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Hexagonal Sr1-x/2Al2-xSixO4:Eu2+,Dy3+ transparent ceramics 
with tuneable persistent luminescence properties

Victor Castaing*a, Charlotte Monteirob, Atul D. Sontakkea, c, Kazuki Asamid, Jian Xud, Alberto J. 
Fernández Carriónb, e, Mikhail G. Brikf, Setsuhisa Tanabed, Mathieu Allixb and Bruno Viana*a.  

Co-doped hexagonal Sr1-x/2Al2-xSixO4:Eu2+,Dy3+ (0.1≤x≤0.5) transparent ceramics have been elaborated by 
full glass crystallization. The compositions with low SiO2 content (x≤0.4) require fast quenching 
conditions to form glass, i.e. specific elaboration processes such as aerodynamic levitation coupled to 
laser heating, whereas the x=0.5 glass composition can be prepared at large scale by classic melt-
quenching method in commercial furnaces. After a single thermal treatment, the resulting SrAl2O4-based 
transparent ceramics show varying photoluminescence emission properties when x increases. 
These variations are also observable in persistent luminescence, resulting in an afterglow colour-tuning 
ranging from green to light blue. Afterglow excitation spectra highlight the possible activation in the 
visible range of the obtained persistent luminescence. Indeed, persistent luminescence of hexagonal 
Sr0.75Al1.5Si0.5O4:Eu2+,Dy3+ large transparent ceramics has been successfully charged using a typical 
smartphone low power white light source. Moreover, thermoluminescence glow curves of samples 
containing different Dy3+ doping concentrations are studied to gain insights regarding the traps origin 
and depth. Coupling thermoluminescence results together with luminescence thermal quenching and 
band gap calculations appears useful to understand the charge trapping and detrapping evolution with 
the material composition. Varying the Si-content in hexagonal Sr1-x/2Al2-xSixO4:Eu2+,Dy3+ compounds 
appears as a promising strategy to obtain transparent materials with tuneable green to light blue 
persistent luminescence. 

1.  Introduction 

Energy storage phosphors, particularly the persistent phosphors, 
have been widely studied in the past twenty years aiming at the 
elaboration of the next generation of lighting materials. These 
materials are able to store so-called optical energy, mostly UV, 
and emit light for minutes to hours after the excitation stoppage. 
The applications cover wide ranges from emergency lighting, 
safety signs, visualization, decorations, etc. Extensive research on 
these particular materials started after the discovery of the 
SrAl2O4:Eu2+,Dy3+ phosphor by Matsuzawa et al., demonstrating 
considerably intense and long green afterglow emission1 arising 
from the 5d → 4f transition of the Eu2+ doping ion. This famous 
material, as well as the well-known CaAl2O4:Eu2+,Nd3+, have been 
elaborated by different techniques2–5 and widely studied6–15 to 
better understand their persistent luminescence mechanism. 

Since then, many other materials have been elaborated and 
studied with that purpose.16,17 Amongst others, garnets 
(Y3Al2Ga3O12:Ce3+,Cr3+, Gd3Al2Ga3O12:Ce3+,Cr3+), perovskite-type 
niobates or titanates (NaNbO3:Pr3+, CaTiO3:Pr3+) and spinel 
gallates (ZnGa2O4:Cr3+, Zn1.1Ga1.8Ge0.1O4:Cr3+) are famous 
persistent luminescence materials.18–26 However, most of these 
persistent materials require UV irradiation to be charged. This is 
a noteworthy obstacle for most of the targeted applications. 
Indeed, the most convenient and common excitation sources are 
the sunlight and white light-emitting diodes (w-LEDs), which 
mostly provide visible light. Therefore, in view of widespread 
usage, persistent luminescence materials chargeable with visible 
light illumination become more advantageous. 

At present, most ceramic persistent phosphors are used as 
security signage when incorporated in paints. The painted 
writings or signs can thus be seen for hours after the dark is set. 
Yet, even though they already find usage as cycling or jogging 
lanes illumination during night time, the persistent phosphors 
require improved performance for large area lighting 
applications.27,28 Designing transparent bulk persistent 
phosphors then appears as a promising strategy to overcome the 
intensity weakness of the materials due to lower light scattering 
than in the powder phosphor case. Such an approach would 
enable persistent charging and emission from the whole material 
volume, thus effectively reducing energy loss.18 This “volume 
effect” was demonstrated by Xu et al. in YAGG:Ce3+,Cr3+ where an 
effective improvement of the persistent decay was induced by 
increasing the transparent ceramic thickness.19 Moreover, such 
designs allow reading through the transparent persistent 
phosphor thereby using the material as a lighting screen.29 In 
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view of such added capabilities compared to glow in the dark inks, 
transparent persistent phosphors show potential advantages for 
security and night vision applications. 

