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ABSTRACT

In this research novel transparent Er3+ doped glass ceramics containing 
NaREF4 (NaLaF4, Na(Gd,Lu)F4, NaYF4, NaErF4) and Ba4RE3F17 (Ba4Gd3F17, 
Ba4Y3F17, Ba4Yb3F17, Ba4Lu3F17) nanocrystals were successfully prepared from 
melt-quenched glasses.

The crystallization and spectroscopic properties of precursor glass and 
glass ceramics were analysed. The enhancement of upconversion luminescence 
intensity of the investigated glass ceramics up to two orders of magnitude 
in comparison to the precursor glasses was achieved and attributed to 
incorporation of Er3+ ions in the fluoride nanocrystals. 

In NaREF4:Er3+ containing glass ceramics two polymorphic modifications – 
cubic NaREF4 and hexagonal NaREF4 – were prepared by variation of chemical 
composition and temperature of heat treatment. In Ba4RE3F17: Er3+ containing 
glass ceramics thermal analysis and microscopy studies suggested ordering of 
Ba4RE3F17 structure during the heat treatment. The changes in the crystalline 
structure was analysed using time-resolved site-selective spectroscopy, 
which confirmed order-disorder phase transition from metastable cubic to 
rhombohedrally distorted cubic Ba4RE3F17 phase. 
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1. INTRODUCTION

1.1. Motivation
Transparent oxyfluoride glass ceramics are composites typically consisting 

of fluoride nanocrystals dispersed in oxide glass matrix. The low phonon 
energy of the fluoride phase combined with transparency, good chemical and 
mechanical properties of oxide glass matrix make these materials suitable for 
optical applications [1], [2]. 

Among other rare earth (RE) ions, erbium (Er3+) is a widely investigated 
can didate for infrared to visible upconversion luminescence (UCL). The effi-
ciency of this process depends mainly on Er3+ distribution and pro perties of 
host matrix [3]. Among other hosts, RE3+ containing fluorides exhibit good 
Er3+ solubility and low phonon energy, which improves UCL efficiency. In 
this research two types of thernary fluorides which exhibit all requirements 
for efficient UCL – hexagonal NaREF4 (NaLaF4, Na(Gd,Lu)F4, NaYF4, NaErF4) 
and rhombohedral Ba4RE3F17 (Ba4Gd3F17, Ba4Y3F17, Ba4Yb3F17, Ba4Lu3F17) – were 
prepared in glass ceramics and analysed in detail.  

The main motivation of this research is the development of new efficient 
material for UCL: Er3+ doped transparent glass ceramics. Prior to this research 
hexagonal NaREF4 was successfully prepared only in La3+ and Gd3+ containing  
systems [4], [5] and no information was available about formation of Ba4RE3F17 
in glass ceramics.

1.2. Main objective and tasks
The main objectives of this thesis are preparation, characterization 

and analysis of upconversion processes in transparent erbium doped glass 
ceramics containing sodium rare earth fluorides and barium rare earth 
fluorides. Following tasks were performed:
1. Synthesis of oxyfluoride glasses using melt-quenching method;
2. Characterization of crystallization processes in the precursor glasses;
3. Preparation of glass ceramics containing β-NaREF4 and Ba4RE3F17 

nanocrystals;
4. Analysis of dominant upconversion luminescence processes in glass 

ceramics.

1.3. Scientific novelty
In this research novel transparent glass ceramics containing cubic 

NaLaF4, hexagonal NaYF4, NaErF4 and Na(Gd,Lu)F4 solid solutions, cubic 
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and rhombohedral Ba4RE3F17 (Ba4Gd3F17, Ba4Y3F17, Ba4Yb3F17, Ba4Lu3F17), 
tetragonally distorted cubic NaF-BaF2-YF3 and NaF-BaF2-YbF3 nanocrystals 
has been prepared.  

Time-resolved site-selective spectroscopy was successfully used to analyse 
phase formation, activator local environment and activator distribution 
in glass and crystalline phase. External standard method for quantitative 
characterization of Er3+ content in crystalline phase was proposed. 

Incorporation efficiency of RE3+ ions in the crystalline phase of glass 
ceramics was analysed and was found to improve with the increase of RE3+ 
ionic radius. 

1.4. List of publications included in thesis 
1. G. Krieke, A. Antuzevics, M. Springis, U. Rogulis, Upconversion lumi-

nes cence in transparent oxyfluoride glass ceramics containing hexagonal 
NaErF4, J. Alloys Compd. 798 (2019) 326–332.

2. G. Krieke, A. Sarakovskis, M. Springis, Cubic and rhombohedral 
Ba4Lu3F17:Er3+ in transparent glass ceramics: Crystallization and up-
conversion luminescence, J. Lumin. 200 (2018) 265–273. 

3. G. Krieke, A. Sarakovskis, M. Springis, Ordering of fluorite-type phases in 
erbium-doped oxyfluoride glass ceramics, J. Eur. Ceram. Soc. 38 (2018).

4. G. Krieke, A. Sarakovskis, M. Springis, Upconversion luminescence of 
Er3+/Yb3+ and their role in the stabilization of cubic NaLaF4 nanocrystals 
in transparent oxyfluoride glass ceramics, J. Non. Cryst. Solids. (2018).

5. G. Krieke, A. Sarakovskis, R. Ignatans, J. Gabrusenoks, Phase transitions 
and upconversion luminescence in oxyfluoride glass ceramics containing 
Ba4Gd3F17 nanocrystals, J. Eur. Ceram. Soc. 37 (2017). 

6. G. Krieke, A. Sarakovskis, M. Springis, Upconversion luminescence of 
a transparent glass ceramics with hexagonal Na(Gd,Lu)F4 nanocrystals, 
J. Alloys Compd. 694 (2017) 952–958.

7. G. Krieke, A. Sarakovskis, Crystallization and upconversion luminescence 
of distorted fluorite nanocrystals in Ba2+ containing oxyfluoride glass 
ceramics, J. Eur. Ceram. Soc. 36 (2016) 1715–1722.

8. A. Sarakovskis, G. Krieke, Upconversion luminescence in erbium doped 
transparent oxyfluoride glass ceramics containing hexagonal NaYF4 
nano crystals, J. Eur. Ceram. Soc. 35 (2015). 

1.5. List of conference presentations
1. G. Krieķe, M. Spriņgis, A. Sarakovskis, Augšuppārveidotā luminiscence 

nātrija retzemju fluorīdus saturošā oksifluorīdu stikla keramikā, 77th UL 
Scientific Conference, March 29, 2019, Riga, Latvia
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2. G. Krieķe, A. Antuzevics, M. Spriņgis, U. Rogulis, Augšuppārveidotā 
luminiscence β-NaErF4 saturošā stikla keramikā, 35th ISSP UL Scientific 
Conference, February 20–22, 2019, Riga, Latvia.

3. G. Krieke, A. Sarakovskis, M. Springis, Ordering of fluorite-type phases in 
oxyfluoride glass ceramics: crystallization and upconversion luminescence 
Cost Action: TD1401 (FAST) annual meeting, March 8–9, 2018, Bucharest, 
Romania. 

4. Guna Krieke, Kristalizācija un erbija jonu luminiscence oksifluorīdu stikla 
keramikās, 76th UL Scientific Conference, April 13, 2018, Riga, Latvia.

5. G. Krieke, A. Sarakovskis, M. Spriņgis, Kristalizācija un erbija jonu 
luminiscence Ba4Lu3F17 saturošā stikla keramikā, 34th ISSP UL Scientific 
Conference, February 20–22, 2018, Riga, Latvia.

6. G. Krieke, A. Sarakovskis, R. Ignatans, J. Gabrusenoks, Phase transition 
of Ba4Gd3F17 nanocrystals in Er3+ doped transparent glass ceramics 
15th Conference & Exhibition of the European Ceramic Society, July 9–13, 
2017, Budapest, Hungary.

7. G. Krieķe, A. Sarakovskis, NaLaF4 kristalizācija ar erbija un iterbija joniem 
aktivētā stikla oksifluorīdu keramikā, 33th ISSP UL Scientific Conference, 
February 22–24, 2017, Riga, Latvia.

8. G. Krieke, A. Sarakovskis, M. Springis, The upconversion luminescence 
of erbium doped glass ceramics with β-NaYF4 nanocrystals, International 
Congress on Ceramics, August 21–25, 2016, Dresden, Germany.

