1 dFIR)|  AE

R=|RIR  dT _KBT2

“4)

As shown in Figure 4B, the dependence of the Si value of
the heat-treated GC sample on temperature can be determined
to be 1134/7* by fitting the experimental data to Eq. (4). The
comparison in Si between the present heat-treated GC sample
and other materials is shown in Table 1. The S value of the
heat-treated GC is larger than those of other materials listed in
Table 1. Specifically, the Si values are in the range of 0.51-
1.15% K™, corresponding to the temperature range from 473
to 313 K. To test the thermal stability of the UC luminescence,
the heat-treated GC sample is subjected to 10 heating-cooling
cycles between 473 and 313 K. The FIR of UC luminescence
intensity at 523 and 541 nm recovers to its original state when
the heat-treated GC sample is cooled from 473 to 313 K. As
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displayed in Figure 4D, the temperature-dependent UC lumi-
nescent behavior is reversible during cycling processes. This
reversibility could be attributed to the protecting role of the
oxide glass matrix. Thus, the transparent heat-treated GC con-
taining BaYF; nanocrystals could be used in optical tempera-
ture sensors with excellent thermal stability.

4 | CONCLUSIONS

The Er’*-Yb’* codoped as-produced GC containing
spontaneously crystallized BaYF5 nanocrystals was prepared
by the melt-quenching method. The nanoparticles with an
average size of about 25 nm were uniformly distributed
in the glass matrix. The nanocrystals with a size of about
65 nm were generated in as-produced GC by performing
heat-treatment at 913 K for 2 hours, and Er’* ions entered
into the BaYF;y crystals, and thereby enhancing the UC
luminescence intensity. In addition, the application potential
of heat-treated GC in optical thermometry was proved by
determining the FIR of green UC luminescence from Er**
The maximum relative temperature sensitivity (Sg) was
found tobe 1.15% K ' at 313 K, which was higher than those
of the Er’ *_doped glasses and GCs reported previously.
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To determine both the nanocrystal structure and the purity of the cubic BaYFs nanocrystals, the
XRD Rietveld refinement of the heat-treated GC was performed using TOPAS software. The

difference between the observed and calculated plots was shown in Figure S1. The cubic BaYFs

nanocrystal structure and equivalent isotropic parameters are given in Table S1.
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FIGURE S1. Rietveld refinement patterns of the BaYFs nanocrystals. x: the observed raw X-ray
diffraction data; Red line: the calculated pattern; Black vertical lines: the Bragg peak positions of the
allowed reflections for Cu Koi and Koz. Blue curve: the difference between the observed and

calculated intensities on the same scale.

TABLE S1 Details of the BaYFs Crystal Structure and Equivalent Isotropic Parameters

Structure Cubic
Space group Fm-3m (225)
Lattice parameters a=b=c=5.874 A, a=B=y=90°
Z 2
Volume of unit cell 202.63 A3
Atom  Wyckoff positions X y z Occupancy

Ba 4a 0 0 0 0.5
Y 4a 0 0 0 0.5
F1 8c 0.25 0.25 0.25 0.5572
F2 48i 0.5 0.1913  0.1913 0.0999
F3 32f 0.4485 0.4485 0.4485 0.0127

F4 4b 0.5 0.5 0.5 0.0218
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Abstract

It is known that the optical transparency of an oxide glass decreases with an increase of the size and
fraction of crystals in the glass during heat-treatment (HT). Here we report an opposite scenario,
where a translucent Er**-Yb>" doped oxyfluoride glass-ceramic (GC) becomes transparent with
increasing crystal size and crystallinity. Specifically, in the heat-treated GC samples, we observed
that the growth of the existing BacLaF7 crystals and particularly the formation of small spherical
BasLaF7 crystals greatly enhanced the light transmittance. To reveal the origin of this anomalous
phenomenon, we performed detailed morphology and structure analyses on both the precursor and
the heat-treated samples and Molecular Dynamics (MD) simulations of the precursor glass. The
results show that the composition of the residual glass phase was altered (e.g., depletion of La*") in
the way that the differences in refractive index between the glass matrix and the crystals are greatly
reduced. As a consequence, the light scattering of the heat-treated GC was suppressed, and hence,
the derived GC became transparent. In addition, a proper HT can also enhance the luminescence of

the studied GC system.



1. Introduction

Traditional oxyfluoride glass-ceramics (GCs) are a kind of multiphase material that contain
fluoride crystallites embedded in the oxide glass matrix.[!?! This material bears the advantages of
both the fluoride crystallites and the oxide glass matrix.*) The crystallites have low phonon energy
environment, while the oxide glass matrix possesses both high optical transparency and excellent
chemical and thermal stabilities, which are crucial for protecting the fluoride crystallites from
reacting with the moisture from the environment. For the oxyfluoride GCs doped with rare earth
(RE) ions, the RE ions, which serve as the up-conversion (UC) luminescence centers, preferentially
enter the fluoride crystallites, and hence, reduce the rate of non-radiative relaxation, and thereby
benefiting the UC luminescence.[¥ Thus, oxyfluoride GCs are a promising candidate for optical
applications such as optical amplifiers,™ multicolor displays,®! UC fibers,”! lasers,!®! and optical
thermometry.”) However, it is a challenge to achieve the oxyfluoride GCs with both high

transparency and superior UC luminescence.

Usually, the optical transmittance of the oxyfluoride GCs is lower than that of their
corresponding precursor glass since the former has stronger optical absorption and light scattering
than the latter. According to the Rayleigh-Gans theory,!'%! if crystallinity is low (e.g., <40 vol% and
the average size of the fluoride crystallites is well below the wavelength of the incident light, the
light scattering in the visible range will be low. If the average size of fluoride crystallites is less than
30 nm, most of the oxyfluoride GCs would exhibit ultrahigh transparency owing to less light
scattering and absorption.['!! But on the other hand, if the fluoride crystallites are too small, they
will not accommodate a large amount of RE ions required to achieve high UC luminescence
efficiency.l'*'#! Therefore, it is important to find a way to realize both high transparency and
superior UC luminescence efficiency in the same material. To do so, it is necessary to tailor the

chemical composition and size of crystallites in the oxide glass matrix.



By altering the concentration of glass modifiers in the chemical composition, we have found
several translucent oxyfluoride GCs obtained via quenching glass melts, which contain large (>100
um) fluoride crystals. In addition, the strategy of isothermal heat-treatment (HT) can be used to
adjust the refractive index (n) of the glass matrix to match that of the fluoride crystals, thereby
increasing the transparency of the translucent samples by minimizing the n difference (<0.01)
between the fluoride crystallites and the glass matrix. In this work, we investigate one of the above-
mentioned tranlucent oxyfluoride GCs, i.e., 45S102-15A1,03-12Na,0-21BaF,-7LaF3-0.5ErF;-
1.0YbF3, to demonstrate the translucency-to-transparency transformation caused by a proper HT

process.

To determine the structure, size and fraction of the crystals in the oxyfluoride GCs, we
performed high-resolution transmission electron microscopy (HRTEM), scanning -electron
microscopy (SEM) and X-ray diffraction (XRD). To study both the crystal formation and the glass
transition of the GCs, we conducted differential scanning calorimetry (DSC) and XRD. In the end,
we achieved the match of the refractive index of the glass matrix with that of the crystal phase, and
thereby the high transparency of the oxyfluoride GC. The origin of the heat-treatment enhancement
of transparency of the oxyfluoride GC was clarified by the solid-state nuclear magnetic resonance
(NMR) and the Raman spectroscopy, as well as the molecular dynamics (MD) simulation.

Furthermore, the optimized HT condition resulted in superior luminescence efficiency.

