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a b s t r a c t   

In this work, fluorophosphate glass samples with the composition 35NaPO3-30Ba(PO3)2-25MgF2-(10- x) 
YF3–x[EuF3 or Dy2O3] with x = 0–4.0 mol% EuF3, or x = 0–1.0 mol% Dy2O3, were fabricated by the melt 
quenching technique. The glasses were characterized from the structural, thermal and optical-spectroscopic 
points of view. Emission spectra were measured in the visible range upon UV excitation. Luminescence 
decay curves were registered by monitoring the most intense emissions of Eu3+ (5D0→7F2) and of Dy3+ 

(4F9/2→6H13/2) in the red and green, respectively, and from them the average lifetime values of the excited 
states 5D0 of Eu3+ (2.5 ms) and 4F9/2 of Dy3+ (0.71 ms) were determined. Emission spectra measured under 
variable excitation power yielded calibration curves for Eu3+ and Dy3+-doped glasses. The response to X-ray 
excitation was evaluated through radioluminescence measurements. The results indicate the promising 
application of these glasses in scintillators and for X-ray sensing devices. 

© 2020 Elsevier B.V. All rights reserved.    

1. Introduction 

Scintillation corresponds to luminescence induced by ionizing 
radiation, and scintillators can be considered as wavelength shifters 
since emission happens at wavelengths higher than the excitation 
ones [1]. Scintillators are essential in applications involving the de-
tection of ionizing radiation in the fields of medicine, security, as-
trophysics, oil-logging and high-energy physics [2–6]. They are 
usually composed of a versatile combination of a host matrix and an 
appropriate luminescence center [7]. Nowadays, a wide variety of 
materials presenting scintillation are known, e.g., organic and in-
organic crystals [7,8], fluids [9], gases [10], polymers [11], and glasses  
[12]. Among them, inorganic crystals currently hold the biggest 
share of the market [13]. However, single crystals have many un-
desirable characteristics, such as vulnerability to moisture (e.g., 
NaI:Tl) and the limitations of sizes and shapes [1]. Because of that, 
trivalent rare earth (RE) doped glasses have been investigated as a 
promising alternative for crystal scintillators due to their lower cost 
production and easier fabrication in different sizes and shapes [6,14]. 

There are some important features to consider when designing a 
performant scintillator, such as high density, light yield, optical 

transparency, excited state decay times, emission spectral shape and 
chemical stability [1]. Among the possible host matrices, suitable for 
glass scintillators, phosphate glasses are attractive for their ability to 
bear high concentrations of rare earth ions and exhibit high optical 
transparency specially in the UV range [15]. However, most of them 
contain alkali metal ions in their composition leading to high 
quantity of non-bridging oxygen atoms and defects, which con-
tributes to the increase of non-radiative energy losses and lowers the 
fluorescence quantum efficiency of doped glasses [16,17]. On the 
other hand, it is known that the addition of fluoride compounds to 
phosphate matrices is expected to decrease their phonon energy and 
decrease their hygroscopic behavior. As the fluoride content is in-
creased, the number of hydroxyl groups (OH) in the glass network 
decreases. Therefore, a lower content of bridging oxygens is formed  
[18–20] and a fluoride-dominated environment is made available for 
the luminescent dopant ions, favoring their radiative emissions [21]. 
Hence, fluorophosphate glasses can combine characteristics of both 
fluoride and phosphate glasses, with the potential to host fairly large 
quantities of RE ions. Moreover, these glasses are usually transparent 
from near UV to mid infrared, and exhibit high RE quantum effi-
ciency [22]. While scintillator glasses are commonly doped with Ce3+ 