Moreover, current available afterglow emission colours are 
fairly limited. This is due to the fact that persistent emission 
properties mostly arise from one of the doping ions located in a 
particular crystalline compound type, mostly giving access to 
dark blue (Eu2+ in CaAl2O4:Eu2+,Nd3+) and green (Eu2+ in 
SrAl2O4:Eu2+,Dy3+) persistent emissions. Widening the colour 
range, giving access to a higher contrast using association of 
persistent materials with different colours, is of major interest for 
signalization applications. For that purpose, the most common 
strategy is to modify the host matrix to change the crystal field 
strength on the emitting cation and shifts its emission. The 
elaboration of materials with combined persistent emission 
centres gathered in a single-phase phosphor appears as another 
promising direction to create a broad range of persistent 
luminescence colours though less studied. Only few phosphors 
with persistent luminescence arising from combined emission 
centres, based on persistent energy transfers, have been 
reported.30,31 

Several recently developed persistent phosphors achieve one 
or two of these criteria, in particular some persistent garnets that 
are transparent and can be efficiently charged by visible light.18,19 
Within this work, we aimed at elaborating and characterizing a 
material fulfilling the three above cited criteria i.e. a transparent 
persistent ceramic monolith with colour tuneability excited by 
visible light.  

Recently, full crystallization of glass was presented as a 
promising process to synthesize innovative transparent 
ceramics.32–41 Among the several transparent materials 
developed, the metastable solid-solution Sr1-x/2Al2-xSixO4 (h-SASO 
x with 0.2 ≤ x ≤ 0.5) presents tuneable luminescence properties 
when doped with europium. 42,43 Given that its structure derives 
from the hexagonal polymorph of SrAl2O4, which is reported to 
have persistent luminescence properties,44 this solid-solution 
appears promising to tune the famous properties of the 
monoclinic SrAl2O4:Eu2+,Dy3+ persistent phosphor. Indeed, due to 
a combination of absence of porosity, crystallite orientation 
(birefringent structure) and optical isotropy induced by 
structural disorder, the materials belonging to the Sr1-x/2Al2-xSixO4 
solid solution show a remarkable transparency. Sr2+ cations 
occupy different crystallographic sites in the two SrAl2O4 
polymorphs. In the monoclinic structure, two Sr2+ sites exist 
whereas in the hexagonal structure five different Sr2+ sites can be 
found.42 As Eu2+ substitutes for Sr2+, different optical properties 
can be observed for the two polymorphs.42,45 Moreover, as the Sr 
sites occupancies evolve along the solid solution, tuneable 
persistent luminescence properties can be expected.  

In the present study, we report the elaboration of hexagonal 
Sr1-x/2Al2-xSixO4:Eu2+,Dy3+ (h-SASO x, with 0.1 ≤ x ≤ 0.5) 
transparent ceramics. Their optical properties, among which 
persistent luminescence, are studied in detail and compared to 
each other along the solid solution. Finally, the luminescence 
properties evolution is discussed based on experimental results, 
on semi-empirical model and on density functional theory 
calculations. 

 

2. Experimental procedures 

2.1. Synthesis. 
In this study, compositions Sr1-x/2Al2-xSixO4 where x = 0, 0.05, 0.08, 
0.09, 0.1 0.2, 0.3, 0.4 and 0.5 were investigated and were either 

single-doped by Eu2+ (1% Eu2+ in substitution to Sr) or co-doped 
with Eu2+, Dy3+ (1 % Eu2+ and 2 % Dy3+). Moreover, for the x = 0.5 
compound, a series of Dy3+ contents varying from 0 % to 5 % were 
investigated. Melting of each composition has been performed 
using a double CO2 laser-heating system coupled to an 
aerodynamic levitation (ADL) system.46,47 High purity SrCO3 
(99.9%, Strem Chemicals), Al2O3 (99.98%, Alfa Aesar), SiO2 
(99.999%, Strem Chemicals), Eu2O3 (99.99%, Sigma Aldrich) and 
Dy2O3 (99.99%, Alfa Aesar) precursors were first weighed in 
stoichiometric amounts and mixed in an agate mortar with 
absolute ethanol. Each powder batch was then pressed into 
pellets and placed on a metallic nozzle. Aerodynamic levitation 
was ensured using an argon gas flow. Depending on the 
composition, temperatures used for melting were ranging from 
ca. 1900°C to 1700°C (the melting temperature decreases with 
the increase of the Si-content). 0 ≤ x ≤ 0.09 compositions could not 
be entirely vitrified as crystallisation systematically occurred 
directly during quenching from the melt. For x = 0.1 composition, 
only 1 mm diameter beads could be vitrified. Nevertheless, 3 mm 
diameter glass beads could be obtained for compositions with 0.2 
≤ x ≤ 0.5 by free cooling down to room temperature after laser 
heating stoppage.  

For the x = 0.5 sample, glass could also be obtained at much 
larger scale, with a maximum of 10 g of the mixed precursors, 
using classical melt-quenching method in a Pt crucible at 1750 °C. 
The crystallization stage of the glassy samples was subsequently 
conducted as reported by Fernández-Carrión et. al. (Tcryst = 975 °C 
for 7 h), excepted that the heating atmosphere was turned into 
reducing atmosphere (H2/N2 mixing, 5 % of H2) to promote 
europium reduction.42 

2.2.  Structure and optical properties characterizations. 
X-ray powder diffraction data were recorded using a Bragg-
Brentano D8 Advance Bruker diffractometer (Cu Kα radiation) 
equipped with a LynxEye XE detector over an angular range of 19° 
< 2θ < 70° using a 0.020° step size. 

