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Upconversion luminescence in transparent oxyfluoride glass ceramics containing 

hexagonal NaErF4 
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Abstract  

Transparent oxyfluoride glass ceramics containing hexagonal NaErF4 nanocrystals were 

synthesized by a heat treatment of a precursor glass obtained by the melt quenching technique. 

Combined X-ray diffraction (XRD) and transmission electron microscopy (TEM) analysis 

revealed the formation of single phase nanocrystals in the glass ceramics. The enhancement of 

intensity and spectral change of upconversion luminescence (UCL) confirmed the presence of 

Er
3+

 ions in the crystalline phase of the glass ceramics. Dominant energy transfer processes 

were identified using the rate equation formalism. Time-resolved site-selective spectroscopy 

studies at low temperatures were employed to elucidate the local structure of Er
3+

 ions in the 

glass ceramics and microcrystalline NaErF4. The origin of multi-site formation in hexagonal 

NaErF4 lattice is discussed. 

KEYWORDS: upconversion, oxyfluoride, site-selective spectroscopy, glass ceramics, 

NaErF4. 

Introduction 

Lanthanide ion doping is one of the general strategies in the development of luminescent 

materials. In case the targeted functionality of the material is upconversion luminescence 

(UCL), a process of lower energy photon conversion into photons with a higher energy, rare 

earth (RE) ions with ladder-like energy level arrangements, such as Er
3+

, Yb
3+

, Tm
3+

 and Tb
3+

, 

should be introduced to the host [1]. The highest UCL quantum yield values have been 

reported for erbium doped materials [2], therefore these systems are of a particularly high 

interest for applications in the fields of photonics, photovoltaics and medicine [3–9]. 

The main requirements for a highly efficient UCL process are low phonon energy of the host 

matrix and availability of low symmetry positions for activator ions in the lattice. NaREF4 
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compounds, cubic α-NaREF4 and hexagonal β-NaREF4, are ideally suited UCL phosphor 

candidates [10–12]. First, the low phonon energies of fluorides compared to oxides minimize 

the rate of non-radiative transitions [13]. Secondly, the low symmetry positions of the low-

temperature hexagonal polymorph β-NaREF4 enhance the transition probabilities of the partly 

forbidden 4f-4f transitions [14]. As the result, the UCL efficiency of RE doped β-NaREF4 is 

estimated to be several orders of magnitude higher compared to α-NaREF4 [15]. 

Unfortunately, synthesis of bulk single crystal β-NaREF4 is not always feasible. However, 

these phases can be stabilized, if they are integrated into a medium with a superior chemical 

and mechanical durability.  

Oxyfluoride glass ceramics are composite materials, which consist of a fluoride crystalline 

phase distributed in an oxide glass [16]. Transparency characteristic of glasses can be 

maintained in glass ceramics by careful control of precipitated nanostructures. Preferential 

incorporation of activator ions into the low phonon fluoride phase of the nanocomposite may 

lead to a luminescence performance comparable to the respective single crystal.   

Glass ceramics containing hexagonal NaLaF4 [17,18], NaGdF4 [19,20] and NaYF4 [21,22] 

have been reported and examined previously. The luminescence intensity of the glass ceramics 

in comparison to that of the precursor glass was enhanced up to several orders of magnitude 

indicating an efficient incorporation of lanthanide activator ions in the crystalline phase.  

In the family of NaREF4 compounds NaErF4 is particularly interesting because of erbium 

based hosts exhibiting red UCL, which is advantageous for applications in bioimaging and 

therapeutics. Additionally, erbium possesses a large intrinsic magnetic moment enabling a 

multi-functional use of NaErF4 nanoparticles as contrast agents in magnetic resonance imaging 

(MRI) [23,24]. However, a notable drawback from the high erbium content is the severe 

energy loss caused by the concentration quenching. Luminescence losses can be mitigated by 

doping NaErF4 with impurity ions, such as Mn
2+

 [25], Yb
3+

 [24], Gd
3+

 [26], or by 

implementing NaErF4 in core-shell nanostructures [27–30].    