ions [23–25], other RE activators have recently received increasing 
consideration. Europium ions are attractive due to their narrow and 
intense emission bands in the red and orange spectral regions cor-
responding to transitions between the excited state 5D0 and the 
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lower energy lying 7F(0−4) states [20]. For example, Eu3+ doped glass 
scintillators were investigated for proton imaging [26] and neutron 
detection [27]. Alternatively, Dy3+ ions are also being considered as 
activators because of the intense emissions in the yellow (577 nm,  
4F9/2 → 6H13/2 transition) and in the blue (482 nm, 4F9/2 → 6H15/2) 
spectral regions [28,29]. Further, to this date, only limited effort has 
been invested on the investigation of fluorophosphate glasses as 
scintillators, and for light detection within the UV–visible range only 
Ce has been used as the activator in these glasses [30–35]. For the 
past ten years, our research group has explored various fluoropho-
sphate glass compositions for different optical applications and, in 
the present work, we report the fabrication of Eu3+ and Dy3+-doped 
glasses on the compositional system NaPO3-Ba(PO3)2-MgF2-YF3 and 
their structural and spectroscopic characterization in view of pos-
sible application as scintillators for X-ray detection. 

2. Experimental 

Eu3+ or Dy3+ doped glasses were prepared with the host matrix 
composition 35NaPO3-30Ba(PO3)2-25MgF2-(10-x)YF3 with x being 
the molar concentration of EuF3 (0.0; 0.1; 0.5; 1.0; 1.50; 2.0 and 
4.0 mol%) or Dy2O3 (0.0; 0.25; 0.5 and 1.0 mol%). Compositions with 
higher concentration of barium phosphate were also considered to 
increase the density of the glass, but the melt crystallized during the 
quenching process. All the samples were prepared by the conven-
tional melt-quenching technique. The precursor oxides and fluorides 
(99.99% purity) were weighted, homogeneously mixed and trans-
ferred to a capped platinum crucible (to avoid fluorine loss) before 
being subjected to melting in a conventional furnace. The batches 
were kept at 1100 °C during 1 h for homogenization of the liquid, 
poured into a pre-heated steel brass mold at 350 °C, and annealed at 
400 °C for 3 h to eliminate internal stresses due to thermal shock. 
After this time the furnace was turned off and samples cooled to 
room temperature. Bulk samples were polished using ethyl alcohol 
and silicon carbide (SiC - Struers) sieves, with decreasing grain size 
of 800 (20–24 µm), 1200 (13–16 µm), 2400 (7–10 µm) and 4000 
(< 6 µm) and finishing with 0.5 and 0.3 µm alumina suspensions, to 
improve optical quality. The samples were identified by their com-
positions, as follows: Table 1.  

Table 2 presents a summary of the most relevant scintillating 
properties of the NBYM glasses presented in this work in comparison 

to other glass scintillators for x-ray radiography reported in the lit-
erature. 

The samples were characterized by X-ray diffraction (XRD) using 
an X-ray diffractometer model Rigaku Ultima IV in the 2θ range 10° 
to 70° in steps of 0.02° and a 2°/min rate. The density values were 
measured based on Archimedes’ principle using distilled water at 
room temperature (ρ = 0.9976 g.cm−3) in a home-made apparatus. 
Molar volumes were calculated based on density and molecular 
weight of the samples. 

Thermal analysis, differential scanning calorimetry (DSC) was 
performed using a differential scanning calorimeter model DSC 
404 from Netzsch, in the range from 50 to 750 ⁰C under nitrogen 
atmosphere at a flow rate of 20 mLmin−1 and a heating rate of 
10 °C/min. Thermal analysis was done to determine the character-
istics temperatures of the glasses, i.e. the glass transition and the 
onset of crystallization, Tx. Raman scattering measurements were 
performed at room temperature using a LabRam HR spectrometer 
from Horiba-Jobin Yvon with a 1200 grooves/cm grating. The 632 nm 
line from an argon ion laser was focused on the bulk samples by an 
optical microscope using a long work distance 50X objective. 

Optical absorption spectra were recorded using a Perkin Elmer 
spectrophotometer model Lambda 1050 in the 350–750 nm range 
for 2 mm thick samples. Photoluminescence spectra were measured 
at room temperature in a Horiba Jobin Yvon spectrofluorimeter 
model Fluorog FL-1050, equipped with a CW Xe lamp as the ex-
citation source. The signals were collected by a photodiode detector 
(model PPD-850) from 250 nm to 700 nm. The luminescence decay 
curves of Eu3+ and Dy3+ were measured using the same equipment 
with detection by a PMT detector. The average excited state lifetime 
values (τ1) of 5D0 (for Eu3+) and 4F9/2 (for Dy3+) were determined by 
fitting the curves with single exponential functions. Excitation 
power dependent emission spectra were measured in the 
3.5–25 mW range, as determined by a laser power meter, using a 
360 nm solid-state laser from Laser Glow Technologies, in a Horiba 
Jobin Yvon spectrofluorimeter model Fluorog FL-1050. 