An optical parametric oscillator (OPO) pulsed laser has been 
used for the excitation of photoluminescence (PL) measurements 
while the acquisition was held by a CCD camera (Princeton 
Instruments, PI-MAX 4) coupled to a monochromator (Princeton 
Instruments, Acton SP 2300). For photoluminescence excitation 
(PLE) and temperature dependence of PL/PLE, the excitation was 
provided by a white lamp (EQ-99X LDLS, ENERGETIQ) coupled to 
a visible monochromator. LEDs (ThorLabs) were used to excite 
samples for persistent emission measurements. A typical 
smartphone white light emitting diode (w-LED, placed 10 cm 
away from the sample, giving an illuminance of 2740 Lux) was 
also used to activate persistent luminescence. Persistent decay 
glow curves were obtained by integrating persistent emission 
intensity as a function of time. For radiance decay measurements, 
the samples were charged using a 300 W Xe lamp (Asahi) attached 
with the UV module (centred at 330 nm) for 5 minutes at 25 °C. 
Then, the persistent emission decay was recorded using a 
photomultiplier tube (R11041, Hamamatsu Photonics) coupled 
with calibrated photodiode detector (S-025-H, Electro-Optical 
System Inc.) for absolute radiance conversion. Persistent 
excitation spectra were obtained by integrating persistent 
luminescence intensity after 1 min excitation at each wavelength 
step obtained using a white lamp (EQ-99X LDLS, ENERGETIQ) 
coupled to a visible monochromator. Thermoluminescence 
measurements were carried out using a closed-cycle He-flow 
cryostat (Sumitomo Cryogenics HC-4E) attached with a 
Lakeshore 340 temperature controller. The samples were cooled 
to 13 K and irradiated using a 365 nm UV lamp (Vilber Lourmat, 
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Hg vapor lamp) for five minutes. Subsequently, after a waitting 
time of one minute, the thermoluminescence glow curves were 
recorded at 10 °C.min-1 ramp rate from 13 K to 600 K. For the 
sake of comparison, a TL glow curve has been recorded with 
charging at 273 K, cooling down to 213 K with the same heating 
ramp. In these experiments, the signals were recorded by a CCD 
camera (Roper Pixis 100) coupled to a visible monochromator 
(Acton Spectra Pro, Princeton Instruments, 300 grooves per mm, 
centred at 600 nm). 

2.3. Theoretical calculations. 
The density functional theory (DFT) calculations of the structural 
and electronic properties of Sr1-x/2Al2-xSixO4 (x = 0, 0.2 and 0.5) 
were performed using the CASTEP module of Materials Studio 
201748 package and the GGA-PBE functionals.49 The ionic core 
electrons were replaced by on-the-fly ultrasoft pseudopotentials 
implemented in the CASTEP with the following electronic 
configurations: [Kr] 4s2 4p6 5s2 for Sr, [Ne] 3s2 3p1 for Al, [Ne] 3s2 
3p2 for Si and [He] 2s2 2p4 for O.50 Relativistic effects were taken 
into account at the level of the Koelling-Harmon approximation of 
the Dirac equation.44 The plane-wave basis energy cut-off was 
chosen as 630.0 eV and k-point grids were chosen as 3×2×2 for x 
= 0 and 2×2×2 for x = 0.2 and 0.5. The convergence parameters 
were as follows: total energy tolerance 5.0×10-6 eV/atom, 
maximum force tolerance 0.01 eV/Å, maximum stress component 
0.02 GPa and maximum displacement 5.0×10-4 Å. 

 

3. Results and discussion 

3.1. Crystal structure and morphology. 
The nature of the crystallized singly-doped and co-doped samples 
was first checked by X-ray diffraction, see Figure 1(a). For the x = 
0 sample, the crystalline phase was obtained directly by cooling 
from the melt which was attributed to the cooling rate of 
aerodynamic levitation (ca. 300-500 °C per second)  which is not 
high enough to ensure glass formation of SrAl2O4. The resulting 
crystalline phase can be indexed by the monoclinic polymorph of 
SrAl2O4 (PDF 01−076−7488), without any additional trace of 
Eu2O3 nor Dy2O3. For 0 < x < 0.1, partial crystallization was 
obtained by cooling from the melt (some unwanted crystallization 
could not be avoided). However, unlike the x = 0 material, after 
the subsequent heat treatment, both monoclinic and hexagonal 
polymorphs are formed, with an increasing ratio of hexagonal 
polymorph when the x value increases. The two crystalline 
structures are represented on Figure 1(b) and (c) respectively. 
From XRPD patterns comparison, it is clear that the Si 
substitution for Al (and the associated Sr vacancy increase) 
promotes the hexagonal polymorph stabilization, as 
demonstrated by the increasing content of hexagonal polymorph 
as x increases (ICSD 259261, 259262 and 259263).42 Finally, for 

higher Si contents (x  0.1), glass formation was possible and 
polycrystalline ceramics could be obtained via full glass 
crystallization after subsequent thermal treatment. No trace of 
monoclinic-SrAl2O4 polymorph, Eu2O3, nor Dy2O3 phases could be 
observed for these compositions. A shift of the diffraction peaks 
towards higher diffraction angles is observed all along the series, 
which can be explained by lattice contraction along the 
substitution of Al3+ (0.39 Å) by a smaller cation Si4+ (0.26 Å) and 
the increase of Sr2+ vacancies.52 In these SrAl2O4:Eu2+,Dy3+ 
materials, Eu2+ and Dy3+ are expected to substitute for Sr2+. 
Indeed, these rare earth cations have excessive large radius 
difference with Al3+, well beyond the limit of the Hume-Rothery 
atomic substitution rule. Moreover, no amorphous phase could be 
observed from X-ray diffraction and electron microscopy, 
suggesting that full crystallization occurs in these materials. 