9. G. Krieķe, A. Sarakovskis, Erbija jonu augšuppārveidotā luminiscence 
bāriju saturošā oksifluorīdu stikla keramikā, 32th ISSP UL Scientific 
Conference, February 17–19, 2016, Riga, Latvia.

1.6. Author’s contribution 
All research presented in the work was performed in Institute of Solid 

State Physics, University of Latvia. The author realized the synthesis of 
materials and most of the characterization including differential thermal 
analysis (DTA), X-ray diffraction (XRD), scanning electron microscopy (SEM) 
and optical spectroscopy measurements. Transmission electron microscopy 
(TEM) analysis was performed by Krisjanis Smits. Rietveld refinement of 
Ba4Gd3F17 and Ba4Lu3F17 microcrystalline samples was performed by Reinis 
Ignatans. Raman spectra of cubic and rhombohedral Ba4Gd3F17 were measured 
by Jevgenijs Gabrusenoks. The non-radiative relaxation rates in β-NaErF4 

containing glass ceramics were calculated by Maris Springis. The analysis of 
the data was performed by the author with the collaboration of all co-authors 
of the scientific papers.
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2. LITERATURE REVIEW

2.1. Upconversion luminescence
Upconversion luminescence (UCL) is an anti-Stokes process, in which 

photons with low energy are converted in high energy photons [6]. UCL 
materials have been extensively studied for various perspective optical 
applications such as UCL lasers [7], [8], three-dimensional displays [9], [10], 
optical memory devices [11], [12], optical switches [13], solar harvesting [14], 
optical sensors [15], [16], actuators [17] and biomedical probes [18], [19].

Four main mechanisms for UCL has been proposed: multistep excita tion 
due to excited state absorption, energy transfer upconversion, coopera tive 
upconversion between two or three ions and photon avalanche up con-
version [6]. These mechanisms are schematically represented in Fig. 2.1.

Fig. 2.1. UCL mechanisms: a) excited state absorption, b) energy transfer UCL, 
c) cooperative UCL, d) photon avalanche UCL.

In case of excited state absorption two or more photons are sequentially 
absorbed by a single activator ion (see Fig. 2.1. a).

 Energy transfer UCL occurs by absorption of photons by two or more 
activator ions followed by energy transfer from one excited ion to another 
which promote one of the activator ions to higher emitting state (see Fig. 2.1. b). 
The efficiency of this process depends on the distances between activator ions 
which is mainly determined by their content in the UCL material [20]. 

In case of cooperative UCL the photons are absorbed by two activator 
ions. Both of these ions decay simultaneously and either emit single photon 
with doubled energy or excite another ion to excited state resonant with 
the doubled excitation energy (See Fig. 2.1. c) [21]. 

The photon avalanche UCL is relatively uncommon type of UCL in which 
cross-relaxation induces excited state absorption (See Fig. 2.1. d). In case 
of this mechanism, the excitation energy is not resonant with transitions 
from ground state to excited states but it matches with transitions between 
some of the excited states. The non-resonant excitation of intermediate state 
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enables excited state absorption and cross-relaxation from the emitting state 
non-linearly increase the population of the intermediate state. The theoretical 
models indicate that photon avalanche UCL can occur when cross-relaxation 
rate is higher than radiative and other non-radiative relaxation rates of excited 
states [22]. 

The UCL mechanisms can be distinguished by analysis of luminescence 
and luminescence excitation spectra, luminescence kinetics and excitation 
power dependence on luminescence intensity [6]. The highest UCL efficiency 
has been obtained for energy transfer UCL which typically exhibit several 
orders of magnitude higher UCL intensity than other mechanisms [6]. 

2.2. Requirements for efficient upconversion luminescence
The efficiency of the UCL processes depends on the properties of 

the activator and host matrix.
Trivalent RE ions are considered to be suitable activators for the UCL due 

to multiple excited states with long lifetimes and similar energy gaps between 
them [3]. The highest UCL efficiency has been achieved in erbium ion (Er3+) 
doped materials due to equally spaced energy levels of Er3+, which enable 
efficient near-infrared (NIR) to visible UCL [23]. Often Er3+ doped materials 
are co-doped with Yb3+ as a sensitizer with large absorption cross-section, 
which improves NIR absorption, therefore enhancing UCL [24]. 

Typical UCL hosts include oxides, halides and chalcogenides. The main 
requirements for the host matrix include low phonon energy of matrix, low 
local symmetry and good solubility of the activator ion. Significant attention 
has been focused on the fluoride hosts due to relatively good thermal and 
chemical stability combined with sufficiently low phonon energy, which 
reduces the non-radiative relaxation rate [24]. The local symmetry of RE3+ 
activator determines the transition probabilities of partly forbidden f-f 
transitions. Typically, RE3+ positions without inversion symmetry are required 
to enhance transition probabilities [3]. 

In addition, good RE3+ solubility in the host matrix is required. It can 
be realized by matching the ionic radii of the host matrix and RE3+ ions. 
RE3+ solubility can be realized by homovalent substitution in RE3+ containing 
compounds such as REF3 and AREF4 (A=Li-K), however, RE3+ can be also 
incorporated in compounds, where they require heterovalent substitution, 
such as MF2 (M=Ca-Ba), which form MF2-REF3 solid solutions [25]. 

This research is devoted to investigation of the UCL processes in ternary 
NaREF4 and Ba4RE3F17 containing composites, which satisfies all requirements 
for efficient UCL.
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2.3. NaREF4 as a host for upconversion luminescence
NaREF4 compounds are considered to be the most efficient fluoride hosts 

for UCL [23], [26]. 
Two polymorphic modifications of NaREF4 are known: low temperature 

hexagonal β-NaREF4 (space group P6) and high temperature cubic α-NaREF4 
with fluorite structure (space group Fm3m). β-NaREF4 can be prepared in 
all NaREF4 systems (La-Lu) and α-NaREF4 modification can be prepared for 
all RE except for La and Ce. The latter compound forms solid solutions with 
variable NaF-REF3 ratio [27]. Unit cells of α-NaREF4 and β-NaREF4 are shown 
in Fig. 2.2.

Fig. 2.2. Crystal structure of a) α-NaREF4 and b) β-NaREF4. Atomic positions taken 
from [28], [29].

In structure model of α-NaREF4 reported in [28], all cationic positions are 
randomly filled with Na+ and RE3+ ions and the site symmetry is cubic (Oh). 
In β-NaREF4 there are three cationic positions: first is filled with RE3+ ions 
(C3h), second is filled with RE3+ and Na+ (C3h) and third is half-filled with Na+ 
and vacancies (C3) [29]. According to the crystal structure models of NaREF4, 
β-NaREF4 exhibits RE3+ positions with lower symmetry, which improves 
the transition probabilities of activator ions. However, the experimental 
investigations of local environment of doped NaREF4 crystals revealed that 
local symmetry of RE3+ positions in both phases are lower than expected [30], 
[31]. In addition, the phonon energy of these polymorphs is low (<500 cm-1) 
[32], [33], therefore, both α-NaREF4 and β-NaREF4 can be expected to exhibit 
good UCL properties. Nevertheless, UCL efficiency in the hexagonal phase 
is detected to be approximately order of magnitude higher in comparison to 
cubic polymorph [34]. This effect has been attributed to broader distribution 
of phonon modes in cubic phase due to random distribution of cations in 
the crystalline structure [35]. 

Despite superior UCL properties of β-NaREF4, its applications in optics are 
limited, because the growth of large β-NaREF4 are difficult due to incongruent 
melting and phase transition to high temperature polymorph, therefore single 
crystals can only be prepared from non-stoichiometric melts [36]. 
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2.4. Barium rare earth fluorides
Cubic MF2: RE3+ (M=Ca-Ba) with fluorite structure are common hosts 

for optical applications. Despite heterovalent substitution required for 
incorporation of RE3+ ions in M2+ position, MF2 compounds form wide regions 
of solid solutions with all RE3+ ions. Unfortunately, in MF2 structure RE3+ ions 
tend to form clusters, which result in cross-relaxation between RE3+ ions. In 
BaF2 single crystals clustering of Er3+ ions was detected in samples doped with 
as low Er3+ content as 0.05 mol% [37]. The cross-relaxation processes in these 
materials can be reduced by incorporation of other RE3+ ions such as La, Y, 
Lu, which act as spacers between activator ions.  