Because of the multisite nature of the lattice, a complete characterization of luminescence 

processes and energy transfer in β-NaErF4 is complicated and requires additional 

spectroscopic investigations. Furthermore, to our best knowledge, synthesis of glass ceramics 

containing single phase β-NaErF4 has not been realized yet. 
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In the present paper we report the crystallization of β-NaErF4 in oxyfluoride glass ceramics. 

Luminescence properties of the glass ceramics were investigated in detail and compared with 

polycrystalline β-NaErF4.  

Materials and methods 

Precursor glass with chemical composition of 18Na2O-9NaF-8ErF3-6Al2O3-59SiO2 (in mol%) 

was prepared by the conventional melt quenching method. A batch of 10 g was melted in 

covered corundum crucible at 1500⁰ C for 30 min and afterwards casted in a stainless steel 

mould.  

Glass ceramics were obtained after isothermal heat treatment of the precursor glass at 600⁰ C 

for 10 h. 

The microcrystalline single phase β-NaErF4 was prepared using hydrothermal synthesis 

adapted from Ref. [31]. 

The X-ray diffraction data were obtained by PANalytical X’Pert Pro diffractometer using Cu 

Kα tube (λ=1.54 Å) operated at 40 kV and 30 mA. The average size of the nanocrystals is 

estimated using the Scherrer equation: 

,            (1) 

where D is average crystallite size, K is crystallite shape factor (0.9 for spherical particles), λ 

is wavelength of X-ray tube, θ is angle of incidence and β is structural broadening, which is 

the difference observed and instrumental broadening.   

The microstructure of glass ceramics was characterized by transmission electron microscopy 

(TEM). Finely ground glass ceramic powder was dispersed in isopropanol and transferred to 

TEM grid. The measurements were performed with TEM Tecnai G2 F20 operated at 200 kV.  

Luminescence was excited by a wavelength tuneable pulsed solid state laser Ekspla 

NT342/3UV and temperature controlled continuous wave (CW) laser diode (λ=975 nm). The 

emission signal was detected by Andor DU-401-BV CCD camera coupled to Andor SR-303i-

B spectrometer. Luminescence kinetics were measured using a photomultiplier tube and 

digital oscilloscope Tektronix TDS 684A. Low temperature measurements were performed 
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using Advanced Research Systems DE202 N cold finger type He cryostat. Effective 

luminescence decay time was calculated as a weighted average of kinetics [32]. 

 

Results and discussion 

1. General characterization 

 

Fig. 1 XRD patterns of precursor glass and glass ceramics heat treated at 600⁰ C for 10 h 

Inset: photograph of glass and transparent glass ceramic samples 

XRD patterns of precursor glass and glass-ceramics after heat treatment at 600⁰ C for 10 h are 

shown in Fig. 1. The precursor glass was X-ray amorphous. After the heat treatment intense 

diffractions peaks assigned to hexagonal NaErF4 were detected. The average size of the 

nanocrystals estimated using the Scherrer equation was approximately 40 nm. Because of the 

small size of nanocrystals the glass ceramics retained the transparency (see the inset of Fig. 1). 
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Fig. 2 a) and c) TEM micrographs, b) selected area electron diffraction pattern of glass 

ceramics heat treated at 600°C for 10 h 

TEM micrographs of glass ceramics heat treated at 600°C for 10 hare shown in the Fig. 2. 

Spherical particles were homogeneously distributed in the glass matrix (see Fig. 2 a)). The 

selected area electron diffraction pattern shown in the Fig. 2 b) contained broad halo 

characteristic to the amorphous structure. In addition, bright spots could be observed 

indicating presence of crystalline structure. The average size of particles was 42±10 nm, which 

within the margin of error agrees well with the average crystallite size calculated from the X-

ray diffraction data. The high-resolution TEM characterization revealed that the individual 

particles were single-crystalline with uniform lattice fringes. The interplanar distance of 

individual crystal shown in the Fig. 2 c) is 5.16 Å nm, which can be ascribed to the (100) 

plane of β-NaErF4. 