Radioluminescence (RL) measurements were carried out using a 
customer-designed Freiberg Instruments Lexsyg Research spectro-
fluorometer equipped with a Varian Medical Systems VF-50 J X-ray 
tube with a tungsten target. The X-ray source was coupled with an 
ionization chamber for continuous irradiation monitoring. The light 
emitted by the sample was collected by a lens and converged into an 
optical fiber connected to an Andor Technology Shamrock 163 
spectrograph coupled to a cooled (−80 °C) Andor Technology 
DU920P-BU Newton CCD camera. RL measurements were executed 
under continuous X-ray irradiation (40 kV, 1 mA) at room tem-
perature. Glass powders filled ca. 8 mm diameter 0.5 mm deep cups 
thus allowing for relative RL intensity comparison between different 
samples. 

3. Results and discussion 

3.1. Sample preparation and structural characterization 

The choice of a fluorophosphate glass composition to study the 
scintillating properties of Er3+ and Dy3+ was based on the fact that 
reports of scintillation of fluorophosphate glasses doped with RE 

Table 1 
Sample identification according to nominal composition.         

Name NaPO3 

(mol%) 
Ba (PO3)2 

(mol%) 
MgF2 

(mol%) 
YF3 

(mol%) 
EuF3 

(mol%) 
Dy2O3 

(mol%)  

NBYM:0.0  35  30  25  10.0  0 0 
NBYM:0.10 Eu  35  30  25  9.90  0.10 0 
NBYM:0.50 Eu  35  30  25  9.50  0.50 0 
NBYM:1.00 Eu  35  30  25  9.00  1.00 0 
NBYM:1.50 Eu  35  30  25  8.50  1.50  0 
NBYM:2.00 Eu  35  30  25  8.00  2.00 0 
NBYM:4.00 Eu  35  30  25  6.00  4.00 0 
NBYM:0.25 Dy  35  30  25  9.75  0 0.25 
NBYM:0.50 Dy  35  30  25  9.50  0 0.50 
NBYM:1.00 Dy  35  30  25  9.00  0 1.00 

Table 2 
Scintillating properties of NBYM glasses and other glass scintillators for x-ray radiography reported in literature.      

Scintillator Density (g/cm3) Most intense emission (nm) Luminescent lifetime (ms)  

NBYM:4.0 Eu  3.65  611 ≈2.5 
NBYM:0.25 Dy  3.66  572 ≈0.78 
Dy3+-activated Lithium-borate glasses [58]  2.72  572 ≈0.44 
Eu3+-doped gadolinium calcium fluorophosphate [18]  3.15  611 ≈2.24 
IQI301 (Tb3+-doped silicate glass) [37]  3.80  550 ≈3.0 
Tb3+-doped phosphate glasses [64]  4.01  544 ≈1.66 
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ions are quite rare in the literature. The combined characteristics of 
fluoride and phosphate glass like good thermal stability and rather 
low phonon environment that improves RE emission intensities are 
promising for this purpose. The choice of the dopant ions Eu3+ and 
Dy3+ as activators was based on their narrow and intense emissions 
in the red and yellow spectral region, that can be particularly in-
teresting for scintillators aimed at X-ray detection. The prepared 
samples were essentially colorless and exhibit high optical trans-
parency to the naked eye. The amorphous nature of the glass was 
revealed by XRD measurements (not shown). 