Among all MF2 compounds, BaF2 is the most promising host for optical 
applications due to lower phonon energy (346 cm-1) than CaF2 (484 cm-1) 
and SrF2 (397 cm-1) [38], [39], therefore in this research Er3+ doped BaF2-REF3 
phases are investigated.

Fig. 2.3. Typical clusters in BaF2-REF3 systems [40].

In BaF2 typically octahedral RE6F36-37 clusters are formed (see Fig. 2.3. a). 
These clusters are surrounded by eight Ba2+ ions, thus forming rare earth 
octahedral superclusters Ba8[RE6F68-69] (see Fig. 2.3. b) [37]. The superclusters 
are structurally similar to BaF2 unit cell and they can be incorporated in 
the BaF2 without considerable distortion of fluorite structure, which ex-
plains the formation of wide regions of solid solutions in BaF2-REF3 system. 
Special case of BaF2-REF3 compounds is associated with chemical com po-
sition Ba4RE3F17 (RE=Sm-Lu). Two polymorphic modifications of Ba4RE3F17 
can be prepared: metastable cubic Ba4RE3F17 with fluorite structure and 
rhombohedrally distorted cubic Ba4RE3F17 [41]. The structure of this com-
pound consists only from Ba8[RE6F68-69] superclusters witch are strictly 
ordered in rhombohedral phase and are randomly orientated in relation to 
one and another in cubic phase [42].  
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Schematic representation of supercluster distribution in cubic and 
rhombohedral Ba4RE3F17 is shown in Fig. 2.4.

Fig. 2.4. Schematic representation of supercluster distribution in a) metastable cubic 
and b) rhombohedrally deformed cubic Ba4RE3F17.

Recently Ba4RE3F17 compounds were proven to be excellent hosts for 
UCL [43]. Similarly to β-NaREF4, Ba4RE3F17 exhibit incongruent melting [44], 
which restricts the use of this fluoride.  

2.5. Transparent oxyfluoride glass ceramics
Both β-NaREF4 and Ba4RE3F17 can be expected to be suitable hosts for 

UCL, but the growth of large single crystals is difficult for these ternary 
compounds, thus the use of β-NaREF4 and Ba4RE3F17 in optics is limited 
especially in applications where transparency is required. This drawback can 
be overcome by preparation of transparent nanocrystalline composites.  

One of the suitable classes of materials are oxyfluoride glass ceramics – 
composite materials consisting of fluoride nanocrystals homogeneously 
dispersed in oxide glass matrix. Oxyfluoride glass ceramics combine the best 
properties of oxide glasses and fluoride crystals, such as good chemical and 
mechanical properties of glasses with superior spectroscopic properties of 
fluoride crystals. In addition, with careful control of size of crystals it is 
possible to prepare transparent composites. 

The size of nanocrystals affects the spectroscopic properties of these 
nanocomposites. In larger crystals the luminescence quenching on the surface 
of the crystals is reduced, therefore improving UCL efficiency, nevertheless, 
nanocrystals larger than 50–100 nm cause light scattering, therefore, 
the optimal heat treatment conditions are crucial for the preparation of 
transparent glass ceramics with satisfactory spectroscopic properties [45]. 
Photographs of precursor glass and glass ceramics heat treated at different 
temperatures are shown in Fig. 2.5.
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Fig. 2.5. Photograph of Er3+ doped precursor glass and oxyfluoride glass ceramics 
under ambient light (upper row) and excited with 975 nm laser (lower row) [46].

Wide variety of simple and complex fluoride phases can be prepared in 
oxyfluoride glass ceramics including alkaline earth fluorides (MF2, M=Mg-Ba), 
rare earth fluoride (REF3 where RE=La-Lu), several alkali rare earth fluorides 
(LiYF4, NaREF4, KRExF3x+1) and fluorite type MF-REF3 solid solutions [1], [47]. 
Despite excellent spectroscopic properties of β-NaREF4, most of the efforts 
prior to these thesis were devoted to investigation of α-NaREF4 containing 
glass ceramics and hexagonal phase was successfully prepared in NaLaF4 and 
NaGdF4 systems only [48], [49]. Among MF2-REF3 phases in glass ceramics 
no distorted fluorite type phases were identified previously. Therefore, in this 
research novel glass compositions, in which β-NaREF4 and Ba4RE3F17 phases 
could be formed, were developed and characterized.

2.6. Synthesis methods of oxyfluoride glass ceramics
Typically, oxyfluoride glass ceramics are prepared using melt quenching 

or sol-gel synthesis and subsequent heat treatment, which promotes formation 
of fluoride nanocrystals.

The melt quenching method consists of melting of precursors and rapid 
cooling of the glass melt. The glass ceramics are prepared by heat treatment 
of precursor glasses. The size, shape and concentration of crystals depends on 
nucleation and growth rate which is determined by heat treatment parameters 
and chemical composition of precursor glass. There are two main drawbacks 
of melt quenching method: changes in the chemical composition during 
the melting of oxyfluoride glasses and liquid-liquid phase separation [1]. 

The melt quenching of oxyfluoride glasses is usually performed in air. At 
high temperatures fluoride compounds are not stable and can decompose, 
react with moisture or evaporate from the melt [50]–[52] resulting in changes 
of the chemical composition of glass. The fluorine loss during the melting 
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depends on the chemical composition and melting conditions of glass and 
can be up to 50 mol% [53]. 

Due to limited solubility of oxides and fluorides, often phase separation 
is detected in melt quenched oxyfluoride glasses, which can increase light 
scattering [54]. However, nanosized phase separation droplets can act as 
nucleation centres in crystallization of transparent oxyfluoride glass ceramics 
[55]. The microstructure of melt quenched precursor glass and glass ceramics 
containing NaLaF4 nanocrystals is shown in Fig. 2.6.

Fig. 2.6. (a, b, d, e) TEM micrographs and (c, f) electron diffraction patterns  
of (a–c) melt quenched oxyfluoride precursor glass and (d–f) glass ceramics 
containing NaLaF4 nanocrystals [56].

Both glass and glass ceramics consist of similar spherical particles dispersed 
in glass matrix, however, high resolution micrographs (Fig. 2.6. b and e) and 
electron diffraction patterns (Fig. 2.6. c and f) indicate that the particles are 
amorphous in precursor glass and crystalline in glass ceramics.

The melt quenching method is suitable for preparation of bulk materials, 
however the precise control of chemical composition of precursors and 
melting conditions is required to obtain reproducible results.

An alternative approach for preparation of oxyfluoride glass ceramics is 
sol-gel method. It is solution-based method which consists of hydrolysis and 
polycondensation of metal organic compounds or salts followed by drying and 
heat treatment of precursor gels [57]. The main advantage of sol-gel process 
is the reduction of temperature of heat treatment, thus significantly reducing 
fluorine loss in glass. In addition, glass ceramic compositions which cannot 
be made using melt quenching method can be prepared using this method, 
such as glass ceramics with high SiO2 content [1]. However, it is often difficult 
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to prevent the presence of organic impurities and hydroxyl groups which are 
detrimental for spectroscopic properties of glass ceramics [45], [58]. 

The sol-gel process is suitable for preparation of coatings and thin 
films but it is inconvenient for preparation of the bulk materials, because 
the precursor gels are prone to cracking during the drying [59].

In this research melt quenching method is used for preparation of glass 
ceramic. To prevent considerable fluorine loss, the glasses are melted in 
covered crucibles using rapid heating rate and short melting time (30 min). 
Large scale phase separation is prevented by adjusting the fluorine content in 
precursor glass.  

2.7. Characterization of oxyfluoride glass ceramics
For quantitative analysis of chemical composition of precursor glasses 

traditionally wet chemical methods are used [60], which can be adapted for 
oxyfluoride glasses, including the determination of fluorine content [61]. These 
methods are destructive, therefore other methods such as X-ray fluorescence 
and X-ray photoelectron spectrometry are often preferred [62], [63].

The characteristic temperatures, such as glass transition and crystallization 
of glasses are commonly determined from differential thermal analysis or 
diffe ren tial scanning calorimetry data. These methods can also be used for 
deter mi nation of crystallization mechanism, activation energy and  the shape 
of crystals [64]. 