As reported for their Eu2+ singly doped counterparts, the 
ceramic samples show good transparency in the visible range (see 
Figure 2).42 Note that the x = 0.1 sample is not shown here as glass 
crystallization could not be performed without the appearance of 

Fig. 1. (a) X-ray powder diffraction (XRPD) patterns of Sr1-x/2Al2-xSixO4:Eu2+,Dy3+ ceramics obtained with the melt quenching technique followed by 
a second heat treatment stage. The x = 0 sample crystallized directly from the melt. Samples with 0 < x < 0.1 partially crystallized from the melt 
whereas glasses were obtained for 0.1  x   0.5 compositions. After the second heat treatment stage all the samples are completely crystallized. 
The x = 0 sample corresponds to the monoclinic polymorph whereas the 0.1  x  0.5 compositions crystallize in the pure hexagonal polymorph. (b) 
Monoclinic SrAl2O4 and (c) hexagonal Sr0.8Al1.6Si0.4O4 crystal lattices in which Sr, Al, Si, O atoms and vacancies are represented by green, light blue, 
dark blue, red and white spheres, respectively. 

Fig. 2. (a) Spectral dependence of the transmittance of the as elaborated 
h-SASO samples. (b) Photographs of the corresponding transparent 
ceramics. The scale bar is in cm scale (the small samples are 1.6 mm 
thick whereas the x = 0.5 sample is 2.2 mm thick).  
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cracks for this composition. This can be linked to the small size 
(diameter of 1 mm) of the initial glass beads, which makes very 
difficult the crystallization process control of these samples. The 
observed yellow tint of the ceramics can be linked with the blue 
absorption of Eu2+ observed until ca. 450 nm. Above this region, 
the transparency of the samples is very high in the visible range, 
reaching 83 % for Sr0.9Al1.8Si0.2O4:Eu2+,Dy3+ (see Figure 2(a)). 
From a glass forming point of view, it can be observed that the 
synthesis temperature (temperature used to vitrify each 
composition) decreases when the Si-content (x) increases (see 
Fig. S1). As the glass formation is eased when the Si-content (x) 
increases, it is thus possible to elaborate the x = 0.5 glass 
composition using a commercial furnace (synthesis temperature 
of about 1750°C using a Pt/Rh crucible), enabling much larger 
scale samples to be synthesized (the size of the x = 0.5 sample 
presented figure 2(b) was limited by size of our platinum 
crucible).  

 

3.2. Photoluminescence properties 

As previously established on monoclinic-SrAl2O4:Eu2+,Dy3+ 
materials elaborated via different methods, two broad PL bands 
arising from the two distinct Sr crystallographic sites appear at 
low temperature on the x = 0 sample: one blue and one green 
located at ca. 450 nm and 530 nm respectively (Figure 3(a)).45,53 
Unlike this well studied material, the hexagonal Sr1-x/2Al2-

xSixO4:Eu2+,Dy3+ (x>0) compounds show one broad band and two 
relatively narrow bands, see Figure 3(a). The main band appears 
much broader compared to the monoclinic material, ranging from 
ca. 420 nm to 700 nm. Due to its broad shape and spectral 
position, the central broad band can be related to the Eu2+ 
emission. This broad band evolves as x increases. Indeed, 
increasing the Si substitution for Al and the Sr vacancies content 
induces a shift of the Eu2+ signal towards higher energies. It is not 
surprising that the Eu2+ emission band changes with the counter 
cation nature (Al3+ and Si4+) as its emission arises from the 4f65d1 
→ 4f7 transition and d orbitals are known to be sensitive to the 
local environment, due to several effects such as crystal field 
splitting and centroid shift.54  

To go further, photoluminescence measurements have been 
performed at low temperature (10 K) on Eu2+ singly doped h-
SASO samples with different compositions (x varying from 0.2 to 
0.5). The Eu2+ singly doped hexagonal Sr0.95Al1.9Si0.1O4 (x = 0.1) 
ceramic has not been studied here, as the glass precursor could 
not be prepared without Dy3+ (no single Eu-doped glass could be 
formed by ADL). The resulting emission spectra, presented in 
Figure 3(b), exhibit a broad band with an asymmetric shape. As 
previous structural investigations of the h-SASO materials 
revealed the existence of five different Sr crystallographic sites, 
Eu2+ emission arising from multiple Eu2+ centers can be expected. 
Actually, to compensate positively charged defects induced by Si4+ 
substitution for Al3+ (SiAl°), Sr vacancies (VSr’’) are formed in 
selective Sr sites (two of the five different Sr sites). Therefore, it 
appears reasonable to observe an asymmetric broad Eu2+ 
emission as the Eu2+ emissions arising from emitters in different 
Sr sites may overlap. 