As widely known, the density of the glasses slightly increase with 
the increase of the dopant concentration since the incorporation of 
the heavier EuF3 was accomplished by direct substitution of YF3 

without any additional changes in the composition of the glasses. 
Since molar volume is inversely proportional to the density, it de-
creased with increasing dopant concentration. Higher glass density 
increases the probability of absorption of incoming X-rays, hence 
enhancing the efficiency of the glass scintillator [62,63]. The samples 
presented superior density values when compared with commer-
cially available Ce3+ activated lithium borate glass scintillators 
(~2.50 g/cm3) [38,39], and similar density values when compared 
with the inorganic single crystal scintillator NaI:Tl (3.67 g/cm3) [36] 
and commercially available glass scintillators for X-ray radiography 
(3.8 g/cm3) [37]. The ionic densities of the Eu3+-doped samples 
for 0.5%, 1.0%, 2.0% and 4.0% mol are 0.69, 1.40, 2.81 and 5.61 ×  
1020 ions/cm3, respectively. These values are slightly higher than 

those reported for other Eu3+-doped fluorophosphate glasses in the 
literature [49,51]. For Dy3+-doped samples the ionic densities for 
0.25%, 0.5% and 1.0% mol were found to be 0.66, 1.36 and 2.81 × 
1020 ions/cm3, respectively. These results are similar to those re-
ported for other fluorophosphate glasses [59], and higher than those 
reported for lead borate glasses [56]. 

Thermal characterizations performed in the glass matrix 
(NBYM:0,0) revealed a glass transition temperature Tg = 480 °C, and 
the crystallization temperature Tc = 653 °C. These results yield the 
thermal stability parameter Tc - Tg = 173 °C. The thermal properties 
are similar to those obtained for other fluorophosphate [40,42] and 
phosphate glasses [41]. The addition of Eu3+ and Dy3+ had no sig-
nificant influence on the thermal properties of the glasses. 

A representative Raman spectrum of the glass matrix (NBYM:0,0) 
is shown in Fig. 1, and similar results were found for the doped 
samples. Six characteristic bands were observed at 341, 489, 737, 
952, 1045 and 1111 cm−1. The 341 cm−1 band indicates the presence 
of alkali-oxides such as Na2O [43]. The band at 489 cm−1 is related to 
the symmetric stretching vibrations of Mg-F bonds [44], while that 

at 737 cm−1 is related to the P-O-P symmetric stretching mode [45]. 
The bands at 952, 1045 and 1111 cm−1 are related to stretching vi-
brations of non-bridging oxygens in diverse PO4 environments: Q(0) 

(orthophosphate), Q(1) (pyrophosphate), Q(2) (metaphosphate), re-
spectively [42–44]. The maximum phonon energy (hω) of the glass is 
found around 1110 cm−1, corresponding to the vibrational band with 
highest intensity [43]. These results are similar to those reported for 
similar structures of fluorophosphate- [43–46] and phosphate [47] 
glasses. 

3.2. Photophysical characterization of Eu3+-doped glasses 

The absorption spectra of Eu3+ doped samples are presented in  
Fig. 2 with a vertical offset of 0.4 a.u. in the intensity axis for better 
visualization. Besides the intense absorption around 390 nm, the 
spectra show six other transitions originating from the ground states  
7F0 and 7F1, as indicated in the figure. The glass matrix presents good 
transparency in the visible spectral range as very low absorption 
coefficients are observed between 400 and 750 nm. These results are 
similar to those presented by Binnemans [48], who reported on the 
spectroscopic characteristics of Eu3+ in different hosts. 

The photoluminescence excitation spectra of the Eu3+-doped 
glasses (Fig. 3(a)) were measured in the range 310–500 nm, mon-
itoring the emission corresponding to the most intense transition at 
611 nm (5D0 → 7F2). As it can be seen, the most intense excitation 
peak is at 393 nm, in accordance with the absorption spectra in  
Fig. 2. Therefore, this wavelength was chosen to excite the emission 
spectra that are presented in Fig. 3(b) in the 500–750 nm range. 

Photoluminescence decay curves corresponding to the red 
emission (5D0 → 7F2 transition at 611 nm) were fit by single ex-
ponential decay functions (see Fig. 4) and yielded the average life-
time value τ1 = 2.5 ms for all Eu-doped samples. This favorable result 
indicates no evidence of non-radiative energy transfer activation 
between Eu3+ ions (which would imply decreased τ values), as the 
concentration increases from 0.1 to 4.0 mol%. Thus, provided that no 
clustering formation takes place, there is a perspective that the 
glasses might be able to host higher doping concentrations leading 
to higher absorption coefficient and improved UV–visible conversion 
efficiency. The lifetime results are in accordance with the values 
found for Eu3+ doped fluorophosphates glasses studied by Sreedhar 
et al. [49] and Shoaib et al. [51–53], and are similar to those of 
commercially available glasses for X-ray radiography (~3 ms) [37]. Fig. 1. Raman shift representative spectrum of the NBYM:0,0 glass.  