2. Results and Discussion

2.1. Optical, thermal and structural analyses

Figure 1a shows the optical transmittance of both P-GC and three heat-treated P-GC samples,
which are derived from their absorption spectra in the wavelength range of 275 to 800 nm (Figure
S2a).l'" It is seen that the transmittance increases with the heat-treatment (HT) temperature. The

trend can also be reflected by the optical images of P-GC and the three P-GC samples heat-treated



at 600, 640, and 680 °C (from left to right, respectively) for 4 h (Inset of Figure 1a). The increase of
the transmittance can be clarified as follows. First, the average size of the Ba;LaF7 nanocrystals
decreases with the increasing HT temperature. If it is controlled within 30 nm, the light scattering in
grain boundaries can be avoided. Second, for large-sized crystals (e.g., up to micrometer scale),
both light scattering and absorption can be attenuated by only minimizing the refractive index
difference (<0.01) between crystals and glass matrix.[!>!

Figure 1b shows the DSC curves of both the P-GC and the three P-GC samples that were heat-
treated at 600, 640 and 680 °C for 4 h, respectively. It is seen that P-GC undergoes glass transition
with the onset temperature (7) and the two crystallization processes with the onset temperatures of
Tc1 and Te, respectively, and finally the melting with the offset temperature of 7. The values of T,
T, Tex and T, are determined to be 559, 607, 792 and 871 °C, respectively, by the method
described elsewhere.!'®) It is observed in Figure 1b and Table. S1 that T, and Tt first increase with
both the HT temperature and duration, and then remain unchanged. The maximum 7, and 7t values
indicate that the crystallinity has reached the maximum at a sufficiently high extent of HT. In other
words, the composition of the glass matrix phase does not vary with further HT, i.e., the glass
structure does not change.'”! The onset temperature of the main crystallization peak (7:2) of P-GC
decreases from 792 to 782 °C upon HT at 600 °C for 4 h, and then remains unchanged with further
increasing HT temperature. However, the 7T, value remains constant with increasing HT
temperature. To determine the stability of the glass network structure against crystallization, P-GC
samples were subjected to 4 cycles of DSC scans up to the maximum scanning temperatures (7sacn-
max) 0f 580, 600, 620, 640, and 660 °C, respectively, at 10 °C/min. In Figure S2b and Table. S2, it is
seen that 7 first sharply increases and then gradually approaches the highest value with repeating
the DSC scans. This implies that the glass network connectivity increases with DSC scans, and

reaches a maximum, due to the cease of crystallization.'8! To study the first crystallization event of



both P-GC and the heat-treated samples, the crystallization enthalpy (4H) of each sample was
calculated by integrating the exothermic peak (Figure 1b). It is evident that AH gradually decreases
with increasing HT temperature, implying that the crystallization already takes place during HT.
This means that P-GC has a strong tendency to crystallization before the main crystallization occurs
around 800 °C (Figure 1b).['"]

Figure 1c shows the XRD patterns of both P-GC and three heat-treated P-GC samples. The
diffraction peaks of P-GC are identified to be the face-centered cubic (FCC) BasLaF7 crystal
(PDF#48-0099), suggesting that a certain amount of crystals have already formed during melt-
quenching.?®! The intensities of the diffraction peaks increase with HT temperature and no new
diffraction peaks appears. To determine the purity of the cubic Ba;LaF7 crystals, the XRD Rietveld
refinement of the P-GC sample heat-treated at 640 °C for 4 h was performed using TOPAS software.
The difference between the observed and calculated plots is shown in Figure S3. The cubic Ba;LaF;
nanocrystal structure and equivalent isotropic parameters are given in Table S3. It is seen that there
is an excellent match between the observed and the calculated plots, suggesting that only the
BaLaF7 crystals are present in the studied samples. From the XRD results, the crystallinity is found
to increase from 42 to 64% with increasing the HT temperature up to 680 °C for 4 h (Table. S4).
This implies that HT leads to the formation of Ba;LaF7 crystals in P-GC.

Figure 1d illustrates the Raman spectra acquired using the 532 nm laser and subsequently
normalized by the intensity of the peak at 550 cm™ for both P-GC and the heat-treated samples. The
mid-frequency bands at 350-700 cm™ are associated with the Si-O-Si (Al) symmetric stretching
vibration mode in the glass matrix.?>?] Specifically, the peak at 418 cm™ is assigned to a
symmetric ring-breathing mode (five-fold ring structure) involving mainly oxygen motion, whereas
the peaks at 550, and 610 cm™! are attributed to the symmetric stretch of three-fold ring structures,

respectively.l**2%) Strikingly, a sharp peak in the low-frequency region appears at around 269 cm’!



for P-GC, which is ascribed to the vibration of the Ba-F and La-F bonds in Ba,LaF7 crystals.[>"]
This confirms that Ba;LaF7 crystals have already formed in the precursor glass during melt-
quenching compared with the traditional oxyfluoride glasses (Figure S4a). Furthermore, the
normalized intensity of the peak at 269 cm™! increases with the HT temperature. Other peaks at 386,
416, 550, 616, and 689 cm™', which are associated with tetrahedral units in glass matrix, become

weaker with the HT temperature, verifying an increase of the crystallinity in the studied samples

upon HT.
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Figure 1. Impact of HT on optical and structural characteristics of precursor glass-ceramic (P-GC). (a)
Transmittance of P-GC before and after HT at 600, 640, and 680 °C for 4 h. Inset: Photos of P-GC sample
and P-GC samples heat-treated at 600, 640, and 680 °C for 4 h, respectively (from left to right). (b) DSC
output (arbitrary unit) of P-GC and the heat-treated samples. The glass transition temperatures (7%), the onset
temperatures of both the first and second crystallization peaks (7¢; and Tc», respectively) and the offset
temperature of the melting peak, i.e., the melting point (71) (see the arrows). Hatched area: crystallization
enthalpy. (¢) XRD patterns. (d) Normalized Raman spectra, where the vibrational modes and the peak
positions are indicated.

2.2. Evolution of crystals and its structural origin
Figures 2a-d show the SEM images of both P-GC and the heat-treated samples. For P-GC,

there are three distinct regions: white flower-like, white, and black domains (Figure 2a), which



correspond to BaxLaF7 crystals, fluoride-rich glass matrix, and silica-rich glass matrix, respectively.
The silica-rich glass matrix contains [SiO4] and [AlO4] tetrahedral units. However, La** ions can be
regarded as the network intermediate.?®! Therefore, a few La*" ions might enter the silica-rich
network, forming [Si(La)O4] tetrahedral units. Both [SiO4] and [AlO4] domains in the surface layer
were etched by HF acid, so that the contrast between the fluoride-rich phases (see the white
domains in Figure 2a) and the remaining silica-rich phases (see black domains) can be seen.*”
Flower-like BayLaF7 crystals (180~190 nm) are distributed in the fluoride-rich phases. Ba;LaF;
crystals grow to about 220 nm and the tiny spherical Ba;LaF7 nanocrystals (about 5 nm) precipitate
from the fluoride-rich phase upon HT at 600 °C for 4 h (Figure 2b). This implies that the formation
of the fluoride-rich phase assists the growth of the existing crystals and the formation of BaLaF
nanocrystals. Upon HT at 640 °C for 4 h, both the flower-like crystals and the nanocrystals grow to
about 260 nm and 15 nm, respectively (Figure 2c). At 680 °C for 4 h, two types of Ba;LaF7 crystals
further grow to 300 nm and 25 nm, respectively (Figure 2d). This indicates an increase of both the
crystallinity and the average size of the flower-like BarLaF; crystals with increasing HT
temperature.