For identification of crystalline phases mainly X-ray diffraction is used. 
It can also be used for estimation of crystallite size [65] and the crystalline 
fraction [66]. Due to multicomponent nature, many compounds with similar 
structures can form of oxyfluoride glass ceramics, therefore the phase 
identification should not be based solely on X-ray diffraction data [1].

Electron microscopy is an informative method for direct observation 
of crystalline phase size and morphology which is indispensable tool for 
studying of crystallization processes in glass [67]. An example of morphology 
alteration during the crystallization of oxyfluoride glass is shown in Fig. 2.7.

Fig. 2.7. SEM micrographs of a) phase-separated precursor glass and (f–h) glass 
ceramics heat treated at 600–800 °C (adapted from [68]). 
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The changes in the size and shape of particles formed in precursor glass 
indicate the growth of the crystalline phase. The snowflake-like morphology 
of crystals formed in glass ceramics heat treated at 800 °C is associated with 
the formation of hexagonal LaF3 [68].

Typical spectroscopic characterization methods of oxyfluoride glass 
ceramics include vibration spectroscopy methods (infrared and Raman 
spectrometry), absorption spectroscopy and luminescence spectroscopy. 

The vibration spectrometry methods are widely used to analyse the struc-
ture and bonding in glasses [69]. These methods have been also suc cessfully 
used to identify the crystalline phases and estimate the size of nano crystals in 
oxyfluoride glass ceramics [70], [71].

Absorption spectrometry methods are useful for identification of im puri-
ties, determination optical losses and calculation of absorption cross-section 
[72]. The absorption data can be used for Judd-Ofelt theory cal culations which 
have been employed in glass ceramics for determination of oscillator strength, 
radiative transition probabilities and branching ratios of activator ions [73].  

Luminescence spectroscopy is used for characterization of various 
spectroscopic properties such as luminescence quantum efficiency, lifetime 
of emitting states, dynamics of radiative and non-radiative relaxations [72]. 
The spectroscopic properties of activator ions is influenced by the host matric, 
therefore the activator ions can be used as probes to detect point defects, 
their aggregates and activator local environment [74], [75]. In oxyfluoride 
glass ceramics the changes in the spectroscopic properties such as lifetimes 
of emitting states and changes in luminescence band linewidths have been 
successfully used to analyse the crystallization processes [76], [77]. 

The comparison of luminescence excitation and luminescence spectra of 
Er3+ ions in glass and crystalline phase of NaLaF4 containing glass ceramics 
is shown in Fig. 2.8.

Fig. 2.8. a) luminescence excitation and b) luminescence spectra of Er3+ ions in 
amorphous and crystalline phase of NaLaF4 containing glass ceramics (adapted 
from [68]).
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Broad Er3+ luminescence excitation and luminescence bands can be detected 
in the amorphous phase due to random distribution of Er3+ ions in glass 
network, however, in crystalline phase sharp and narrow luminescence bands 
are observed which are attributed to strictly ordered Er3+ positions in NaLaF4 
lattice [68]. As the result, the analysis of luminescence spectra of glass ceramics 
can offer invaluable information about distribution of activator ions, however 
one of the greatest challenges of oxyfluoride glass ceramics is the quantitative 
determination of activator distribution in crystalline and glass phase.

2.8. Rare earth ion distribution in oxyfluoride glass ceramics
In oxyfluoride glass ceramics rare earth activator ions can be located in 

both glass and crystalline phase. The chemical analysis of phase separated 
oxyfluoride melts using mass spectrometry have revealed strong tendency 
for  RE3+ ions to incorporate in fluoride-rich phases [78] and similar trend 
have been detected in oxyfluoride glass ceramics. An example of element 
distribution in glassy phase and Ba4Y3F17 nanocrystal of oxyfluoride glass 
ceramics is shown in Fig. 2.9. 

In oxyfluoride glass ceramics several approaches for determination of RE 
ion distribution have been proposed in literature. The chemical composition 
has been estimated from energy dispersive X-ray spectroscopy data [80], [81], 
chemical analysis of nanocrystlals, dissolved from glass matrix [82], XRD 
data [83], electron paramagnetic resonance data [76], absorption spectra 
[84], luminescence decay [85] and luminescence excitation spectra [86]. 
The highest precision can be obtained from XRD and chemical analysis of 
nanocrystals. However, these methods are not applicable for all oxyfluoride 
glass ceramics. The analysis of interplannar distances from XRD data cannot 
be used for materials with small deviations in ionic radii of activator and host, 
such as NaYF4: Er3+ and the chemical dissolution can cause the precipitation 
of RE fluorides formed from RE3+ ions in oxide glass matrix which results in 
deviations in chemical composition. 

Fig. 2.9. a) TEM micrograph and b) element distribution in Er3+ doped oxyfluoride glass 
and Ba4Y3F17 nanocrystal (adapted form [79], white line indicate the scanned region).
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The activator content in the crystalline phase is a crucial factor for efficient 
UCL. In Er3+ doped materials the relative intensity of luminescence bands and 
lifetime of emitting states depends on Er3+ content [87]. This effect can be 
used for quantitative determination of Er3+ content. In this research external 
standard method based on the comparison of spectroscopic properties of Er3+ 
ions in glass ceramics with Er3+ doped microcrystalline samples is proposed.  

2.9. Applications of transparent oxyfluoride glass ceramics
The excellent luminescence efficiency and good transparency of 

oxyfluoride glass ceramics enables the use of these nanomaterials for many 
applications in optics. 

Currently oxyfluoride glass ceramics are commercially available as trans-
parent visualizers for infrared laser detection [88], [89], but, these materials 
have also been extensively investigated for various uses in sensors and photo-
nic devices.

Due to intrinsic characteristics of glass matrix, the oxyfluoride glass 
ceramics can be prepared as fibres which exhibit superior luminescence 
efficiency in comparison to precursor glasses and are perspective materials 
for fibre lasers and amplifiers [90], [91]. The precursor glasses can also be 
selectively crystallized using laser patterning which have proven to be suitable 
for preparation of optical gratings and waveguides [92]. In oxyfluoride glasses 
both randomly oriented crystallized regions [93] and highly ordered single 
crystals [94] have be formed using this method. 

Recently significant attention has been devoted to investigation of glass 
ceramics for application in optical thermometry. Many variations of optical 
temperature sensors exist; however, best results have been achieved for 
sensors based on the measurements of luminescence lifetime or luminescence 
intensity ratio of thermally coupled emitting states. Among others Er3+ doped 
oxyfuoride glass ceramics have been extensively investigated due to thermally 
induced repopulation of 2H11/2 from 4S3/2 emitting state which results in 
variation of luminescence intensity ratio of these emitting states [95].

Oxyfluoride glass ceramics have been investigated as promising scin-
tillator materials for X-ray imaging [96], [97]. Excellent efficiency that 
surpasses commercial scintillator crystals have been recently detected in 
Na5Gd9F32:Tb3+ containing glass ceramics [98]. These materials are prone to 
formation of radiation defects in glass matrix [99]. For scintillator applications 
the radiation resistance can be improved by addition of dopant ions [100], 
however, the defect formation in oxyfluoride glass ceramics have been used 
to develop erasable high dose radiation dosimeters [101].

Oxyfluoride glass ceramics have been proposed as suitable materials for 
all-optical solid state cryocooling in which anti-Stokes luminescence is used 
to cool macroscopic objects [102]. The main advantages include compact 
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design and high reliability of cryocoolers without vibrations, moving parts 
or fluid coolants [102] and for now cooling from room temperature up to 
91 K have been achieved [94]. Cryocooling have been investigated in Tm3+ 
and Yb3+ doped transparent materials including glass ceramics [103], [104]. 

Considerable effort has been devoted to investigation of glass ceramics 
for photovoltaic applications. Oxyfluoride glass ceramic coatings can improve 
the infrared absorption of silicon solar cells by IR to visible UCL [2]. Un-
fortunately, the increase in efficiency of such solar cells remains less than 
2% [105] and it is attributed mainly to the narrow absorption bands and low 
absorption cross-section of trivalent lanthanide ions [14].  