Fig. 2. Absorption spectra of Eu3+ doped glasses. Spectra are vertically shifted to 
enhance visual clarity. 
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The emission spectra measured with varying excitation power at 
360 nm are presented in Fig. 5. The shape of the characteristic bands 
barely changes with the increasing excitation power. Furthermore, 
photoluminescence intensity as determined by the area below the 

bands within the 603–633 nm range increases proportionally with 
increasing power up to 22 mW, as shown in the inset in Fig. 5. 

Fig. 6 shows the results of radioluminescence measurements 
under X-ray excitation. The spectra show increasing emission in-
tensity with the increasing concentration of Eu3+, corroborating the 
excited state lifetime results that indicate no sign of concentration 
quenching. Furthermore, the spectra reveal a broad emission band 
around 380 nm for the undoped and lowly doped (0.1 mol%) glass, 
which is attributed to host defects. A similar broad band ranging 
from 380 to 450 nm was detected in X-ray irradiated fluoropho-
sphate glass reported in the literature [60]. The intrinsic X-ray in-
duced defect centres are mainly caused by holes trapped on 
phosphate groups - the so-called phosphorus-oxygen hole centres 
(POHC). It has been shown that the absorption due to intrinsic POHC 
is removed when doped with Eu3+ [60,61]. The intensity of this band 
decreases with increasing Eu content, being reduced by about 30% 
already with the incorporation of only 0.1 mol% of Eu3+ (cf. inset in  
Fig. 6). This is in agreement with absorption results shown in  
Fig. 3(a) where Eu3+ presents broad absorption band around 380 nm 
corresponding to the 7F0 → 5L7 transition that overlaps with the 
defect emission. 

Fig. 3. Photoluminescence excitation (A) and emission (B) spectra of the Eu3+-doped 
samples. 

Fig. 4. Luminescent decay curves for Eu3+ doped glasses.  

Fig. 5. Emission spectra of Eu3+-doped fluorophosphate glasses as a function of ex-
citation power (λexc = 360 nm). The inset shows the linear relation between the area 
below bands in the 603–633 nm range and the laser power. 

Fig. 6. Radioluminescence spectra of Eu3+-doped glasses, where the inset highlights 
the host defect band centered at 380 nm. 
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3.3. Photophysical characterization of Dy3+-doped glasses 

Absorption spectra of Dy3+ doped glasses can be seen in Fig. 7. 
The characteristic Dy3+ absorption bands are observed at 349, 363, 
425 and 450 nm, which are related to transitions from the ground 
state 6H15/2 to 6P5/2 +6P3/2, 6F7/2, 4G11/2 and 4I15/2 respectively. These 
results are in agreement with the absorption spectra of other Dy3+ 

doped glasses as reported in [54]. 
The excitation photoluminescence spectra were obtained by 

monitoring the emission at 575 nm (4F9/2 → 6H13/2 transition) in the 
300–500 nm range and shown in Fig. 8(a). There are three intense 
excitation bands in the range 340–420 nm, and the transition 
6H15/2 → 7P7/2 at 350 nm was used to excite the emission spectra 
recorded in the 450–750 nm range (Fig. 8(b)). 

The emission spectra exhibit three major electronic transitions 
characteristic of Dy3+, with the most intense one corresponding to 
the 5F9/2 → 5H13/2 transition. These results are in accordance with 
studies made on other Dy3+-doped fluorophosphate and borate 
glasses [54–57]. 