Molecular dynamics (MD) simulation is conducted to reveal the glass structural features of P-
GC composition, which is then compared with the experimentally detected ones. Under rapid
cooling condition of MD simulations, the simulated glass structure shows the regions of
aluminosilicate-rich phase and fluoride-rich phase (Figure 2¢), and this is a clear signature of phase
separation.”?®! The high tendency of phase separation leads to the occurrence of the spontaneous
crystallization in the P-GC composition during cooling under the current experimental condition. In
addition, the fluoride-rich region detected by MD simulations has a chemical composition similar to
that of the fluoride crystals found by EDS. As shown in Figure 2e, the oxide-rich phase is composed

of a network structure with [SiO4] and [AlO4] tetrahedral units linked through corner-sharing of



bridging oxygen. In comparison, the fluoride-rich phase is rich in modifier cations, such as Na',
Ba?" and La®", with coordination numbers of >4. The structure of the fluoride-rich phase can be
described by a polyhedral random packing model or be interpreted by Poulain’s ionic glass model
(Figure 21).2%271 AP**) Na®, Ba®", and La*" ions are preferentially distributed at the interface
between oxide- and fluoride-rich phases and these cations not only act as network modifiers in the

silicate phase but also connect the non-bridging O12” and ionic F~ of fluoride phase.
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Figure 2. Revealing the structural origin of the crystal evolution by Scanning electron microscope
(SEM) and Molecular dynamics (MD) simulation. a-d: The evolution of crystals with HT temperature; e-g:
MD simulated structure of P-GC system. (a) P-GC; (b-d) the three P-GC samples heat-treated at 600, 640,
680 °C for 4 h, respectively. (¢) MD simulated structure of P-GC composed of network-forming SiO4 and
AlQy tetrahedra and network modifiers. Note that Er*" and Yb*" are replaced by La*" to perform MD
simulations. (f) A signified structural domain taken from Figure e, which is enriched in network modifying
ions and F! ions. (g) Cubic lattice structure of a Ba,LaF; crystallite.

2.3. Observation of crystal evolution at different length scales

Figure 3 shows the micrographs obtained by the aberration-corrected transmission electron
microscopy (ACTEM) and high-resolution Transmission Electron Microscopy (HRTEM) for both
P-GC and the heat-treated samples. For P-GC (image A in the first row of Figure 3), flower-like
BasLaF7 crystals (about 190 nm) precipitate from the glass matrix. HRTEM image B (taken from
the red dotted circle in image A) shows the crystal lattice fringes with the spacings of 0.345 nm and

0.295 nm that are indexed as the (111) and (220) plane of BaLaF7 crystals, respectively. The



SAED photograph (image C) reveals that Ba;L.aF7 are single crystals. The HRTEM image D (taken
from the black dotted box in image A) implies the amorphous nature of the matrix phase. This

means that flower-like Ba;LaF7 crystals are distributed in the glass matrix of the P-GC sample.

Upon HT at 600 °C, the Ba;LaF7 crystals grow to approximately 220 nm (image A in the
second row of Figure 3). It is seen that some spherical Ba;LaF7 crystals of about 6 nm are uniformly
precipitated from the glass matrix. HRTEM image B is obtained from the black-dashed circle of
image A. The interplanar distances between the adjacent fringes are determined to be 0.349 nm and
0.301 nm, which match with the (111) and (200) planes of BaxLaF7 crystals, respectively. SAED
photograph C confirms that the flower-like Ba;LaF7 are indeed single crystals. The inset in image D
indicates that the spherical domains, whose lattice fringes lie in the (111) plane with d-spacing of

0.350 nm, are BaxLaF7 single nanocrystals.

Upon HT at 640 °C (the third row of Figure 3), both flower-like and spherical Ba;LaF7;
crystals (image A) further grow to the average sizes of about 260 nm and 15 nm, respectively.
Obviously, two kinds of crystals are separately precipitated in the glass matrix. Most of the
spherical Ba;LaF7 crystals are populated in some regions, in which they are well separated. These
BasLaF7 crystals grow through the migration of Ba?*, La*" and F ions to the nucleation sites. Thus,
the composition of the glass matrix (see the regions around the flower-like crystals) is changed by
the depletion of the network modifying ions such as Ba** and La®*, and consequently, the network
connectivity of the glass matrix increases. The SAED pattern in image C confirms that the Ba;LaF
crystals are still single crystals after HT. In addition, the HRTEM micrograph (image B) shows a
well-defined lattice structure with the interplanar spacings of 0.347 nm and 0.297 nm in the (111)
and (200) planes of Ba,LaF7 crystals, respectively.

Upon HT at 680 °C, both the flower-like and the spherical Ba;LaF7 crystals grow to about 300

nm and 25 nm, respectively (see image A in the fourth row of Figure 3). Their crystal lattice
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spacings were measured to be 0.35 and 0.305 nm (image B) in the (111) and (200) planes of
Ba,LaF; single crystals (image C), respectively. It is inferred that Ba?>" and La** ions are arranged in
an ordered manner, being a typical feature of a single crystal. Image D shows the tiny nanocrystals

further grow upon HT.
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Figure 3. Probing the evolution of crystals during heat-treatment and the lattice structure by
aberration-corrected transmission electron microscope (ACTEM) for both P-GC and the heat-treated
P-GC samples. A: Overview images (with scale bar of 500 nm); B: Lattice structure; C: Electron diffraction
of the domains (see inset) selected from red dashed circles in Figure A. Insets: D: Formation of the tiny
spherical crystals and their evolution with HT temperature (see the black dashed squares in Figure A). Insets:
Lattice structure of the tiny spherical crystals selected from black dashed squares in Figure D.

2.4. Local structural analysis of Si, Al and F atoms

To reveal the structural evolution during HT, we performed the 2’Al, #Si, and '°F magic angle
spinning (MAS) nuclear magnetic resonance (NMR) measurements on both P-GC and the heat-

treated samples (Figures 4a, b, and c). It is seen in Figure 4a that 2?A1 MAS NMR spectra of all the
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samples feature the main resonance at about 60 ppm, which is attributed to four-coordinated
aluminum (AIl(IV)). AI** ions primarily exist in [AlO4] tetrahedra besides a minor amount of
[A1(O,F)4].2! The small bumps are the spinning sidebands. After HT, the AI(IV) signal still appears
at the same chemical shift as P-GC, suggesting that the coordination number of Al has no
significant change. Note that some Al-F linkages in the interface regions could be replaced by the
Al-O linkages upon HT owing to the increasing fraction of BasLaF7 crystals. This means that the

coordination environment of Al could be altered.

Figure 4b illustrates >’Si MAS NMR spectra of P-GC before and after HT. The resonance band
at about -86 ppm is ascribed to Q©® species, where ) donates the sum of the numbers of Si-O-Si
and Si-O-Al linkages per unit. However, it is hard to find out whether the Q®® units arise from the
Si-O-Si or from Si-O-Al linkages. Thus, the coordination of Si*" does not undergo an obvious
change with HT temperature and remains as Q®.3% La*" and F~ play a role as network modifiers,
which lowers the network connectivity, thereby facilitating phase separation. It is likely that some
of La*" ions bond with non-bridging oxygen in the interphase regions, while some reside in the
fluoride-rich phase composed of modifying oxides and fluorides, and some participate in the

BaLaF7 crystals.

Figure 4c shows the ’F MAS NMR spectra of both P-GC and the heat-treated samples. All the
spectra exhibit three broad signals at around -12, -142, and -185 ppm, which are denoted as F1, F2,

(30311 The ratio of F1/F3 increases with increasing HT temperature owing to the

and F3, respectively.
increasing fraction of BasLaF7 crystals. F1 signal can be assigned to the F in La-F-Ba linkage.?!!
Both F2 and F3 signals are related to F species involved in the F-Al linkages of Al-F-Al and Na-F-
Al, respectively.®>! Upon HT, the F1 resonance shifts from -12 to -18 ppm, indicating that some of

F ions participate in the formation of the BacLaF7 crystals, rather than stay in the glass matrix .
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Figure 4. Structure characterizations by magic angle spinning (MAS) nuclear magnetic resonance
(NMR). YAl (a), ¥Si (b), and °F (c) spectra of P-GC and the P-GC samples heat-treated at 600, 640 and 680
°C for 4 h. +: spinning sidebands.

2.4. Origin of the transparency and luminescence enhancement

To explore the origin of the increase of transmittance with HT temperature, we measured the
refractive indices (n) of both P-GC sample and the heat-treated ones at different wavelengths
(Figure S5a). It is clearly seen that HT has led to a decrease in n values (Table. S5, SI). This means
that the n values of the remaining glass matrix are lowered since that of BayLaF7 crystal is constant.
n is proportional to the density of the samples,?**! and hence the density exhibits the same
variation trend with HT temperature as the » trend (Figure S5b).