Other potential applications include luminescent materials for white 
light emitting diodes [106] and UCL lighting devices [107], non-linear 
transmittance based optical switches [108], three dimensional displays [9] and 
UCL materials for photo-catalysis [109].
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3. MATERIALS AND METHODS

3.1. Material synthesis
The oxyfluoride glass ceramics were prepared from melt quenched 

oxyfluoride glasses. The precursor glasses with the general composition of 
Na2O-NaF-REF3-Al2O3-SiO2 and Na2O-BaF2-REF3-Al2O3-SiO2 were prepared 
from high purity oxide, fluoride and carbonate precursors. The glasses were 
melted in covered corundum crucibles at 1500 °C for 30 min and afterwards 
casted in stainless steel molds. The oxyfluoride glass ceramics were prepared 
after isothermal heat treatment of the precursor glasses.

Microcrystalline fluorides were prepared using co-precipitation, hydro-
thermal synthesis and thermal treatment in F2/He and Ar atmosphere for 
comparison of spectroscopic properties. 

3.2. Characterization of samples
The thermal properties of precursor glasses were analyzed using 

differential thermal analysis (DTA). The measurements were carried out in 
a differential thermal analyzer (Shimadzu Corp. DTG-60) at a heating rate of 
10 K/min using Al2O3 as a reference.

The crystalline phases in precursors and glass ceramics were determined 
using X-ray diffraction data obtained by PANalytical X’Pert Pro (Cu Kα tube, 
40 kV and 30 mA) and Rigaku MinFlex (Cu Kα tube, 40 kV and 15 mA) 
diffractometers. The atomic coordinates of Ba4RE3F17 compounds were 
calculated with Rietveld analysis using Profex software [110]. Software Vesta 
was used for visualization of the crystal structure [111]. 

The microstructure of the glass ceramics was analyzed by scanning electron 
microscopy (SEM) using Tescan Lyra operated at 15 kV and transmission 
electron microscopy (TEM) using Tecnai G2 F20 operated at 200 kV. 

The Raman spectra were measured using a 1403 double grating Spex-
Ramalog spectrophotometer with a conventional photon counting system. 

Luminescence was excited by a wavelength tunable pulsed solid state 
laser Ekspla NT342/3UV and temperature controlled continuous wave (CW) 
laser diode. The emission signal was detected by Andor DU-401-BV CCD 
camera coupled to Andor SR-303i-B spectrometer. Luminescence decay was 
measured using a photomultiplier tube and digital oscilloscope Tektronix 
TDS 684A. Low temperature measurements were performed using Advanced 
Research Systems DE202 N cold finger type He cryostat.
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4. RESULTS AND DISCUSSION

4.1. Crystallization of NaREF4 containing glass ceramics
In Na2O-NaF-REF3-Al2O3-SiO2 based precursor glasses after appropriate 

heat treatment β-NaREF4 crystalline phase can be prepared. Typical XRD 
patterns of precursor and glass and glass ceramics heat treated at 550–700 °C 
for 2 h is shown in Fig. 4.1.

Fig. 4.1. XRD patterns of Na2O-NaF-YF3-Al2O3-SiO2: Er3+ precursor glass and glass 
ceramics heat treated at 550–700 °C for 2 h

The precursor glasses in this system were X-ray amorphous. The thermal 
treatment of Na2O-NaF-YF3-Al2O3-SiO2: Er3+ glass promoted the formation of 
crystalline phases. Heat treatment at the  temperature close to glass transition 
temperature resulted in the formation of metastable phase with unknown 
crystalline structure which have been previously observed in melt quenched 
NaF-YF3 binary system [112]. The increase of the temperature of heat 
treatment up to 600 °C promoted the formation of β-NaYF4. Heat treatment 
at temperature higher than the phase transition temperature of β-NaYF4 
resulted in the formation of high temperature polymorph – α-NaYF4. 
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The microstructure and photograph of precursor glass and glass ceramics 
containing NaYF4: Er3+ are shown in Fig. 4.2. 

Fig. 4.2. SEM micrographs (upper row) and photograph (lower row) of precursor 
glass and glass ceramics containing NaYF4: Er3+ heat treated at 550–700 °C for 2 h. 

No microheterogeneities were detected in the precursor glasses 
confirming the amorphous nature of precursors. The thermal treatment 
promoted the formation of spherical homogeneously distributed particles in 
the glass matrix. The lighter shade of particles indicates that they are enriched 
in heavier metal ions (RE3+ ions). TEM investigation of nanocrystalline glass 
ceramics revealed that the spherical particles are mostly single crystalline 
β-NaREF4. The heat treatment at higher temperature favoured the growth 
of the particles, however the quantity of the crystallites diminished with 
the increase of temperature. This effect can be explained by reduced nucleation 
rate at higher temperature. The increase of the particle size after heat caused 
a gradual reduction of transparency due to the light scattering (See Fig. 4.2.). 
For optical applications larger crystallite size, which defines lower rate of non-
radiative processes on the surface of the crystals, is preferable. Heat treatment 
at 600 °C for 1–2 h was found to be suitable for the preparation of transparent 
β-NaREF4:Er3+ containing glass ceramics.

The phase formation in Na2O-NaF-REF3-Al2O3-SiO2 based glass ceramics 
was found to be dependent on the type of rare earth ion and content in 
the precursor glass. Two solid solution systems Na(La,Yb)F4:Er3+ and 
Na(Gd,Lu)F4:Er3+ were investigated. In both systems, incorporation of 
high amount of lanthanides with smaller ionic radii (Yb, Lu) resulted in 
the formation of cubic α-NaREF4 phases which can be associated with wider 
composition range of cubic phase and lower thermal stability of hexagonal 
phase in these systems. Unexpectedly cubic phase was efficiently stabilized 
even in lanthanum containing system, in which only hexagonal NaLaF4 have 
been reported previously. 
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The X-ray diffraction data of 19Na2O-3NaF-5LaF3-6Al2O3-67SiO2: 1 mol% 
ErF3, 0–3 mol% YbF3 based glass ceramics with different Yb3+ content is shown 
in Fig. 4.3.

In precursor glasses containing LaF3 hexagonal NaLaF4 could be prepared, 
however, introduction of YbF3 resulted in phase separation and formation 
of cubic phase with fluorite type structure. In similar lanthanum containing 
oxyfluoride systems isostructural fluorite type LaOF compounds have been 
detected previously, however, comparison of spectroscopic properties of all 
LaOF polymorphs and α-NaYF4 with glass ceramics revealed that the fluorite 
type compound is indeed cubic Yb3+ stabilized NaLaF4,which for now has 
only been prepared in oxyfluoride glass ceramics.

Fig. 4.3. X-ray diffraction patterns of glass ceramics containing 0–3% Yb3+ heat 
treated at 600  °C for 2 h

4.2. Luminescence spectroscopy of NaREF4: Er3+ containing glass 
ceramics

In β-NaREF4 containing glass ceramics intense UCL was detected. UCL 
spectra of precursor glass and glass ceramics containing β-NaErF4 are shown 
in Fig. 4.4.

The UCL spectra of precursor glass consists of wide luminescence bands 
characteristic to Er3+ in amorphous environment. In glass ceramics narrow 



24

luminescence bands characteristic to crystalline environment were detected 
confirming the incorporation of Er3+ in the fluoride nanocrystals. In addition 
to typical Er3+ UCL bands associated with two photon UCL (2H11/2→4I15/2, 
4S3/2→4I15/2 and 4F9/2→4I15/2) processes, luminescence bands characteristic to 
three photon UCL were detected in all NaREF4 containing glass ceramics. 
The presence of three photon UCL bands in glass ceramics indicated 
considerable reduction of multiphonon relaxation rates in comparison to 
precursor glass. In addition, the UCL intensity of glass ceramics was up to 
two orders of magnitude higher than in the precursor glasses. Both of these 
effects are explained by an efficient incorporation of Er3+ ions in the low 
phonon environment of fluoride crystals, which reduce the non-radiative 
transition rate.

Fig. 4.4. UCL spectra of precursor glass and glass ceramics containing β-NaErF4 
excited at 975 nm.

UCL processes were investigated in all β-NaREF4:Er3+ containing glass 
ceramics. Absorption spectrum of β-NaYF4:Er3+ containing glass ceramics and 
partial energy level scheme of Er3+ ions with possible UCL mechanism are 
shown in Fig. 4.5. 