Still, a clear blue shift of the Eu2+ emission band can be clearly 
seen as x increases. This blue shift may result from several effects 
such as the counter cation effect (Al3+ and Si4+), the effect of VSr’’ 
and its increase with Si content, the decrease of Eu2+ population 
in specific sites. The origin of the observed blue shift will be 
further discussed on the basis of a semi-empirical model.  

Fig. 3. (a) Normalized emission spectra (λexc = 353 nm) of hexagonal Sr1-

x/2Al2-xSixO4: 1 % Eu2+, 2 % Dy3+ (x ranging from 0.1 to 0.5) recorded at 
10 K. Monoclinic SrAl2O4:Eu2+,Dy3+ emission recorded in the same 
conditions is also displayed for comparison. (b) Emission spectra of the 
Eu2+ singly doped samples recorded at 10 K plotted with energy scale. 
(c) RT excitation spectra of the co-doped samples. 

Fig. 4. Temperature dependence of the Sr1-x/2Al2-xSixO4:Eu2+,Dy3+ 
normalized integrated PL intensity (λexc = 353 nm).  
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On the contrary, the narrow bands located at ca. 488 and 573 
nm (Figure 3(a)) show the same spectral position and shape 
independently from the sample composition (x value). Given their 
shapes, spectral positions and consistency with the host, they can 
be attributed to Dy3+ 4f-4f transitions: 4F9/2 → 6H15/2 and 4F9/2 → 
6H13/2 (488 and 573 nm respectively). In order to validate this 
assumption, the Dy3+ doping content has been varied in the x = 0.5 
sample (from 0 % to 5 % of Dy3+). On the resulting PL spectra (Fig. 
S2), the sharp signal contribution is absent for the 0 % Dy3+ 
doping content but its intensity rises for the samples ranging from 
0.25 % to 5 % Dy3+. It is thus reasonable to attribute the sharp 
lines to Dy3+ emission. Moreover, the Dy3+ content variation 
appears to have no effect on the large band related to Eu2+. 
Interestingly, the intensity of the Dy3+ band tends to increase 
compared to the Eu2+ emission as the Si content (x) increases. This 
is in good agreement with the fact that the Eu2+ emission shifts 
towards lower wavelengths with the Si-content. Indeed, due to 
the blue shift, the Eu2+ 4f65d → 4f7 emission is more overlapped 
with the absorption bands of Dy3+ 6H15/2 → 4F9/2 and 6H15/2 → 4I15/2 
transitions making the Eu2+ to Dy3+ energy transfer more efficient, 
as schematized in Fig. S3. The apparition and increase of the Dy3+ 

emission peaks, combined with the Eu2+ blue shift lead to an 
interesting colour change from green to light blue (for x = 0.1 and 
x = 0.5 respectively). 

The co-doped h-SASO excitation spectra, presented in Figure 
3(c), appear to be constituted of one broad band with a hump at 
ca. 250 nm. It can be attributed to overlapped 4f7 → 4f65d1 
excitations of Eu2+. Moreover, the excitation spectra show the 
same blue shift as x increases, which can be assigned to the 
variation of the Eu2+ neighbourhood when Si4+ substitutes for Al3+ 
and creates Strontium vacancies. As several Eu2+ sites are 
expected in this material, the PLE spectra of h-SASO 0.5 taken at 
different λem have been analysed (Fig. S4). The Eu2+ excitation 
spectra recorded at different emissions (λem = 440 nm and λem = 
600 nm) show very distinct shapes, evidencing that Eu2+ cations 
occupy several different sites in the material. On the other hand, 
PLE spectrum monitoring the Dy3+ emission (λem = 744 nm (Dy3+: 
4F9/2 → 6F11/2,6H9/2)) has been plotted (see the PL/PLE plot of the 
x = 0.5 compound in Fig. S5). The obtained Dy3+ excitation 
spectrum is nearly stackable to the Eu2+ excitation revealing an 
energy transfer from Eu2+ to Dy3+. Only very weak intensity 
contribution can be found at ca. 453 nm due to the Dy3+: 6H15/2 → 
4F9/2 transition. It is worth noticing that this charging band is not 
observed during the luminescence excitation of Eu2+, even with 

higher Dy3+ contents (Fig. S6). This reveals that no reversible 
energy transfer can be observed in these materials. 

To get insights on the Eu2+ excitation shift with the materials 
composition, a semi-empirical model has been studied (see 
Supporting Information S7). In this model, the Eu2+ redshift is 
explained as a combination of the crystal field splitting and the 
centroid shift. As previously defined by P. Dorenbos and studied 
in the supplementary information, the crystal field splitting in our 
materials should depend on the average Eu-O distances and the 
centroid shift on the effective Eu-O distances as well as on the 
spectroscopic polarizability.55–58 

The evolution of the effective and average Eu-O bond 
distances has been calculated based on structural information 
gained from synchrotron powder diffraction data, but no clear 
evolution of this bond distances could be depicted (see Fig. S8). 
Using this model, the crystal field splitting, assumed to only 
depend on bond lengths in our system, cannot explain the 
observed blue shift of the excitation spectra. Besides the Eu2+ 
bond distances, the centroid shift variation is also dependent of 
the spectroscopic polarizability (αsp) that is proportional to the 
inverse electronegativity value. The evolution of the 
spectroscopic polarizability has been studied based on the Allred-
Rochow electronegativity scale (see Fig. S9) and shows a constant 
decrease along the solid solution, which is consistent with the 
observed variation toward higher energy of the centroid shift. 