Figure 5a illustrates nq values at the wavelength of 588 nm and the nq difference (4nq) between
the studied samples and the pure Ba;LaF7 crystals for comparison. It is seen that Ang decreases with
increasing HT temperature.*”) When P-GC sample was heat-treated at 680 °C for 4 h, its 14 (1.5459)
approaches that of BaxLaF7 crystals (~1.54@588 nm), and consequently the light scattering of the
sample is greatly suppressed.*”] Hence, this sample displays the highest transmittance. This is

opposite to the trend for traditional GCs, where 4nq increases with increasing HT temperature.
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Figure 5. Effect of the HT temperature on the refractive index (#) and up-conversion (UC)
luminescence of P-GC. (a) Refractive index (nq) at the wavelength of 588 nm (black star symbols) and the
refractive index difference (Ang) between the studied samples and the BaLaF; crystallites (red sphere
symbols). Error range of n4: £0.0001. (b) UC luminescence spectra obtained by using the 980 nm laser diode
for the 4 studied samples.

To clarify the origin of the »n trend with HT temperature, we performed EDS-elemental
mapping analysis on both Ba;LaF7 crystals and the remaining glass matrices. Both the HAADF-
STEM images of BazLaF7 crystals and the EDS-element mapping images of Ba, La, and F atoms
are shown in Figure 6. The EDS-element mapping images for other types of atoms for P-GC and the
three heat-treated samples are displayed in Figures S6-1, -2, -3, and -4, respectively. It is seen that
the sizes of both the flower-like Ba;LaF7 crystals and the small spherical Ba;LaF7 crystals increase
with HT temperature, and the concentrations of Ba, La, and F during HT also increase. Some Ba*"
and nearly all the La** and F- diffuse from the glass matrix to both the existing flower-like Ba>LaF7
single-crystals and the small spherical Ba;LaF7 nanocrystals with increasing HT temperature. As a

result of the escape of La*" ions from the glass phase, the refractive index of the sample becomes

lower, since La*>" ions are the main contributor to the refractive index of glass.[*!!

Figure 5b shows the UC emission spectra of both P-GC and the heat-treated samples under the
980 nm laser diode (LD) excitation. Compared to P-GC, the heat-treated samples exhibit much
stronger UC emission arising from the transitions 2Hj12 — #1552 (523 nm), *S32 — *I152 (541 and

548 nm), and “Fop — “I152 (653 and 668 nm) of Er’*. This enhancement can be attributed to the
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following three factors. First, only a small portion of Er’** and Yb>" ions are present in Ba,LaF7
crystals in P-GC (Figure S6-1), but most of them exist in glass matrix. Since the glass matrix
possesses higher phonon energy (1200-1300 cm™) than the crystals (270 cm™'), the non-radiative
relaxation rate of Er** and Yb** in the former is higher than that in the latter.*! Hence, the UC
luminescence of the P-GC sample is weaker than that of the heat-treated samples. Second, both the
content of BasLaF7 crystals and the transmittance of the studied samples increase with the HT
temperature, and thus, UC luminescence is enhanced by lowering light scattering. Third, as the
concentrations of Er’* and Yb*" ions in Ba,LaF7 crystals increase with HT temperature, the distance
between Er’* and Yb** in BasLaF7 crystals becomes shorter, leading to an increased probability of
energy transfer between Er'* and Yb*' ions, and thereby to the enhancement of the UC
luminescence. The UC luminescence of the studied P-GC is four times higher than that of the
traditional GC (Figure S7a).*>) Upon HT at 680 °C for 4 h, the UC luminescence intensity is
increased by about 23 times compared with the traditional GC. Thus, the studied P-GC is an

excellent starting candidate for enhancing UC luminescence by proper HT.
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Figure 6. Effect of the HT temperature on the elements distribution around the crystals. Micrographs
of P-GC and the heat-treated samples obtained by the High-Angle Annular Dark-Field Scanning
Transmission Electron Microscope (HAADF-STEM) (See the first column); EDS-mapping images of the
clements: Ba, La and F (see the second, third and fourth columns, respectively).

3. Conclusion

We prepared a novel type of functional glass ceramics via melt-quenching, that is, the
translucent Er**-Yb*" doped oxyfluoride glass-ceramic (P-GC) containing 200 nm sized flower-like
BayLaF7 single-crystals. Interestingly, the transmittance of P-GC increases upon heat-treatment (HT)
above T, and this is in contrast to common sense. Normally, HT leads to the growth of crystals, as
well as to the formation of new Ba;LaF7 nanocrystals, and thereby lowering the transmittance of
glass-ceramics. This anomalous phenomenon is attributed to the fact that the refractive index of the

residual glass matrix approaches that of BaLaF7 crystals via HT, and thereby light scattering is
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minimized. The mechanism of both crystal formation and growth was revealed by performing XRD,
TEM and SEM analyses. The structural evolutions in the glass-ceramic during HT have been
probed by NMR and TEM mapping. We found that HT can enhance not only the light transmittance,

but also the UC luminescence of the studied glass-ceramic systems.

4. Molecular Dynamics Simulation Section

The structure of the precursor glass (PG) was simulated by using molecular dynamics (MD)
simulations via the DL POLY 2.20 package developed at Daresbury Laboratory in the UK with a set
of partial charge pairwise potentials with the form of Buckingham that has been successfully used
in investigating the structures and phase separation of several oxyfluoride glass systems.!! In this
study, we used La>" ions to represent other rare earth ions such as Er’" and Yb*" ions hence the
simulated glass has the composition of 45Si02-15A1203-12NaxO-21BaF2-8.5LaF; (mol%). The
input density (g/cm®), as well as the simulation cell dimension and final density after equilibrium
were listed in Table S6. The initial density was theoretically calculated and starting atoms positions
were randomly generated.’!! After generating the simulation bulk with atoms randomly distributed,
the simulation bulk were heated to 6000 K and then cooled down to 300 K with a nominal cooling
rate of 5 K/ps. The NVT and NVE ensembles were applied during this simulated melt and quench
process at each temperature intervals during cooling. At 300 K, constant pressure relaxation with
the NPT ensemble was used to allow the system to relax to its equilibrium volume. This is followed
by NVE relaxations to generate configurations for final structural analysis. Further details of MD

simulations of oxyfluoride glasses can be found in their recent papers.!>>*4?

5. Experimental Section
The precursor glass with the composition (mol%) of 45S102-15A1>03-12Na>O-21BaF,-7LaF3-
0.5ErF3-1.0YbF; was prepared by a melting-quench method. 20 g of the powdered mixture was

melted in an electric furnace in air at 1450 °C for 45 min, and quickly cast onto a heating plate at
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around 300 °C. Afterwards, to remove the permanent stress, the as-cast glass was annealed at
500 °C for 8 hours (h) and slowly cooled down to room temperature inside the furnace. The
precursor glass sample contains about 42 vol% BasLaF7 crystals according to the XRD (see Figure
Sla), and thus was denoted as the precursor glass-ceramic (P-GC). P-GC was cut into 4 small
pieces of the same size and polished for both HT and property characterizations. To investigate the
effect of HT on both the glass transition and the first crystallization behaviors of P-GC, the P-GC

samples were heat-treated at 600, 640 and 680 °C for 4 hours (h), respectively.