In the investigated glass ceramics containing β-NaREF4:Er3+ the dominant 
UCL mechanism was determined to be energy transfer between activator 
ions. In singly doped glass ceramics, Er3+ ions are promoted from ground state 
to 4I11/2 emitting state by absorption of IR photons. Energy transfer between 
Er3+ ions (4I11/2;4I11/2→4I15/2;4F7/2) results in the population of 4F7/2 emitting level, 
from which rapid de-excitation populates 2H11/2 and 4S3/2 emitting states. 
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Large energy gap between 4S3/2 and lower laying emitting states prevents 
efficient multiphonon relaxation in fluoride crystals, therefore 2H11/2 and 4S3/2 

states are de-excited by radiative transitions and cross-relaxation. Due to 
relatively long lifetime of 4S3/2 emitting state additional IR photon can promote 
Er3+ ions to higher energy levels resulting in the population of 4G11/2, 2H9/2, 
4F5/2 and 4F7/2 emitting states, from which three photon UCL emission can be 
detected.

Fig. 4.5. Absorption spectrum of β-NaYF4:Er3+ containing glass ceramics and partial 
energy level scheme of Er3+ ions 

In the samples with high Er3+ content, such as β-NaErF4 (shown in 
Fig. 4.4.), intense red UCL emission corresponding to 4F9/2→4I15/2 transition 
was detected. This emitting state is mainly populated by energy transfer and 
cross-relaxation processes. Using rate equation formalism in β-NaErF4 two 
dominant processes (4I11/2;4I13/2 →4I15/2;4F9/2 and 2H9/2;4I11/2 →4I11/2;4F9/2) were 
identified. Similar processes can be expected in all β-NaREF4:Er3+ containing 
glass ceramics.

4.3. Site-selective spectroscopy of β-NaREF4 containing glass 
ceramics

In Er3+ doped oxyfluoride glass ceramics two distinct decay processes 
were distinguished – rapid decay characteristic to Er3+ ions in glass matrix 
and slow decay characteristic to Er3+ ions in β-NaREF4 crystals (see Fig. 4.6. a). 
The differences of luminescence decay in the glass and fluoride nanocrystals 
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were associated with deviations of phonon energy of both phases, which 
affect the multiphonon relaxation rates. 

At low temperatures Er3+ ions in different crystalline environment can 
be selectively excited, therefore the spectroscopic properties of Er3+ in both 
glass and crystalline phase can be analyzed separately using site-selective 
spectroscopy. The luminescence spectra corresponding to Er3+ ions in glass 
(fast decay) and β-NaREF4 nanocrystals (slow decay) are shown in Fig. 4.6. b. 

Fig. 4.6. a) Luminescence decay curve of the green emission (4S3/2→4I15/2)  
and b) luminescence spectra corresponding to the fast (50–500 ns) and  
slow (0.05–40 ms) decay in β-NaErF4 containing glass ceramics detected at 10 K. 

In the crystalline environment, three distinct Er3+ luminescence spectra 
could be detected when the excitation wavelength was varied (see Fig. 4.7.). 

These observations indicated that in β-NaREF4 nanocrystals Er3+ is 
located in at least three distinct positions. Similar results have been obtained 
in polycrystalline β-NaREF4 phases [113], [114]. In the crystalline structure 
of β-NaREF4 there are only two distinct RE3+ positions, therefore two distinct 
luminescence spectra are expected in these phases (see Fig. 2.2.). The existence 
of the third position has been previously attributed to incorporation of 
activator ions in third cationic position half filled with Na+ and vacancies 
[113], [114]. To test the validity of this assumption, the local environment of 
Er3+ was analyzed in β-NaErF4 containing glass ceramics and polycrystalline 
single phase β-NaErF4. Heterovalent substitution of Na+ with RE3+ should 
not be efficient in β-NaREF4 compounds containing high activator content, 
therefore the excitation efficiency of such position should be considerably 
lower in comparison to RE3+ positions characteristic to β-NaREF4 lattice.

In β-NaErF4 phases three distinct luminescence spectra with comparable 
excitation efficiency could be detected. The results suggest that the third Er3+ 
position detected in β-NaREF4 compounds is not associated with incorporation 
of Er3+ ions Na+ site. In β-NaREF4 lattice there are two half-filled cationic 
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positions that create distortion in crystalline structure. We assume that this 
distortion modifies local environment of RE3+ sites causing the appearance of 
additional luminescence spectra. For further validation of this assumption, 
single crystals studies of β-NaREF4 compounds are required, which are 
beyond the scope of this research. 

Fig. 4.7. Luminescence spectra of Er3+ ions in β-NaYF4 containing glass ceramics 
detected at 10 K.

4.4. Crystallization of barium rare earth fluoride containing 
glasses

Introduction of BaF2 in Na2O-NaF-REF3-Al2O3-SiO2 glasses resulted 
in the formation of fluorite and fluorite-related phases. In this research 
the effect of BaF2 and REF3 ratio on the phase formation in YF3 and YbF3 
containing glass ceramics were investigated in detail. XRD diffraction data 
of 15Na2O-3NaF-(14-x)BaF2-xYbF3-6Al2O3-62SiO2: 0.1% ErF3 (x= 0-14 mol%) 
based glass ceramics heat treated at 650 °C for 2 h is shown in Fig. 4.8. 

Two fluorite related phases – rhombohedrally distorted Ba4RE3F17 and 
tetragonally distorted fluorite NaF-BaF2-REF3 compounds could be pre pared 
in the investigated systems. This research was mainly focused on the investi-
gation of Ba4RE3F17 which was successfully prepared for RE=Gd, Y, Yb and Lu 
and was found to be suitable host for efficient UCL. 
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Fig. 4.8. XRD patterns of 15Na2O-3NaF-(14-x)BaF2-xYbF3-6Al2O3-62SiO2: 0.1% ErF3 

(x= 0–14 mol%) based glass ceramics heat treated at 650 °C for 2 h.

Typical thermal analysis curve of glass, in which Ba4RE3F17 could be 
prepared is shown in Fig. 4.9. a)

Fig. 4.9. a) DTA curve of precursor glass and b) XRD patterns of Ba4Gd3F17 
containing glass ceramics heat treated at 600–750 °C for 5 h. 

In the precursor glass two exothermic effects associated with formation 
of fluoride crystalline phases (Tc1 and Tc2 in Fig. 4.9. a) could be detected. 
However, in XRD patterns (see Fig. 4.9. b) no changes in phase composition 
could be identified in this temperature range. It can be assumed that 
the second exothermic effect detected in DTA data could be associated with 
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order-disorder phase transition between the two modifications of Ba4RE3F17. 
However, due to relatively small size of nanocrystals, the superstructure 
peaks associated with rhombohedral distortion rarely can be detected in 
nanocrystalline glass ceramics using XRD, therefore in the investigated glass 
ceramics site-selective spectroscopy was used to identify the phase transition 
(see section 4.8.). 

4.5. Microstructure of Ba2+ containing glass ceramics
Most of Ba2+ containing glasses were relatively unstable and spontaneous 

crystallization occurred during the cooling of the melt. SEM micrographs of 
precursor glass and glass ceramics containing Ba4Gd3F17: Er3+ are shown in 
Fig. 4.10. 

Fig. 4.10. SEM micrographs of precursor glass and glass ceramics containing 
Ba4Gd3F17: Er3+ heat treated at 600–750 °C for 5 h. 

Light grey particles enriched by heavy element ions (Ba2+ and RE3+) could 
be observed in both precursor glass and glass ceramics, which is characteristic 
to spontaneous crystallization. The heat treatment of the glass resulted in 
a significant increase of particle size, however, the number of crystallites 
present in the material was significantly reduced. These results suggest 
Ostwald’s ripening of nanoparticles during the heat treatment i.e. dissolution 
of smaller particles, ionic diffusion and re-deposition on larger particles. 

The morphology of nanocrystals changed from spherical to rhombohedral 
with the increase of temperature of heat treatment, indirectly suggesting 
the formation of rhombohedral Ba4RE3F17 at higher temperatures. In 
addition, unusually large crystals with size up to several hundreds of nm 
could be prepared in Ba4RE3F17 containing glass ceramics. This effect could 
be associated to increase of Na+ ions in oxide glass during the growth of 
fluoride nanocrystals, which significantly reduces the viscosity of glass matrix, 
therefore enabling efficient ionic diffusion required for rapid homogeneous 
crystallizations. 
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4.6. Upconversion luminescence in glass ceramics containing 
Ba4RE3F17: Er3+

Similar to β-NaREF4, the formation of the crystalline phases in Ba2+ 
containing glass ceramics resulted in an enhancement of UCL emission. 
The highest UCL efficiency was determined for Ba4RE3F17 phases which in 
Na2O-BaF2-YF3-Al2O3-SiO2:Er3+ system even surpassed β-NaREF4. The higher 
emission efficiency could be attributed to suitable host matrix or optimal 
activator content in the crystalline phase. UCL spectra of Ba4RE3F17: Er3+ (RE= 
Gd, Y, Yb, Lu) containing glass ceramics are shown in Fig. 4.11.