Experimental luminescence quenching energy determination 
combined with band gap theoretical calculations can be useful to 

Fig. 5. Hexagonal Sr1-x/2Al2-xSixO4 density of states (from top to bottom, 
x = 0, 0.2 and 0.5). 

Fig. 6. (a) Persistent luminescence spectra of monoclinic x = 0 (bottom) 
and hexagonal x = 0.1 to x = 0.5 (top) with λexc = 365 nm for 5 min. (b) 
CIE coordinates of the persistent emission of the Sr1-x/2Al2-xSixO4 doped 
with 1 % Eu2+ and 2 % Dy3+. (c) Pictures of the transparent ceramics 
taken after switching off the 365 nm excitation. 



ARTICLE Journal Name 

6 | J. Name., 20xx, 00, 1-9 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

get insights on  the evolution of the host band gap energy, and its 
relative position regarding the traps and recombination centres 
energy positions which are of major importance to study the 
trapping and de-trapping properties.  

The thermal quenching of the Eu2+ emission, that may provide 
information about the energy difference between the Eu2+ excited 
state and the bottom of the conduction band, has been 
investigated. Figure 4 shows the integrated Eu2+ peak area of Sr1-

x/2Al2-xSixO4:Eu2+ (x ranging from 0.2 to 0.5) as a function of the 
sample temperature. It can be observed that the thermal 
quenching decreases when x increases. Indeed, the temperature 
at which the emission intensity is divided by two compared to the 
low temperature intensity, i.e. the quenching temperature (T1/2), 
varies from ca. 210 K to 295 K (for x = 0.2 to 0.5 respectively). 
Assuming that, as previously reported59 the relaxation towards 
the conduction band is responsible for thermal quenching, the 
energy difference between the excited Eu2+ 5d state and the 
conduction band may increase with the Si substitution for Al.  

Even though DFT calculations cannot provide accurate band 
gap energy values, it can be useful to depict a general tendency. 
For the hexagonal SrAl2O4 and Sr1-x/2Al2-xSixO4 materials, the 
P6322 and P6̅2c space groups have been used respectively, the 
related lattices are displayed in Figure 1(b) and (c). As presented 
in Fig. S10, along the Sr1-x/2Al2-xSixO4 solid solution, a general 
decrease of the band gap energy can be obtained. Figure 5 
displays the relative orbitals contribution to the conduction band 
versus Si content. It can be observed that in the case of pure 
hexagonal SrAl2O4, the bottom of the conduction band is mainly 
composed of Sr 4d orbitals. Along the solid solution, an increasing 
contribution of (Al,Si) 3p orbitals appears. The bottom of the 
conduction band nature will further be used to discuss on the trap 
level position evolution. 

 

3.3. Afterglow properties 

Despite its interesting luminescence properties that enable to 
tune the Sr1-x/2Al2-xSixO4 materials emission, Dy3+ was originally 
used as a co-dopant aiming at obtaining new materials with 
enhanced persistent luminescence properties, as it is the best co-
dopant reported for this purpose regarding monoclinic 
SrAl2O4:Eu2+.6,7,9,11 Figure 6(a) displays the afterglow emission 
spectra of h-SASO x co-doped samples. For x = 0 monoclinic 
material, the well-known broad green band persistent 
luminescence is observed. In the case of the hexagonal phase, as 
for x = 0.1, the signal appears broadened. Then, similarly to steady 
state PL, the afterglow emission shifts towards lower 

wavelengths along the solid solution. Again, this shift is due to 
structural changes in the Eu2+ surrounding. Interestingly, while 
keeping the same Dy3+ content in the materials, persistent 
emission of Dy3+ is also observable. Then, in the same way as 
observed for PL, the Dy3+ emission becomes more and more 
pronounced as the Si content increases, in particular at 573 nm. 

The interesting point here is that the combination of these two 
phenomena leads to the afterglow colour change in the studied 
samples. The Eu2+ emission goes from green to blue and is 
combined to the increasing Dy3+ persistent emission in a yellow 
range, which overall results in a light blue persistent emission as 
the Si content increases. This is perfectly illustrated by the 
afterglow CIE (Commission Internationale de l’Eclairage) 
diagram reported in Figure 6(b). The observable colour shift of 
the materials persistent emission is displayed on the picture (see 
Figure 6(c)) on which the samples with x ≥ 0.4, presents light blue 
persistent luminescence. Therefore, the glass crystallization 
synthesis process appears to be of great interest for possible 
further developments of large-scale transparent materials with 
tuneable persistent luminescence properties. 