Differential scanning calorimetry (DSC) (NETZSCH STA 449F3 Jupiter) measurements were
carried out on both P-GC and the heat-treated P-GC samples in the temperature range from room
temperature to 900 °C at the upscan rate of 10 °C/min in nitrogen. To study its crystallization
kinetics and thermodynamics, P-GC was subjected to four DSC up- and downscan cycles. For each
cycle, we chose five maximum scanning temperatures (7scan-max) in the range between the glass
transition temperature (7g) and the temperature close to that of the first broad but shallow
crystallization peak (7p1) (see Figure S1b). Specifically, Tscan-max Was chosen to be 580, 600, 620,
640 and 660 °C. For each cycle, the sample was upscanned to Tscan-max and subsequently cooled
down to room temperature. XRD measurements were performed to identify the crystallization phase
by a PANalytical diffractometer, operated at 40 kV and 40 mA, with Cu-Ka (A = 1.5406 A)
radiation during the 20 range of 10-90° with a step size of 0.013°. The XRD data for Rietveld
refinement of the structure was subjected to TOPAS for handling and refining the step analysis
comprehensively, 20 scan range is 10° - 90° with an interval of 0.02°. The Raman spectra were
acquired using a micro-Raman spectrometer (inVia, Renishaw) in the range of 170 to 1200 cm’'.
The sample surface is excited by a 532 nm green HeNe laser for an acquisition time of 10 s. The as-
precipitated crystallites in the studied samples were characterized by field-emission scanning

electron microscopy (SEM, QUANTA 200) at the voltage of 30 kV. Before the SEM measurements,
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the P-GC sample was etched in 7% HF solution for 25 s, while the heat-treated samples were etched
for 15-20 s. The element compositions were determined by special aberration-corrected
transmission electron microscope (ACTEM, FEI Titan Cubed Themis G2 300) equipped with
energy-dispersive X-ray spectrometer (EDS), High-Angle Annular Dark Field transmission electron
microscope (HAADF-STEM) and the selected area electron diffraction (SAED) at the voltage of
200 KV. The structure of the P-GC and the P-GC samples heat-treated at 600, 640 and 680 °C for 4
h were characterized by conducting the solid-state nuclear magnetic resonance (NMR) experiments
(Bruker Avance III HD 500 MHz spectrometer (11.7 T)) at 25 °C. The single-pulse magic angle
spinning (MAS) F NMR signals were recorded at a resonance frequency of 470.5 MHz, using a
2.5 mm MAS NMR probe. The spinning rate was 24 kHz, and the 90° pulse length of 2 us was used.
The relaxation delay of '°F in all the samples was 4 s. The '°F chemical shifts were referenced to
CFCls, using AlF3 (8 = -172.5 ppm) as a secondary standard. 2’Al MAS NMR spectra were obtained
at the resonance frequency of 130.2 MHz, operating with a 2.5 mm MAS probe at a spinning rate of
12 kHz. The typical pulse length was 0.7 ps (10° liquid flip angle). The relaxation delay was 0.5 s
for all the samples. The chemical shifts of 2’ Al were referenced to AI(NOs); (1 M) aqueous solution.
2%Si MAS NMR spectra were acquired at the resonance frequency of 99.3 MHz using a 4 mm MAS
probe at a spinning rate of 6 kHz. A spin echo pulse scheme with the n/2 pulse length of 6 us was
used to acquire the spectrum. The relaxation delay time of P-GC and heat-treated P-GC samples
was set as 300 s. The chemical shifts were referenced to tetrakis (trimethylsilyl) silane standard (6 =

-9.7 ppm).

The optical absorption spectra in the wavelength range of 275 to 800 nm were measured using
a Varian Cary 50 spectrophotometer. The refractive index values (n) of both P-GC and the heat-
treated P-GCs were measured at various wavelengths by KALNEW Precision Refractometer KPR-

2000 at 25 °C. The UC photoluminescence spectra in the wavelength range of 500-700 nm were
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recorded with a HITACHI F-7000 fluorescence spectrophotometer under the 980 nm laser
excitation (excitation power was 0.5 W and the slit was 1 nm). The lifetime measurements were
carried out using the method described in Ref.*3! The UC photoluminescence decay curves of both
P-GC and the P-GC sample heat-treated at 680 °C for 4 h were recorded by FLSP-980
spectrophotometer (Edinburgh Instruments Ltd., Edinburgh, UK), and the excitation source was 980

nm laser with the frequency of S00Hz.
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Figure S1. (a) X-ray diffraction (XRD) patterns of the precursor glass-ceramic (P-GC). Bars: The
simulated pattern of cubic Ba;LaF; (PDF#48-0099). (b) DSC output (in arbitrary unit) of P-GC as a
function of temperature, exhibiting the glass transition temperature (7,) and the temperatures of the

first and second crystallization peaks (7,1 and 7).
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Figure S2. (a) Absorption spectra of P-GC before and after heat-treatment (HT) at 600, 640, and 680 °C
for 4 hours (h), respectively. (b) T, variation of the starting sample (P-GC) with increasing the

scanning cycles for each maximum scanning temperature (7scan-max). Note: for each cycle, the sample

was upscanned to 7scan-max and subsequently cooled down to room temperature at 10 °C/min.

The absorption spectra of both P-GC and three heat-treated P-GC samples in the wavelength
range of 275 to 800 nm are shown in Fig. S2(a). Each of the spectra contains five main absorption
peaks at around 362, 376, 486, 522, and 651 nm, which correspond to the transitions from the ground
state *I152 to the excited states: >G72, *Gi12, 2Hop, *Hi, and *Fo of Er’* ions, respectively.!'™!

Strikingly, the absorption intensity for the three heat-treated P-GC samples decreases with increasing

the HT temperature, and this trend is opposite to that for traditional GCs.



Table S1. The glass transition onset temperatures (7, in °C) and the onset temperatures (7¢ in °C) of
first crystallization peaks of both the precursor glass-ceramic (P-GC) and the P-GC samples subjected

to HT at 600, 640, and 680 °C for 1, 2 and 4 h, respectively.

Tt (hrs) 1 2 4
Tg Tcl Tg Tcl Tg Tcl
P-GC 558 607 558 607 558 607
600 582 630 591 635 594 638
Tu (°C)
640 588 634 592 637 602 647
680 587 638 594 640 601 651

Table S2. The T, values (°C) of the P-GC samples that were upscanned to 580, 600, 620, 640, and

660 °C using DSC, respectively, and 4 scans for each maximum scanning temperature.

Tmax-scan (°C) 580 600 620 640 660
Scan 1 558 556 557 556 558
Scan 2 563 565 570 572 574

Cycle number
Scan 3 564 566 572 578 580

Scan 4 564 567 572 579 581
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Figure S3. Rietveld refinement patterns of Ba;LaF7 crystals for P-GC sample heat-treated at 640 °C
for 4 h. The observed raw XRD data (%) and the calculated pattern (red line). Black vertical lines in
the profile indicate the Bragg’s positions of the allowed reflections for Cu Ko and Koz. The blue
curve at the bottom is the difference in the observed and the calculated intensities on the same scale.

Table S3. Details of the BasLaF7 Crystal Structure and Equivalent Isotropic Parameters

Structure Cubic
Space group Fm-3m (225)
Lattice parameters a=b=c=6.055A, a=B=y=90°
V/ 4
Volume of unit cell 222.04 A3
Atom  Wyckoff positions X y zZ Occupancy

Ba 4a 0 0 0 0.6667
La 4a 0 0 0 0.3333
F1 8¢ 0.25 0.25 0.25 0.629
F2 48i 0.5 0.3163 0.3163 0.0879

Table S4. Crystallinity in both P-GC and the three P-GC samples heat-treated at 600, 640, and 680 °C
for 4 h, respectively.

P-GC 600°C 640°C 680 °C
Crystallinity 42 % 44 % 57 % 64 %
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Figure S4. (a) Raman spectra between the P-GC sample and amorphous glass with the molar
composition of 45510,-15A1,03-12Na>0-21BaF,-7La>03-0.5ErF3-1.0YbF3. (b) Raman spectra of P-

GC and three heat-treated samples.

Table S5. Refractive index of the investigated both P-GC and the heat-treated samples.