2. UCL spectroscopy 
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Fig. 3 a) UCL spectra normalized for the green emission and b) UCL kinetics of the green 

emission of glass and glass ceramics excited with 971 nm  

The Fig. 3 a) represents UCL spectra of the precursor glass and glass ceramics excited with 

971 nm. The most intense emission bands located 525, 545 and 650 nm were assigned to 

2
H11/2→

4
I15/2; 

4
S3/2→

4
I15/2 and 

4
F9/2→

4
I15/2 transitions of Er

3+
 ions. In the precursor glass broad 

UCL bands characteristic to Er
3+

 ions in amorphous environment were observed. After the 

formation of β-NaErF4 the splitting of luminescence bands indicated the incorporation of Er
3+

 

ions in the crystalline lattice. In addition, a considerable increase of lifetimes of emitting states 

was observed due to reduction of non-radiative multi-phonon relaxations (see Fig. 3 b)). As 

the result the UCL emission was enhanced and the intensity of UCL in glass ceramics was 

estimated to be one order of magnitude higher in comparison to precursor glass. Several 

additional bands assigned to 
4
G11/2→

4
I15/2, 

2
H9/2→

4
I15/2, 

4
F5/2→

4
I15/2, 

4
F7/2→

4
I15/2 and 

4
G11/2→

4
I13/2 transitions originating from three photon UCL were detected in the glass 

ceramics. UCL excitation and experimentally observed radiative transitions are represented in 

the partial energy level diagram shown in the Fig. 4. 
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Fig. 4 Partial energy level diagram of Er
3+

 ions; UCL excitation and experimentally observed 

radiative transitions 

In the precursor glass predominantly non-radiative multiphonon relaxations from the excited 

states can be expected due to relatively high phonon energy of glass matrix resulting in the 

population of the green (
2
H11/2, 

4
S3/2) and the red (

4
F9/2) emitting states. However, in glass 

ceramics intense red UCL was detected. The multiphonon relaxation from 
4
S3/2 to 

4
F9/2 is not 

efficient in fluoride hosts [9]; therefore, cross-relaxation should contribute to the population of 

the red emitting state. 

Luminescence processes in β-NaErF4 containing the glass ceramics can be expected to be 

similar to single phase microcrystalline β-NaErF4 due to identic ionic distances characteristic 

to the crystalline lattice. In order to investigate the non-radiative processes in glass ceramics, 

UCL kinetics of β-NaErF4 containing glass ceramics were compared with single phase 

microcrystalline β-NaErF4.  
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Fig. 5 UCL kinetics of the red emission excited with 971 nm in microcrystalline β-NaErF4 and 

glass ceramics 

A comparison of UCL kinetics of red emission in single phase microcrystalline β-NaErF4 and 

glass ceramics is shown in the Fig. 5. The effective decay time of red emission was 

considerably longer in the microcrystalline sample (0.44 ms) than in the glass ceramics (0.22 

ms). Similar effect was observed for green emission with a decrease of the effective decay 

time from 0.24 ms in the microcrystalline sample to 0.14 ms in the glass ceramics. The 

reduction of the effective decay time indicated the presence of additional non-radiative decay 

pathways in the glass ceramics. The cross-relaxation parameters can be expected identic in 

both samples due to identic Er
3+

 content and crystalline structure in β-NaErF4 crystals; 

however, in nanocrystalline glass ceramics luminescence quenching on nanocrystal and glass 

matrix interface or energy transfer from crystalline phase to the glass matrix can be expected.  

We assume that both of these processes reduce the decay time of UCL luminescence in glass 

ceramics. Therefore, luminescence kinetics of the microcrystalline sample were analysed to 

determine the dominant cross-relaxation processes in β-NaErF4. 