  In the previous section, the persistent luminescence spectra 
have been recorded after charging using UV light. Afterwards, 
persistent excitation spectra, presented in Figure 7 (a), have been 
studied in order to find excitation wavelength ranges that enable 
persistent luminescence emission. In particular, the possibility to 
use visible light to charge persistent luminescence was attentively 
investigated. In the studied materials, all the persistent 
luminescence excitation spectra exhibit a large band extending up 
to 500 nm with a maximum at about 400 nm and a shoulder at 
about 250 nm. This observation reveals an interesting possible 
charging of the light blue persistent luminescence by exciting the 
transparent materials with blue light. The shape of the afterglow 
excitation spectra is remarkably similar to the steady state 
excitation spectra of the samples. Indeed, increasing x leads to a 
very slight blue shift of the excitation band as well as an increase 
of the UV band. This clearly indicates that the charging pathway 
goes through the Eu2+ 4f → 5d excitation bands. To evaluate the 
possible visible light activation of persistent luminescence in h-
SASO 0.5, persistent luminescence spectra and glow curves have 
been measured after one-minute excitation using a typical 
smartphone white LED. The integrated afterglow decay curve, as 
well as the related afterglow spectra, are displayed in Figure 7(b). 
Interestingly, the light blue afterglow remains for minutes, even 
after this white LED charging with relatively weak irradiation 
power and time. This behaviour could be of major interest for 
further indoor security signage applications. 

Fig. 7. (a) Persistent luminescence excitation spectra (λem = 488 nm for x = 0.2 and λem = 478 nm for x > 0.2). (b) Persistent luminescence decay of 
the x = 0.5 sample after mobile phone w-LED charging. The persistent emission spectrum is dis-played in the inset. 
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The persistent luminescence decay curves of the co-doped Sr1-

x/2Al2-xSixO4 materials are displayed in Figure 8(a). Even though 
the monoclinic SrAl2O4:Eu2+,Dy3+ material, prepared with the 
same experimental method, shows the highest radiance decay, 
the decay profiles of all the samples are in a same order of 
magnitude. This indicates the efficient persistent luminescence 
properties of the Sr1-x/2Al2-xSixO4:Eu2+,Dy3+ ceramics. 
Interestingly, a higher Si4+ for Al3+ substitution content leads to a 
more intense persistent luminescence signal. This means that the 
material with the higher Si content enables a more favourable 
charge de-trapping at room temperature. The comparison of Eu2+ 
and Dy3+ persistent decays, plotted in Fig. S11, shows that the Dy3+ 
persistent decay follows the same slope as Eu2+. It reveals that 
they might follow the same persistent luminescence mechanism. 
After being un-trapped, the charges may recombine on Eu2+ 
excited state and a partial energy transfer to Dy3+ can happen.  

The most common analysis technique used to study persistent 
luminescence materials and charge trapping is 
thermoluminescence. Low temperature thermoluminescence of 
the studied materials are presented in Figure 8(b) and (c) while 
the thermoluminescence glow curves of the h-SASO x = 0.5 sample 
recorded after charging at 273 K and 13 K is presented in Figure 
S12. Comparison of the TL intensities between low and room 
temperature charging evidences the thermal activation of the 
persistent luminescence charging as previously reported58 
whereas the comparison of glow curves shape  gives insights on 
the complete trap depth distribution as seen in figure 8. Indeed, 
charging at 273 K, the observation of shallow traps is vanished, 
making difficult the full traps comparison in the different samples 
as expressed in figures 8(b)-(c). TL intensity of the different 
samples around room temperature appears to be in good 
agreement with their related afterglow decay curves. Looking at 
the TL glow curves shape reported figure 8; it can be observed 
that at least two kinds of traps at different depths are involved in 
the persistent luminescence mechanism. Indeed, for all samples, 
two broad bands can be distinguished. As the Si content increases, 
the TL bands shift towards higher temperatures, and in this case 
become closer to room temperature, which is of large interest 
from persistent luminescence applications point of view. The shift 
of the TL peaks towards higher temperatures reveals an increase 
of the activation energy of the involved traps. This means that in 
the classic case where electrons are trapped close to the 
conduction band, the energy of the lowest conduction band level 
should increase regarding the traps levels. This is in good 
agreement with the thermal quenching studied previously in 
samples containing different Si contents and also provides 
important clues for mechanism determination. The 
thermoluminescence glow curve of the powdered 
SrAl2O4:Eu2+,Dy3+ sample, obtained with the ADL method, 
displayed in Fig. S13, is relatively narrow and centred around 275 
K. Therefore, the involved traps are indeed less energy dispersed 
than those of h-SASO 0.5. These features can explain that the 
persistent luminescence decay of the powdered SrAl2O4:Eu2+,Dy3+ 
sample is initially more intense (in the first seconds) but also 
steeper compared to the h-SASO 0.5 one, as observed in Fig. 8 (a).  