Fig. 4.11. UCL spectra of glass ceramics containing Ba4RE3F17: Er3+ excited at 975 nm. 

The luminescence spectra of Ba4RE3F17: Er3+ containing glass ceramics 
consist of typical luminescence bands of Er3+ characteristic to two and three 
photon UCL processes. The luminescence mechanism of Ba4RE3F17: Er3+ (RE= 
Gd, Y Lu) is assumed to be similar to β-NaREF4 compounds (see section 4.2.). 
The deviations in red and green emission ratio of these glass ceramics could 
be ascribed to changes of Er3+ content in the crystalline phase. 

In the case of Ba4Yb3F17: Er3+, unusually intense red UCL was detected. 
This effect was investigated in details. 

The UCL intensity I is proportional to n-th power of pump power P, 
where n is the number of photons required to populate the emitting states. 
This statement is valid in case of small energy transfer rates and the value of n 
is less than the number of required photons in most systems [115]. The power 
dependence of UCL intensity of red and green emission in the glass ceramics 
containing Ba4Yb3F17: Er3+ are shown in Fig. 4.12.
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Fig. 4.12. Power dependence of UCL intensity of red and green emission in the glass 
ceramics containing Ba4Yb3F17: Er3+. UCL is excited with 975 nm.

The slope of log-log power dependence for the green emission n=1.7±0.02 
is close to 2.0 which it is characteristic to two photon UCL process. However, 
value of the red emission n=2.59±0.03 for low power region suggests that 
three photon UCL process is involved in the population of this emitting state. 
To determine the dominant UCL mechanism, PL excitation and luminescence 
kinetics were analysed.

Fig. 4.13. a) Luminescence excitation spectra for 4S3/2→4I15/2 (green) and  
4F9/2→4I15/2 (red) emission and b) luminescence kinetics of 4F9/2→4I15/2 (red) emission 
excited at 364, 486 and 645 nm of Ba4Yb3F17: Er3+ containing glass ceramics. 

The analysis of PL excitation spectra revealed that the green emission can 
be detected after the excitation of 4I15/2→4F7/2 band but the red emission can be 
unusually efficiently excited in region from 350 to 420 nm (see Fig. 4.13. a). 
The results suggest that the excited states in ultraviolet spectral range are 
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involved in three photon UCL process resulting in efficient red UCL emission 
(4F9/2→4I15/2) and indicate that processes bypassing 4F7/2 excited state such as 
cross-relaxation is involved in the population of red emitting state (4F9/2). To 
confirm this assumption, luminescence kinetics of 4F9/2→4I15/2 transition were 
analysed.

Non-exponential luminescence kinetics with a rise of luminescence 
intensity after laser impulse was detected for the red emission (4F9/2→4I15/2) 

when 4F7/2 emitting state was excited (486 nm excitation) indicating that 
the energy transfer is involved in the population of 4F9/2 emitting state (see 
Fig. 4.13. b). Possible cross-relaxation and energy transfer mechanisms are 
shown in Fig. 4.5. 

Identic rapid exponential luminescence kinetics were detected for the red 
emission after excitation 4G7/2, 4G9/2, 4G11/2 and 2H9/2 states. As an example 
luminescence kinetics of red emission after excitation of 4G9/2 emitting state 
(364 nm excitation) are shown in Fig. 4.13. b. They were found to be identic 
to the lifetime of 4F9/2 emitting state (645 nm excitation). Two non-radiative 
processes could be involved in the population of 4F9/2 emitting state – 
multiphonon relaxation and cross-relaxation. The multiphonon relaxation 
is step by step process that would not result in the bypass of 4F7/2 excited 
state, therefore the results confirm that 4F9/2 is populated by cross-relaxation 
process. Due to high Yb3+ content in the crystalline phase, cross-relaxation 
between Er3+ and Yb3+ can be expected. 2H9/2→4F9/2 transition of Er3+ is 
resonant with 2F7/2→2F5/2 transition of Yb3+

, therefore rapid cross-relaxation 
(2H9/2,4F7/2→4F9/2,4F5/2) can occur. 

The dominant UCL mechanism of Ba4Yb3F17:Er3+ is summarized in 
Fig. 4.14.

Fig. 4.14. Partial energy level scheme and dominant UCL mechanisms in Ba4Yb3F17: 
Er3+ containing glass ceramics
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The infrared excitation promotes Yb3+ to its excited state (2F7/2→2F5/2). 
This transition is resonant with 4I15/2→4I11/2 and 4I11/2→4F7/2 transitions of Er3+. 
Energy transfer from Yb3+ to Er3+ results in population of 4F7/2, which rapidly 
de-excites to 2H11/2 and 4S3/2 emitting states, from which green emission is 
detected. This emission is predominantly two photon process as suggested by 
power dependence data shown in Fig. 4.12. Due to relatively long lifetime of 
green emitting states, Er3+ ions can be further exited to 2G7/2 by absorption of 
third infrared photon. Rapid multiphonon relaxation for 4G7/2, 4G9/2 and 4G11/2 

to 2H9/2 is expected in the fluoride hosts. From this excited state efficient cross-
relaxation with Yb3+ occurs (2H9/2,4F7/2→4F9/2,4F5/2), which populate the red 
emitting state 4F9/2 and results in intense red three photon UCL emission. 

4.7. Incorporation efficiency of rare earth ions in Ba4RE3F17 
containing glass ceramics

In Ba4Lu3F17 containing glass ceramics considerable changes in the UCL 
band relative intensity was observed when the Er3+ content was varied. 
Photograph of transparent Ba4Lu3F17:Er3+ containing glass ceramics in ambient 
light and samples excited with 975 nm are shown in Fig. 4.15.

Fig. 4.15. a) Photograph of glass ceramics containing Ba4Lu3F17:Er3+ in a) ambient 
light and b) excited with 975 nm.

The increase of red emission in glass ceramics containing higher activator 
content is attributed to enhancement of energy transfer processes that 
increase the population of the red emitting state (see Fig. 4.5. β-NaREF4). 
The efficiency of such processes mainly depends on the Er3+ content in 
the materials, therefore this effect was used in glass ceramics to quantitatively 
determine Er3+ content in Ba4Lu3F17: Er3+ nanocrystals. The luminescence 
band relative intensity ratio and luminescence kinetics of glass ceramics were 



34

compared to microcrystalline Ba4Lu3F17:Er3+ prepared using hydrothermal 
synthesis and heat treatment. This process is described in details elsewhere 
[116]. The deviations in effective decay time of green emission and relative 
intensity ratio of green and red emission of microcrystalline Ba4Lu3F17:Er3+ 
excited with 445 nm is shown in Fig. 4.16. 

Fig. 4.16. a) the effective decay time of green emission and b) red/green emission 
ratio of microcrystalline Ba4Lu3F17:Er3+ excited with 445 nm. Droplines indicate 
values detected in Ba4Lu3F17:Er3 containing glass ceramics.

In oxyfluoride glass ceramics RE3+ ions are predominantly incorporated in 
fluoride-rich phase [1], therefore during the crystallization of Ba4Lu3F17:Er3+ 
in glass ceramics, the Lu3+/ Er3+ ratio is expected to be similar to that present 
in the precursor glass.  The expected Er3+ content, which is based on chemical 
composition of the precursor glass and values estimated from comparison of 
spectroscopic properties of glass ceramics with microcrystalline samples are 
shown in Table 4.1.