3. Population dynamics of UCL luminescence 

We have studied theoretically and experimentally the population dynamics of Er
3+ 

levels under 

selective excitation of 
4
I11/2 Er

3+
 level by short laser pulse (λexc = 971 nm).  The energy transfer 
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rates were calculated using the balance rate equation formalism described in Ref. [33,34].  In 

the system of balance rate equations ground state and eight lowest energy levels were 

considered and numbered from ground level in ascending order.  For each level the possible 

population and depopulation processes as probabilities of radiative transitions, including 

branching factors, probabilities of multiphonon nonradiative transitions, and possible 

crossrelaxation and upconversion rates were considered. The probabilities of radiative 

transitions and branching ratios were taken from Ref. [35,36].  Probabilities of multiphonon 

nonradiative transitions were calculated for corresponding energy gap ΔEij between adjacent 

levels and effective phonon energy of β-NaErF4 (360 cm
–1

) as described in Ref. [37]. As an 

example, the balance rate equation for the level 5 (
4
F9/2) is:  

 ,    (2) 

where ni are the normalized populations of Er
3+

 level “i”; wij (s
–1

) are the probabilities of the 

radiative transitions “i →j”; Ꞷij (s
–1

) are the probabilities of nonradiative transitions; γi (s
–1

) 

are upconversion rates; αi (s
–1

) are cross-relaxation rates.  

 Parameters αi and γi  were varied to have the best fit with the experimental kinetics of green 

and red luminescence bands of Er
3+ 
in β-NaErF4.  

Seventeen different energy transfer processes were analysed in the developed rate equations, 

however, luminescence kinetics for both emissions could be modelled using seven of these 

processes shown in the Fig. 6 that were considered to be dominant in the investigated material.  
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Fig. 6 Partial energy level diagram of Er
3+

 ions and the dominant energy transfer processes in 

β-NaErF4 

The calculated kinetics were fitted well with experimental data with root-mean-square 

deviation of 0.051 for green emission and 0.062 for red emission. The experimental and 

calculated UCL kinetics of green and red emission excited in microcrystalline β-NaErF4 are 

shown in the Fig.7.  

 

Fig. 7 Experimental and calculated UCL kinetics of a) green and b) red emission excited with 

971 nm in microcrystalline β-NaErF4 
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The numerical values of mentioned dominant energy transfer rates are shown in the Table 1.  

Table 1 

Energy transfer rates in microcrystalline β-NaErF4 

Upconversion Cross-relaxation 

Process Upconversion rate (s
-1

) Process Cross-relaxation rate (s
-1

) 

γ1 (65.0±0.5)·10
6
 α1 (1.00±0.03)·10

4
 

γ2 (3.80±0.02)·10
6
 α2 (4.0±0.1)·10

4
 

γ3 (6.0±0.3)·10
6
 α3 (7.5±0.5)·10

4
 

γ4 (15±2)·10
6
   

 

The calculation of energy transfer rates offers quantitative information about the population 

dynamics of the emitting states. The results suggest that the green emission of Er
3+

 araised 

from upconversion processes γ1 and γ3 followed by a non-radiative decay to 
2
H11/2 and 

4
S3/2 

and γ4 directly populated these states. From 
2
H11/2 and 

4
S3/2 Er

3+
 can decay radiatively resulting 

in green emission. The red emitting state can be populated by non-radiative multiphonon 

relaxation from 
4
S3/2 with decay rate of 1600 s

-1
 or it can be also populated by energy transfer 

processes γ2 and α2. The contribution to the population of red emitting state from multiphonon 

relaxation is negligible, because the rate of this process is several orders of magnitude lower in 

comparison to upconversion and cross-relaxation. The energy transfer rates are considerably 

higher in comparison to values reported in similar Er
3+

 doped fluorides [33] suggesting highly 

efficient energy transfer processes of Er
3+

 ions β-NaErF4. 

4. Time-resolved site selective spectroscopy analysis 

The local environment of Er
3+

 ions was analysed using time-resolved site-selective 

spectroscopy. At 10 K temperature Er
3+

 ions in different local environment can be selectively 

excited.  
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Fig. 8 Luminescence spectra of glass ceramics excited with 482 nm, detected at 10K 

Inset: luminescence kinetics of green emission (
4
S3/2→

4
I15/2) excited with 482 nm, detected at 

10 K 

 

The luminescence kinetics of the green emission (see the inset of Fig. 8) revealed two 

processes characterized with fast and slow decay respectively. Luminescence spectra detected 

at 50-500 ns (fast decay) showed broad features characteristic to Er
3+

 ions in the amorphous 

environment. The relatively high phonon energy of the glass matrix enabled fast multiphonon 

relaxation resulting in rapid luminescence decay. At 0.05-40 ms (slow decay) narrow bands 

characteristic to Er
3+

 ions in crystalline environment was observed, indicating the 

incorporation of Er
3+

 ions in the low-phonon environment of β-NaErF4. The results suggest 

that Er
3+ 

ions were located both in crystalline and glassy phases.   
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Fig. 9 Crystal structure of hexagonal NaREF4, atomic positions taken from Ref. [38] 