Sample name P-GC 600 °C 640 °C 680 °C
ny (404.66 nm)  1.56264  1.56196 1.56146  1.56093
ng (435.84 nm)  1.55858  1.54792  1.55742 1.55701
n;(486.13 nm)  1.55372  1.55233  1.55249  1.55222
ne (546.07 nm)  1.54931 1.54844  1.54837 1.54801
nq (587.56 nm)  1.54732  1.54636  1.54623  1.54585
n: (656.27 nm)  1.54458  1.54367 1.54332  1.54322
n: (706.52 nm)  1.54308 1.54210 1.54163  1.54158
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Figure S5. (a) n as a function of the light wavelength for P-GC and the heat-treated samples. (b)
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Figure S6-2 EDS element mapping images of the P-GC sample heat-treated at 600 °C for 4 h.
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Figure S6-3 EDS element mapping images of the P-GC sample heat-treated at 640 °C for 4 h.
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Figure S6-4 EDS element mapping images of the P-GC sample heat-treated at 680 °C for 4 h.
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Figure S7. (a) Up-conversion luminescence spectra of P-GC and Traditional GC containing Ba;LaF7
crystals. (b-d) Decay lifetime of Er'* in *Hi1, *S32, and *Foy, states for both P-GC and the P-GC
sample heat-treated at 680 °C for 4 h, respectively.

In order to further demonstrate the energy transfer from Yb** to Er** ions, the UC luminescence
decay curves for 2Hiinp — “Iisp (523 nm), *S3n — “lisp (541 nm), and *Fop — “Iisn (653 nm)
transitions of Er’* ions at the excitation wavelength of 980 nm for both P-GC and the P-GC treated
at 680 °C for 4 h are shown in Figures S9b-d. It can be seen that all decay curves can be well fitted
by the second-order exponential decay mode as the following equation:"*!

[ =A™ 44,0 3)
Where I is the luminescence intensity, 41 and A are the fitting parameters, ¢ is the time, 71 and 7 are
the slow and fast decay components (long and short lifetime), respectively. Using these above
parameters, the average lifetime 7 can be calculated by the following equation:

T = (A17f + Ay75) /(Ar1T1 + A,T2) “4)
The average lifetime of ?Hy 112, *S3/2, and *Foy, states for both the P-GC and the HT samples are 1.385

and 1.421, 1.418, and 1.429, 1.835 and 1.816 ms, respectively. These results imply that the heat-



treated sample has a higher probability of energy transfer between Er** and Yb*" ions.

Table S6. The amount of Si, Al, Na, Ba, La, O and F used, the total amount of atoms, the initial density

(g/cm?), as well as simulation cell size (A) and final density (g/cm?) at 300 K.

Sample Total Initial Final Final cell
nanll)e Si Al Na Ba La (0] F number density intensit dimension
of atoms Y Y (cubic, A)
PG 1350 900 720 630 255 4410 2025 10290 3.468 3.380 53.15
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Abstract

We prepared four Er**-Yb** co-doped oxyfluoride glass samples with the same chemical
composition (45S102-15A1,03-12Na0-21BaF,-7LaF3-0.5ErF3-1.0YbF3) using different
melting temperatures (1450, 1500, 1550 and 1590 °C) under the same quenching condition. It
was found that one sample was glassy, whereas the other three contained fluoride crystals, i.e.,
they were glass-ceramics (GCs). We investigated the effect of the melting temperature on the
crystallization, structure and optical properties of the four samples. These samples became
phase-separated when lowering the melting temperature and, hence, Ba;LaF7 crystals were
more easily precipitated, leading to a decrease in light transmittance, but an enhancement of
the up-conversion (UC) luminescence. The crystallinity of the four samples was increased by
isothermal heat-treatment (HT) for 2 hours above 7§, and this altered the light transmittance,
but enhanced the UC luminescence. Thus, this work implies that the optical performances of
the rare-earth doped oxyfluoride glass-ceramics could be optimized both by varying the

melting temperature and by performing HT.



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).! The PG is
obtained by quenching its liquid state at a sufficient rate in order to bypass crystallization.? It
was reported that the phase separation, e.g., separation between the fluoride-rich and the
aluminosilicate oxide -rich glass phases in oxyfluoride precursor glasses (PGs), would assist
the formation of nanocrystals.? In other words, the fluoride crystals can be precipitated from
the fluoride-rich phases in the oxyfluoride PGs via appropriate heat-treatment (HT). However,
the growth of fluoride crystals in some oxyfluoride PGs is limited by the energy barrier for
ionic diffusion in the liquid around crystals, and hence large crystals cannot be obtained.* It is
obvious that the small-sized fluoride crystals are difficult to accommodate more rare-earth
(RE) ions for optimizing optical properties for applications. To achieve large-sized fluoride
crystals in oxyfluoride PGs, some of the present authors recently designed numerous
compositions, from which large fluoride crystals can be generated even during melt-
quenching.’ The thus-derived oxyfluoride GCs contained different kinds of fluoride crystals,

such as NaLuFs, KTbsF7, and K3YFe.%78

Compared with traditional oxyfluoride GCs, the melt-quenching derived oxyfluoride
GCs have the following two advantages. First, the latter ones contain larger-sized fluoride
crystals with low phonon energy, which can accommodate RE ions, and this gives superior
optical performances.” Second, the preparation of such new types of GCs is simpler and more
energy-saving since the HT procedure for traditional oxyfluoride GCs can be skipped.' Thus,
the melt-quenching derived oxyfluoride GCs have potential to be used as high performance
optical materials. However, the origin of the formation of the fluoride crystals in the

oxyfluoride PGs has not been clarified yet. To do so, in this work we take a new strategy, i.e.,



varying the melting temperature to probe the impact of the structural heterogeneity and

phases separation on the tendency of fluoride crystal formation.

We prepared the Er*'-Yb®" co-doped melt-quenching derived oxyfluoride precursor
glass/GCs by quenching the glass melts from four different melting temperatures. To study
the structural and morphological evolution of the glass/GCs during the crystallization process,
we performed X-ray diffraction (XRD), the Raman spectroscopy and scanning electron
microscopy (SEM) on both the melt-quenching derived and the heat-treated samples. In
addition, we measured the phase transition of the studied samples by using the differential
scanning calorimetry (DSC). We characterized the optical properties of the studied materials
and gave implication on the optimum melting temperature for fabricating GCs with high

optical performances.

2. Experimental

The melt-quenching derived oxyfluoride glass/GCs with the molar composition of
45S10,-15A103-12Na0-21BaF,-7LaF3-0.5ErF3-1.0YbF3 were prepared by the melt-
quenching method. 10 g raw materials were mixed in proportion and put into an alumina
crucible with a lid, which were heated in an electric furnace under air atmosphere to 1450,
1500, 1550, and 1590 °C, respectively, and kept for 45 min. Then the melt was cast quickly
onto a stainless-steel plate preheated at 300 °C. Subsequently, the derived samples were
annealed at 400 °C for 8 hours to release thermal stress and then cooled down to room
temperature within the furnace. The above-derived samples melted at 1450, 1500, 1550, and
1590 °C were denominated as PG-1, PG-2, PG-3 and PG-4, respectively. Upon heat treatment
(HT) for PG-1, PG-2, PG-3, and PG-4 at 640, 640, 620, and 640 °C for 2 hours, the heat-

treated PG samples were named GC-1, GC-2, GC-3, and GC-4, respectively.

To investigate the thermodynamic properties of the studied samples, differential



scanning calorimetry (DSC, NETZSCH STA 449F3 Jupiter) was carried out at a heating rate
of 10 °C/min under the nitrogen atmosphere. X-ray diffraction (XRD) measurements were
performed to identify the crystallization phase by a powder diffractometer operated at 45 KV
and 40 mA, using Cu-Ka as the radiation. Raman spectra in the range of 175-1200 cm™ were
obtained from a micro-Raman spectrometer (inVia, Renishaw) and by using a 532 nm green
HeNe laser for 10 s at room temperature. The microstructure of the samples was
characterized by field-emission scanning electron microscopy (SEM, QUANTA 200) at the
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 the 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 measured
using a Varian Cary 50 spectrophotometer. The local coordination environment of PG sample
was characterized by the solid-state nuclear magnetic resonance (NMR) experiments (Bruker
Avance 111 HD 500 MHz spectrometer (11.7 T)) at 25 °C. ?’Al magic angle spinning (MAS)
NMR spectra were obtained at the resonance frequency of 130.2 MHz, operating with a 2.5
mm MAS probe at a spinning rate of 12 kHz. The typical pulse length was 0.83 ps (10° liquid
flip angle). The relaxation delay was 0.5 s for all the samples. The chemical shifts of 2’Al
were referenced to AI(NO3); (1 M) aqueous solution. The Up-conversion (UC) luminescence
spectra in the wavelength range from 500 to 700 nm were recorded with a HITACHI F-7000

fluorescence spectrophotometer under the 980 nm laser excitation.