Table 4.1.
Expected and estimated Er3+ content in Ba4Lu3F17: Er3+ nanocrystals formed in 

oxyfluoride glasses

ErF3 in precursor glass
(mol%) 

Er3+ content in Ba4Lu3F17 nanocrystals (mol%)
Expected Estimated

0.1 1.4 2.8±1.1
1 14.3 15.8±2.1
2 28.6 39.4±5.2
3 42.9 52.2±2.8

The estimated Er3+ content in Ba4Lu3F17 nanocrystals exceeded the expected 
values. These results indicate preferential incorporation of Er3+ over Lu3+ in 
fluoride crystals. Acording to the studies of partitioning coeficients of RE3+ 

ions in imisscible fluoride and silicate melts, incorporation efficiency of 
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RE3+ ions in fluoride melts slightly increases from Lu3+ to La3+ [78], [117]. 
To test this effect in oxyfluoride glasses, Er3+ distribution in glass ceramics 
containing Ba4Gd3F17: Er3+, Ba4Y3F17:Er3+ and Ba4Lu3F17:Er3+ were compared 
using site-selective spectroscopy. The excitation spectra for the fast and slow 
components of the green luminescence (corresponding to Er3+ in the glass and 
crystalline phase) in the glass ceramics systems containing different Ba4RE3F17 
nanocrystals are shown in Fig. 4.17.

Fig. 4.17. Time-resolved luminescence excitation spectra of Er3+ ion 4S3/2 emission in 
glass and Ba4RE3F17 nanocrystals formed in oxyfluoride glass ceramics doped with 
1% Er3+ detected at 10 K.

In all three investigated glass ceramics, the relative efficiency of excitation 
bands in both glass and crystalline phase was calculated and compared 
between the Ba4RE3F17 containing glass ceramics. The lowest excitation 
efficiency in glass phase was found in Ba4Lu3F17 containing glass ceramics and 
it was approximately 14% lower than Ba4Y3F17 and 36% lower than Ba4Gd3F17. 

The luminescence data agree well with experimental observations in phase 
separated oxyfluoride melts [117] and confirm the assumption of preferential 
incorporation of RE3+ ions in fluoride phase following the trend Lu3+< La3+. 
The results suggest that in the glass ceramics containing multiple RE3+ ions, 
activator with larger ionic radius than RE3+ in host matrix is required to 
ensure efficient incorporation activator in crystalline phase. 
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4.8. Site selective spectroscopy of Er3+ in Ba4RE3F17 containing 
glass ceramics

In Ba4RE3F17 containing glass ceramics structural changes in the fluoride 
phase were expected during the crystallization of the glass but could not 
be confirmed using X-ray diffraction data (see section 4.4.). In order to 
investigate this effect, local environment of Er3+ in glass ceramics containing 
Ba4RE3F17: Er3+ was analysed. The site-selective luminescence spectra of glass 
ceramics containing Ba4Gd3F17: Er3+ and Ba4Lu3F17:Er3+ heat treated at 550 °C 
and 700 °C are shown in Fig. 4.18.

Fig. 4.18. Luminescence spectra of Er3+ ions in glass ceramic containing  
a–b) Ba4Gd3F17 heat treated at 550 °C and b) 700 °C for 5 h and c–d) Ba4Lu3F17 heat 
treated at c) 550 °C and d) 700 °C for 2 h detected at 10 K.

The luminescence spectra of Er3+ in the crystalline environment of the glass 
ceramics heat treated at lower temperature (see Fig. 4.18. a and c) consisted of 
many similar but distinct luminescence spectra suggesting the incorporation 
of Er3+ in distorted environment characteristic to metastable cubic Ba4RE3F17 
(see section 2.3.). After the heat treatment at higher temperature one (in 
the case of Ba4Gd3F17 and Ba4Y3F17) or two (in the case of Ba4Yb3F17 and 
Ba4Lu3F17) distinct luminescence spectra could be observed indicating 
the ordering of the local structure (see Fig. 4.18. b and d). 
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In rhombohedral Ba4RE3F17 all RE3+ positions are equivalent [118], 
therefore, in Er3+ doped Ba4RE3F17 single Er3+ position is expected, which agree 
well with the experimental data of Ba4Gd3F17:Er3+ and Ba4Y3F17:Er3+ containing 
glass ceramics. However, in Ba4Yb3F17 and Ba4Lu3F17 containing glass ceramics 
and microcrystalline single-phase materials, two distinct Er3+ positions 
were detected. The crystal structure of Ba4RE3F17 consists of Ba8[RE6F68-69] 
superclusters (see section 2.3.), which are the most common superclusters 
in BaF2-REF3 solid solutions [42]. Recently in single crystal studies of cubic 
BaF2-REF3 (RE=Yb, Lu) compounds new type of supercluster RE8[Ba6F71]
(octahedral alkali earth supercluster) was determined [119]. We assume that 
such clusters could be present in the cubic and rhombohedral Ba4RE3F17 
(RE=Yb, Lu), however, for the confirmation of this assumption single crystal 
studies of these phases are required.

The deviations in Er3+ luminescence spectra of the glass ceramics heat 
treated at different temperatures confirmed order-disorder phase transitions 
in Ba4RE3F17 containing glass ceramics and were used to determine phase 
transition temperature. Luminescence spectra of the precursor glass and glass 
ceramics containing Ba4Gd3F17: Er3+ and Ba4Lu3F17: Er3+ heat treated at various 
temperatures are shown in Fig. 4.19.

Fig. 4.19. Luminescence spectra of glass ceramics containing a) Ba4Gd3F17: Er3+ and 
b) Ba4Lu3F17: Er3+ detected at 10 K.

Changes associated with ordering of Ba4RE3F17 structure could be easily 
detected in the glass ceramics using Er3+ as a probe. The results suggest that 
the order-disorder phase transition slightly deviated for Ba4RE3F17 compounds 
and ranged from 600–700 °C.
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CONCLUSIONS

1. Na2O-NaF-REF3-Al2O3-SiO2 and Na2O-NaF-BaF2-REF3-Al2O3-SiO2 based 
glasses were found to be suitable precursors for the preparation of 
transparent glass ceramics containing NaREF4 and Ba4RE3F17 nanocrystals. 

2. In glass ceramics containing NaREF4 nanocrystals two polymorphic 
modifications (α-NaREF4 and β-NaREF4) could be prepared. The phase 
composition could be controlled by selecting suitable heat treatment or 
by changing the chemical composition of precursor glass. 

3. In Ba4RE3F17 containing glass ceramics order-disorder phase transition 
from metastable cubic to rhombohedrally distorted cubic Ba4RE3F17 was 
identified using site-selective spectroscopy. The phase transition was 
identified in temperature range 600–700 °C.

4. Er3+ was proven to be suitable probe for the analysis of crystallization 
processes, local environment and activator distribution in the glass 
ceramics. The comparison of luminescence relative intensity ratio and 
luminescence kinetics of glass ceramics with microcrystalline single 
phase compounds was successfully used to quantitatively determine Er3+ 
content in Ba4Lu3F17: Er3+ nanocrystals formed in glass ceramics.

5. In the investigated glass ceramics, efficient UCL emission could be achieved 
resulting from energy transfer between Er3+ ions in fluoride nanocrystals. 
The highest emission intensity was achieved in Ba4Lu3F17:Er3+ containing 
glass ceramics, which combine low phonon energy, low local symmetry 
and efficient incorporation of Er3+ in the crystalline phase. Unusually 
intense red UCL was detected in Ba4Yb3F17: Er3+ containing glass ceramics 
resulting from three photon UCL process.
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THESES

• In the glass ceramics containing NaLaF4: Er3+, Yb3+ increase of Yb3+ content 
promotes the formation of cubic fluorite type NaLaF4, which currently 
has been obtained only in oxyfluoride glass ceramics. 

• In the crystalline environment of β-NaREF4: Er3+ (RE=rare earth 
ion) containing glass ceramics two Er3+ positions are associated with 
incorporation of erbium ions in the rare earth ion positions and the third 
is related to distortion of these sites caused by half-filled cationic positions. 

• In Ba4RE3F17: Er3+ containing glass ceramics variations in the local 
environment of Er3+ ions are associated with the phase transition from 
metastable cubic to rhombohedrally-distorted cubic Ba4RE3F17. 

• In Ba4Yb3F17: Er3+ containing glass ceramics unusually intense red 
upconversion luminescence is attributed to three photon energy transfer 
from Yb3+ to Er3+, followed by multiphonon relaxation and cross-relaxation 
between Er3+ and Yb3+.

• In oxyfluoride glass ceramics the Er3+ content in the crystalline phase 
can be determined by comparing luminescence band intensity ratio 
and luminescence kinetics of Er3+ in glass ceramics and microcrystalline 
fluoride crystals with known activator content. 
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