Nevertheless, the role of Dy3+ in the charge trapping mechanism 
is intriguing. In order to gain deeper insights on the traps nature, 
samples with different Dy3+ contents (from 0 % to 5 %) have been 
prepared and studied in a similar way. Firstly, both TL peaks vary 
when the Dy3+ doping content varies. Interestingly, it is noticeable 
that the two TL peaks are observable with all different Dy3+ 
doping contents, even when the sample is only doped by Eu2+ 
(single doping). As no additional peak appears when Dy3+ is 
added, this means that Dy3+ should not behave as a direct trap. On 

the other hand, the low temperature glow peak increases 
drastically when Dy3+ is added. This reveals that Dy3+ may 
stabilize the shallow traps. Moreover, this low temperature glow 
peak appears to shift towards higher temperatures as the Dy3+ 
content increases. This means that the related trap depth 
increases when Dy3+ is added, revealing a higher energy stability 
of the involved defects. This result is in agreement with the 
persistent luminescence mechanism proposed by Clabau et 
al.9,60,61 where hypothesis of the defect nature according to the 
reducing atmosphere used for samples preparation could be 
some oxygen vacancies. This is also in good agreement with 
previous works of J. Hölsä and co-workers in which experimental 
and theoretical results highlighted the importance of intrinsic 
oxygen vacancies in the room temperature persistent 
luminescence mechanism and the ability of RE3+ co-dopant to 
increase the storage capability.62–65  

In the SrAl2O4 case, the localized energy levels created by oxygen 
vacancies can be seen as an empty aluminium sp3 orbital. From a 
molecular orbital point of view, it can be seen as the transition 

from [AlO4]5- (Td) to [AlO3]4- (C3v), leading to a splitting of the Al 

Fig. 8. (a) Comparison of the radiance decay curves and (b) 
thermoluminescence of Sr1-x/2Al2-xSixO4 transparent ceramics doped 
with 1%Eu2+ and 2% Dy3+ after λexc = 365 nm for 5 min at 13 K. For sake 
of comparison, the radiance decay curve of the monoclinic SrAl2O4 
doped and prepared with the same process is presented. Notice that 
experiments were done on powder samples. (c) Thermoluminescence 
glow curves of Sr0.75Al1.5Si0.5O4:Eu2+ with different Dy3+ doping contents 
(0, 0.25, 0.5, 1, 2.5 and 5 %) λexc = 365 nm for 5 min at 13 K. 
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3p antibonding energy level, which can be seen as the LUMO.66,67 
Along the solid solution, part of [AlO4]5- tetrahedron are replaced 
by [SiO4]4- tetrahedron. As the Si-O bond strength is generally 
larger compared to Al-O one due to its higher electronegativity, 
this may induce a higher energy level splitting between the 6a1* 
stabilized and 4e* not stabilized level, i.e. a higher trap depth, that 
is indeed observed on the main trap peak position on the 
thermoluminescence glow curves. 

On the other hand, the TL intensity of the peak close to room 
temperature decreases. In a practical point of view, this evidences 
less intense decay curves and persistent luminescence intensity 
when Dy3+ increases. This has been confirmed with persistent 
glow curves (Fig. S14) in which the intensity of the glow curves 
decreases with the Dy3+ doping concentration. Still, the intensity 
of the glow curves of the different samples is in the same order of 
magnitude, as previously observed for TL intensities. This reveals 
that the incorporation of more defect-stabilizing doping ion, 
enables slightly deeper trap depths, suitable for room 
temperature relaxation that can significantly improve the 
persistent intensity of studied transparent ceramic phosphors. 
This is promising insight in improving the afterglow performance 
of studied samples. 

 

4. Conclusions 
Transparent persistent phosphors belonging to the hexagonal Sr1-

x/2Al2-xSixO4:Eu2+,Dy3+ solid-solution were obtained by full glass 
crystallization. The synthesis conditions, using (i) a double CO2 
laser heating system coupled to an aerodynamic levitation to 
ensure glass forming and then (ii) a single heat treatment to 
perform full crystallization, enable to obtain transparent ceramic 
monoliths for a large composition range, from x = 0.1 to x = 0.5. In 
addition, glass formation of the Eu2+, Dy3+ co-doped 
Sr0.75Al1.5Si0.5O4 composition (x = 0.5) can be achieved in a regular 
commercial furnace using a platinum/rhodium crucible. It is 
therefore possible to scale up the process and synthesize large 
transparent ceramic pieces. The Sr1-x/2Al2-xSixO4:Eu2+,Dy3+ 
ceramics demonstrate a colour shift varying from green to light 
blue (from x = 0.1 to x = 0.5) from both steady state 
photoluminescence and persistent luminescence measurements. 
This colour change is assigned to a blue shift of the Eu2+ 5d → 4f 
emission and to the appearance of Dy3+ emission lines. In addition 
to this colour evolution, materials with increasing Si contents 
exhibit longer persistent decays. Persistent luminescence 
excitation results show that a broad range of wavelength, 
extending from UV to blue/green light, can effectively charge the 
persistent materials and that charging with low power white 
LEDs, as those available in mobile phones, is sufficient to observe 
the blueish white persistent emission for several tens of minutes. 
Finally, the temperature dependence of photoluminescence, 
thermoluminescence and DFT calculations provide insights about 
the evolution of the persistent luminescence properties as the Si 
content increases and the trap depths become deeper hence 
closer to optimal trap depth position for persistent luminescence.  

Eu2+,Dy3+ doped Sr1-x/2.A2-xSixO4 fulfil all the three criteria 

(transparency and the related volume effect, tuneable persistent 

luminescence, possible charging with visible light) to be suitable 

for night lighting applications. However, an enhancement of 

persistent intensity is still required to move towards commercial 

development, and our results suggest that promising 

improvements by suitable codopants can be realized. 
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