3. Results and Discussions
3.1 Calorimetric analysis
Figs. 1(a) and (b) show the DSC output curves of both the melt-quenching derived PG

(PG-1, PG-2, PG-3, and PG-4) and the heat-treated PG (GC-1, GC-2, GC-3, and GC-4)



samples, respectively. The onset temperatures of the glass transition peak (7%), the first the
crystallization peak (7¢1) and the melting peak (7m1), and the second onset temperatures of the
crystallization peak (7:2) and the melting peak (7m2) are determined from the DSC curves and
their values are shown in Table 1, respectively. As shown in Fig. 1(a) and Table 1, with
increasing the melting temperature to 1550 °C, both 7, and Tt slightly decrease and then
increase with further increasing the melting temperature to 1590 °C, implying the glass
network connectivity first decreases and then increases since the glass structure determines 7
and T¢1.'? In addition, Te values in PG samples gradually increase with increasing melting
temperature, indicating that the second crystallization becomes more difficult owing to the
more homogeneous melt at higher melting temperature. As the first melting peak in each PG-
2, PG-3, and PG-4 sample might be overlapped by its second crystallization peak, 7w is only
presented in the curve of PG-1 sample. The values of T2 exhibit slight variation between the
range of 961 and 981 °C in all curves of PG samples.

As shown in Fig. 1(b), both T, and Tt of the corresponding GC samples increase upon
heat treatment (HT) compared to each PG samples, respectively. This is because the
concentration of [SiO4] and [AlO4] tetrahedral units increases and thus strengths the glass
network connectivity with HT.!* For each GC samples, The value of Tt> decreases upon HT
compared with its PG counterpart, implying that the second crystallization in the remaining
glass matrix becomes easier. However, the 71 values in the GC samples are similar to those
in PG-1 sample. This indicates that these values are ascribed to the melting point of BaxLaF
crystals as these melting peaks appear in GC-2, GC-3, and GC-4 samples after HT.
Meanwhile, each 7w of the GC samples is lower than that of the corresponding PG
samples.'*

To study the first crystallization event of both PG and GC samples, the corresponding

crystallization enthalpy (4H) calculated by integrating the first crystallization peak are shown



in Figs. 1(a and b), respectively. The values of 4H in Fig. 1(a) gradually decrease with PG
samples obtained via increasing the melting temperature, indicating that the first
crystallization ability and the degree of structural heterogeneity decrease with increasing the
melting temperature.'> For GC samples, their values of 4H in Fig. 1(b) become weak even
vanish upon HT compared with the corresponding PG samples. This implies that their first
crystallization ability decreases even disappears after HT. Therefore, each GC sample owns

higher crystallinity than its corresponding PG sample.
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Figure 1. (a and b) Differential scanning calorimetry (DSC) output (arbitrary unit) of both PG (PG-1,
PG-2, PG-3, and PG-4) and GC samples (GC-1, GC-2, GC-3, and GC-4), respectively. The onset
temperatures of the glass transition temperatures (7), the first and second crystallization peaks (7¢
and Tc), and the first and second melting peaks, i.e., the melting point (7mi and Tw2) are marked in
figure, respectively. The area of the first exothermic peak (i.e., the hatched area) represents the
crystallization enthalpy (4H) determined by the extent of the crystal formation in each sample.

Table 1. Both the onset temperatures (in °C) of the glass transition (7), the first
crystallization (7¢c1), the second crystallization (7c2), the first melting peak (7mi1), and the
second melting peak (7m2) of PG and GC samples, respectively.

T (OC) Tg Tcl Tc2 Tml Tm2




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
samples [=ec1 | 591 637 758 877 950
GC-2 | 590 635 765 879 951
GC3 | 578 633 772 870 963
GC-4 | 571 612 803 881 967

To study the thermal stability of the PG samples, each of the four PG samples was max
scanned to the temperatures (above Tg1) of 740, 700, 720, and 690 °C, respectively, for three
times at the rate of 10 °C/min. The subsequent cooling process experienced the same rate as
the prior heating rate. The varied 7, values in each sample determined from their
corresponding DSC curves are shown in Figs. 2(a), (b), (c), and (d), respectively. Compared
to the first up-scan, 7 values first sharply increase upon the second up-scan and then increase
slowly even unchangeable at the third up-scan. Significantly, the area of the first
crystallization peak in each DSC curve decreases with the number of cycles and then remains
nearly constant. This could be explained by the formation of diffusion barrier at the interfaces
between crystal and glass matrix after the first max-scan, which hinders the diffusion of F,

La*", and Ba®" ions to both the regions of existing BacLaF; crystals and new nucleation

sites.!® Thus, the glass network structure remains unchangeable.
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Figure 2. DSC output (arbitrary unit) of the PG-1 (a), PG-2 (b), PG-3 (¢), and PG-4 (d) samples by
repeated scan to maximum scanning temperature of 740, 700, 720, 690 °C, respectively, for three
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times at the same heating and cooling rate of 10 °C/min.

3.2 Structural analysis
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Figure 3. (a) X-ray diffraction (XRD) patterns of PG-1, PG-2, PG-3, and PG-4 samples, respectively. (b) XRD
patterns of GC-1, GC -2, GC -3, and GC-4 samples, respectively. Bars represent cubic Ba,LaF; crystal data
(PDF#48-0099).

Fig. 3(a) shows the XRD patterns of the four PG samples. Obvious diffraction peaks
were found in PG-1, PG-2 and PG-3 samples although their intensities become weaker with
increasing the melting temperature. These peaks are well attributed to the face-centered cubic
(FCC) BayLaF7 crystal (PDF#48-0099).° However, no distinct diffraction peaks appear in the
XRD pattern of PG-4 sample instead by two weak and broad humps, which is belonging to
the characteristic diffraction peak of glass. The above-mentioned suggests that increasing the
melting temperature can weaken the self-crystallization of Ba;LaF7 in the PG samples due to
the lowered structural heterogeneity in the glass melt. Upon HT, the diffraction peaks in the
XRD patterns of GC-1, GC-2, and GC-3 samples become more intensive. More importantly,
several weak diffraction peaks corresponding to Ba;LaF7 crystal appear in the XRD pattern of

GC-4 sample. In short, the content of Ba,LaF crystals in GC samples increases upon HT.!”
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Figure 4. Normalized Raman spectra of PG (a) and GC (b) samples, respectively. Noting: Raman

spectra of PG-1 sample normalized by the maximum intensity; Raman spectra of other samples
normalized by the intensity of the peak at around 549 cm™, respectively.

Figs. 4(a) and (b) show the normalized Raman spectra of PG and GC samples,
respectively. It can be seen from Fig. 4 (a) that the Raman peak at 269 cm™' becomes weaker
and disappears with increasing the melting temperature, while appears two broad Raman

! should be ascribed to the vibration

peaks in the spectrum of PG-4. This peak at 269 cm’
bonds of Ba-F and La-F in Ba)LaF; crystals, further confirming that the formation of
BasLaF7 crystals in PG-1, PG-2 and PG-3 samples during quenching while the amorphous
nature of PG-4.'" That is, both the content of Ba,LaF; crystals and the structural
heterogeneity in PG samples decrease with increasing the melting temperature.'” The other

Raman peaks at 388-691cm™ can be assigned to Si-O-Si (Al) symmetric stretching vibration

modes, while the Raman peak at around 800 cm™ in PG-4 is related to bending vibration



modes.?’ In addition, the peaks at 425, 550, and 691 cm™! are contributed to the symmetric
stretch of five-, four- and three-fold ring structures, respectively.?!?* To investigate the effect
of HT on both the further crystallization and local microstructure, the Raman spectra of GC
samples are illustrated in Fig. 4(b). Compared to the Raman spectra of PG-1, PG-2, and PG-3
in Fig. 4a, the Raman peak corresponding to Ba,LaF7 crystal at 269 cm™ becomes stronger
upon HT, consisting with the XRD results (Fig. 3). Moreover, the weak Raman peak at 269
cm™! appears in GC-4 sample, implying that the crystallization of Ba;LaF7 takes place upon
HT. Meanwhile, the Raman peaks of tetrahedral unit also occur in GC-4 sample, which is like
that in other GC samples.