In β-NaREF4 there are three different cationic sites (see Fig. 9). Two of them are nine-fold 

coordinated with F
-
. One is solely occupied by RE

3+
 ions (1a) and the other is occupied by 

RE
3+

 and Na
+
 that are distributed in alternating Na

+
 and RE

3+
 layers along z axis (1f). The 

third cationic site is six-fold coordinated and occupied by Na
+
 ions and vacancies (2h) [39].  

Due to formation of multiple RE
3+

 sites in the crystalline lattice, several distinct luminescence 

spectra corresponding to Er
3+

 ions in different local environment have been detected in β-

NaREF4 when the excitation wavelength was varied [39–41]. However, in the investigated 

glass ceramics no changes in the luminescence spectra of the Er
3+ 

ions in the β-NaErF4 

nanocrystals could be detected. Due to small distances between the neighbouring Er
3+

 ions, 

efficient energy transfer between different Er
3+

 sites is expected in β-NaErF4. Therefore, the 

different Er
3+ 

positions can be distinguished only in a time interval faster than the energy 

transfer rate between the Er
3+

 ions. Unfortunately, in glass ceramics the rapid luminescence 

decay of Er
3+

 ions in the glass matrix overlapped with the luminescence from the crystalline 

phase, which prevented the identification of the different Er
3+

 sites and the detection of the 

energy transfer between them. 

To detect several distinct Er
3+

 sites in β-NaErF4 and observe the energy transfer between them, 

microcrystalline single-phase β-NaErF4 was analysed. The luminescence kinetics of the 

microcrystalline β-NaErF4 excited with 484.4 nm is shown in the Fig. 10. 
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Fig. 10 Luminescence kinetics of the microcrystalline β-NaErF4:Er
3+

 detected at 10 K excited 

with 484.4 nm  

Exponential decay was observed for the most intense luminescence bands of Er
3+

 site excited 

with 484.4 nm. The rise of intensity of several additional luminescence bands after the 

irradiation indicated energy transfer between different Er
3+

 sites.  No deviations in the 

luminescence spectra resulting from all Er
3+

 sites could be observed after few μs. The results 

indicated that different Er
3+

 sites can be selectively detected only shortly after a laser impulse 

excitation. Therefore, site-selective luminescence spectra were measured from 50 to 150 ns 

after the laser impulse.  
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Fig. 11 Luminescence spectra of β-NaErF4 detected at 10 K, 50-150 ns 

Indeed, in the polycrystalline β-NaErF4 changes in the luminescence spectra detected at 50-

150 ns could be observed when the excitation wavelength was varied, confirming the Er
3+

 

multisite formation in these crystals (see Fig. 11). As mentioned previously, in the crystalline 

structure of β-NaErF4 (see Fig. 9) there are two distinct cationic positions, which contain RE
3+

 

ions. Unexpectedly, three distinct luminescence spectra were detected indicating the 

incorporation of Er
3+

 ions in three distinct cationic sites. Similar results have been reported for 

NaLaF4: Er
3+

 [41], β-NaEuF4 [40], β-NaYF4: Pr
3+

 [42] and β-NaYF4: Er
3+

[43]. The third un-

equivalent cationic position is assumed to be associated with the incorporation of RE
3+

 ions in 

the Na
+
 position (2h) [40–43], however such replacement would result in the distortion of the 

crystalline structure and changes in the stoichiometry. Therefore, it is reasonable to assume 

that this replacement would not be efficient in highly doped materials such as β-NaErF4. In 

addition, the excitation efficiency and the luminescence intensity is similar for all three 

distinct Er
3+

 positions in the investigated microcrystalline β-NaErF4, suggesting a different 

origin of the third Er
3+

 position. We propose that the distortion in the local environment of one 

of the Er
3+

 positions (1a or 1f) in the crystalline lattice which could be created by the random 

occupation of 2h positions filled with Na
+
 ions and vacancies. However, to support this 
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hypothesis, a detailed structural and spectroscopic analysis of β-NaErF4 single crystal is 

required. 