Similarly, to the procedure described for Eu3+-doped glasses, the 
excited state average lifetime values were determined by fitting the 
luminescence decay curves corresponding to the emission at 575 nm 
(4F9/2 → 6H13/2) with single exponential decay functions. The results 
ranged from 0.74 ms for the sample doped with 0.25 mol% Dy2O3 to 
0.67 ms for the glasses with 0.5 and 1.0 mol%. Although the differ-
ence in value is not so large (~10%) it suggests that Dy3+ ions are 
more likely to suffer concentration quenching than Eu3+ in this glass 
matrix. As also shown by Anil Kumar et al. [54] the decrease in 
lifetime value is associated to concentration quenching, that is, non 
radiative energy transfer between Dy3+ ions followed by loss to the 
host matrix as the average distance between Dy3+ ions decreases 
with the increasing content of dopant [54,55]. This observation was 
also made by Pisarska [56] for samples of lead borate glasses doped 
with Dy3+ concentrations higher than 0.25%. Another advantage of 
the glass system investigated in this work is that its fluorescence 
lifetimes are about 4x faster than those reported from glasses used 
for X-ray radiography [37]. Fig. 9. 

The photoluminescence emission of Dy3+-doped glasses was also 
investigated under varied excitation power (Fig. 10), which revealed 
a linear trend of the area of the most intense emission band at 
around 478 nm with increasing excitation power up to 25 mW (inset 
in Fig. 10). 

The ability of the samples to detect X-rays was evaluated through 
radioluminescence measurements and the spectra are shown in  

Fig. 11. The most intense emission was obtained from the glass with 
highest Dy concentration (1 mol%) being 13% higher than the in-
tensity from the sample doped with 0.25 mol%. The results are in 
accordance with a report from Kaewnuam et al. [58] who 

Fig. 7. Absorption spectra of Dy3+ doped fluorophosphates glass samples.  

Fig. 8. (a) Photoluminescence excitation spectra (λem = 611 nm) and (b) Photolumine- 
scence emission spectra with excitation at 350 nm of the Dy3+ doped fluoropho-
sphates glasses. 

Fig. 9. Luminescent decay curves for Eu3+ doped glasses.  
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investigated lithium borate glasses doped with Dy3+ for scintillating 
applications and recorded luminescent quenching with Dy3+ con-
centrations higher than 0.4 mol% under X-ray induced luminescence. 
The fact that this glass strongly emits at two different wavelengths, 
478 and 572 nm, facilitates maximizing spectral coupling of the 
emission with the detection efficiency of a wide range of photo-
detectors. As for the defect band identified in the undoped and Eu3+- 
doped samples around 380 nm, it is also present in the spectra of 
Dy3+-doped samples. However, its intensity decreases only slightly 
with increasing Dy3+ concentration. This can be explained by the 
lower overlap between defect emission and the excitation spectrum 
of the Dy3+ -doped samples at the same spectral interval (see  
Fig. 8(a)) when compared to Eu3+ doped ones (see Fig. 3(a)). 

4. Summary and conclusions 

This work shows that fluorophosphate glasses doped with Eu3+ 

or Dy3+ ions are promising glass scintillators for X-ray detection. The 
glasses were reproducibly fabricated by the melt-quenching tech-
nique, and presented excellent optical properties. The samples pre-
sented superior density values when compared with commercially 

available Ce3+ activated lithium borate glass scintillators and similar 
density to previously studied glass scintillators for X-ray radio-
graphy. 

Glasses were able to emit on the visible spectral range 
(450–700 nm) when excited with ultraviolet and X-rays. In either 
glass, no sign of photoluminescence or radioluminescence intensity 
saturation was observed for the highest RE activator concentration 
suggesting that higher RE activator concentrations could lead to still 
higher luminous output. For comparison, the radioluminescence 
peak intensity of 4 mol% Eu3+ at 612 nm was 4.3x the peak intensity 
of 1 mol% Dy3+ at 478 nm and 1.7x at 572 nm. Furthermore, photo-
luminescence spectra were measured under varying excitation 
powers at 365 nm, which lead to calibration curves, for both type of 
doped glasses, that can be used to quantitatively detect the UV ra-
diation. In terms of excited state lifetime values, no significant var-
iations were observed with the increase in Eu3+ concentration in 
Eu3+-doped glasses. On the other hand, Dy3+-doped samples showed 
to be prone to concentration quenching for Dy3+ doping concentra-
tions higher than 0.25 mol%. From the viewpoint of X-ray radio-
graphy, lifetimes found in this work were similar or faster to current 
commercially available scintillator glasses. 
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