Fig. 5 shows the TEM images of PG-1, PG-4, GC-1, and GC-4 samples, respectively. As
shown in Fig. 5(a), flower-like BasLaF7 crystals are present in the glass matrix of PG-1,
which size increases with the HT. The interplanar distances between the adjacent fringes are
determined to be 0.35 nm, which match with the (111) plane of Ba;LaF; crystals.
Furthermore, some additional spherical BacLaF7 nanocrystals appear in GC-1 sample (Fig.
5(¢c)). Fig. 5(b) confirms the glassy nature of the PG-4 sample since there are no distinct
lattice fringes. After HT, some ordered domains (about 10 nm) with regular lattice fringe
denoted by the dashed circles are present in the glass matrix (Fig. 5(d)), which are conformed
to be BacLaF7 crystals by measuring the interplanar spacing of 0.35 nm in the (111) plane

(Inset of Fig. 5(d)).



Figure 5. ACTEM images of both PG-1 (a), PG-4 (b), GC-1 (c¢), and GC-4 (d) samples, respectively.
Note that the flower-like domains (PG-1), small dot regions (GC-1), and regions marked with dashed
circles (GC-4) present Ba;LaF7 crystals.

500 nm

Figure 6. SEM micrographs of both the PG and the corresponding GC samples, (a) PG-1; (b) PG-4;
(C) GC-1; (d) GC-4. For PG-1 and GC-1, white flower-like domains and grey regions are Ba,LaF;
crystals and tiny spherical Ba,L.aF; nanocrystals, respectively. GC-4, small dot regions are new-
formed Ba,LaF; nanocrystals, embedding in the glass matrix (large black areas).



SEM micrographs of PG-1, PG-4, GC-1 and GC-4 are shown in Fig. 6. In Fig. 6(a), some
flower-like BacLaF7 crystals of about 200 nm (white domains) are distributed uniformly in
the parent glass matrix, which grow to larger size, i.e., around 300 nm, along with some new-
formed tiny spherical Ba;LaF7 nanocrystals about 20 nm in the residual glass matrix upon HT
(Fig. 6(c)). For PG-4 sample (Fig. 6(b)), no crystals are observed in the glass matrix, which
suggests that PG-4 is oxyfluoride glass. After HT, some spherical nanocrystals with the size

of about 10 nm precipitate from the glass matrix (Fig. 6(d)).2* This phenomenon agrees well

with the TEM results.
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Figure 7. ?’Al magic angle spinning (MAS) NMR spectra of PG-1, PG-2, PG-3, and the PG-4 samples,
respectively. (1) denotes spinning sidebands.

To reveal the effect of melting temperature on the microstructures of the PG samples,
we performed the 2’Al magic angle spinning (MAS) nuclear magnetic resonance (NMR)
measurements (Fig. 7). It is seen that 2’Al MAS NMR spectra of all the samples feature the
main resonance at about 60 ppm, which are attributed to four-coordinated aluminum
(AI(IV)).?* In addition, the AI(IV) signal in PG-2, -3 and -4 samples as the same chemical
shift as PG-1, suggesting that the coordination environment of Al has no significant change

with increasing melting temperature. It is reported for PG-1 sample that Al*" ions can be



distributed both in the interface regions and in glass network to form [Al(O,F)4] and [Al(O)4]
tetrahedra, respectively. However, some Al-F linkages in the interface regions could be
replaced by the AI-O linkages with increasing the melting temperature due to the
volatilization of F element. This means that the coordination environment of Al could be

slightly altered. Noting that the small bumps are the spinning sidebands.

3.3 Optical properties
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Figure 8. (a) Transmittance spectra of PG samples (PG-1, PG-2, PG-3, and PG-4); (b) Transmittance
spectra of GC samples (GC-1, GC-2, GC-3, and GC-4), respectively.

Fig. 8 shows the transmittance spectra in the range of 275 to 1000 nm of PG and GC
samples, respectively, and their corresponding optical images. Four main absorption peaks of
Er’" ions at around 378, 488, 523, and 653 nm are observed and attributed to the transitions
from the ground state ;5,2 to the excited states *G11/2, “F72, 2Hi1/2, and *Fop, respectively.!? In

addition, the absorption peaks at around 978 nm are observed in the transmission spectra,



which corresponds to the transitions of Yb**: 2F72 — 2Fsp. The transmittance of PG sample
(Fig. 8(a)) gradually increases with increasing the melting temperature, illustrated by the
highest optical transmittance around 95% (per 1 mm) of PG-4 sample. This is because both
the size of BaoLaF7 crystals and refractive index differences between the crystal phase and
the remaining glass matrix in PG-1 sample are the largest compared to other PG samples,
thus leading to the strongest light scattering effect and the lowest transmittance.

Interestingly, it displays an anomalous scenario that the transmittance of PG-1 and PG-2
samples increases upon HT although the crystals increases in the corresponding GC samples
compared with that of traditional glass-ceramics.! This implies that the HT can adjust the
refractive index of the residual glass matrix to match that of the crystals, resulting in a
decrease in light scattering. However, the transmittance of GC-3 and GC-4 samples decreases
upon HT, which means the refractive index differences between the crystals and the glass

matrix are larger than that in PG-3 and PG-4 samples.
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Figure 9. Up-conversion (UC) luminescence spectra of Er**-Yb** co-doped PG and GC samples.

Fig. 9 shows the UC luminescence spectra in the wavelength range from 500 to 700 nm

of Er**-Yb** co-doped PG and GC samples obtained by excitation of the 980 nm laser. The



characteristic UC luminescence peaks at 523, 541, and 653 nm are attributed to the transitions
from the excited states: *Hiiz, “Sspn, and *Fopn to the ground state: *Iis» of Er’" ions,
respectively. It is seen that the UC luminescence intensity of PG samples decreases with the
increasing melting temperatures. In addition, GC samples exhibit higher UC luminescence
intensity compared with the corresponding PG samples. Meanwhile, the stark splitting of
these energy levels in GC samples is more pronounced compared with the corresponding PG
samples.?® The above results can be ascribed to the fact that the incorporation of more Er**
ions into the low phonon energy environment of BaLaF; nanocrystals can reduce the

probability of nonradiative relaxation.?®

4. Conclusion

In this work, Er**-Yb*" co-doped melt-quenching derived oxyfluoride precursor glass
(PG) samples were prepared by adjusting the melting temperature. The effect of melting
temperature on crystallization behavior, structural evolution, optical and mechanical
properties was investigated. The crystallization enthalpy at the first crystallization peak
decreased with increasing the melting temperature, indicating that their crystallization
capability of PG samples decreases with increasing the melting temperature. Interestingly, the
transmittance of PG samples increases with increasing the melting temperature, which can be
attributed to the fact that the microstructure of PG samples becomes more homogeneous than
that of PG samples prepared by decreasing the melting temperature. In addition, the Up-
conversion luminescence intensity of PG samples decreases with increasing the melting
temperature. Upon heat treatment (HT), GC samples exhibit higher crystallinity and UC
luminescence compared with the corresponding PG samples. Thus, this study not only offers
a new path via controlling the melting temperature to design PG samples but also investigates
the impact of HT on tailoring optical and mechanical properties.
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