It should be noted that the three distinct luminescence spectra detected in β-NaErF4 were 

identical to Er
3+ 

doped β-NaYF4 reported previously [43], therefore we assume that the origin 

of the third RE
3+

 position in other β-NaREF4 materials is the same as for a β-NaErF4 

investigated in the present study. 

Conclusions 

Novel transparent oxyfluoride glass ceramics containing single phase β-NaErF4 nanocrystals 

have been prepared for the first time. Splitting of UCL bands and abrupt increase of their 

intensities indicated that Er
3+

 ions partially incorporate the crystalline phase of the 

nanocomposite. Seven dominant energy transfer processes were identified in the β-NaErF4 

crystalline phase. Rapid luminescence decay of erbium ions in the glass matrix hindered the 

identification of different activator sites of the glass ceramics.  

Three distinct UCL signals could be selectively excited in polycrystalline β-NaErF4. This 

observation implies that the currently accepted assignment of the third RE
3+

 position to 

Na
+
/vacancy (2h) lattice site of β-NaREF4 is unlikely because in the case of β-NaErF4 the 

stoichiometry would be distorted. We suggest that the third Er
3+

 site originates from crystal 

field variations at the erbium ion positions (1a or 1f), which could be caused by the alternating 

occupation of the 2h position by Na
+
 ions and vacancies.     
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Figure captions 

Fig. 1. XRD patterns of precursor glass and glass ceramics heat treated at 600⁰ C for 10 h. 

Inset: photograph of glass and transparent glass ceramic samples 

Fig. 2. a) and c) TEM micrographs, b) selected area electron diffraction pattern of glass 

ceramics heat treated at 600°C for 10 h 

Fig. 3. a) UCL spectra normalized for the green emission and b) UCL kinetics of the green 

emission of glass and glass ceramics excited with 971 nm  

Fig. 4. Partial energy level diagram of Er
3+

 ions; UCL excitation and experimentally observed 

radiative transitions 

 ig. 5. UCL kinetics of the red emission excited with 971 nm in microcrystalline β-NaErF4 and 

glass ceramics 

Fig. 6. Partial energy level diagram of Er
3+

 ions and the dominant energy transfer processes in 

β-NaErF4 

Fig. 7. Experimental and calculated UCL kinetics of a) green and b) red emission excited with 

971 nm in microcrystalline β-NaErF4 

Fig. 8. Luminescence spectra of glass ceramics excited with 482 nm, detected at 10K. Inset: 

luminescence kinetics of green emission (
4
S3/2→

4
I15/2) excited with 482 nm, detected at 10 K 

Fig. 9. Crystal structure of hexagonal NaREF4, atomic positions taken from [39] 

 ig. 10. Luminescence kinetics of the microcrystalline β-NaErF4:Er
3+

 detected at 10 K excited 

with 484.4 nm  

 ig. 11. Luminescence spectra of β-NaErF4 detected at 10 K, 50-150 ns 



 New transparent glass ceramics containing hexagonal NaErF4 were prepared.  

 The formation of NaErF4 nanocrystals enhanced the upconversion luminescence. 

 Dominant energy transfer mechanisms of erbium ions were identified. 

 Three distinct erbium positions where detected in NaErF4 lattice. 

 The origin of multisite formation in NaErF4 was discussed. 

*Highlights (for review)



Table 1 

Energy transfer rates in microcrystalline β-NaErF4 

Upconversion Cross-relaxation 

Process Upconversion rate (s
-1

) Process Cross-relaxation rate (s
-1

) 

γ1 (65.0±0.5)·10
6
 α1 (1.00±0.03)·10

4
 

γ2 (3.80±0.02)·10
6
 α2 (4.0±0.1)·10

4
 

γ3 (6.0±0.3)·10
6
 α3 (7.5±0.5)·10

4
 

γ4 (15±2)·10
6
   

 

Table 1
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