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Abstract 

BaAl2O4:Eu2+,Dy3+ is related, both by structure and luminescence, to one of the best 

persistent luminescent phosphors, SrAl2O4:Eu2+,Dy3+. At room temperature (RT), the 

green persistent emission of BaAl2O4:Eu2+,Dy3+ remains visible for hours after ceasing 

irradiation. Similar to SrAl2O4, BaAl2O4 with hexagonal P63 structure, has two M2+ 

sites, but, limited optical activity from the 2nd site is observed in the emission of 

BaAl2O4:Eu2+,Dy3+ - even at 77 K. Using combined approach of photoluminescence, 

thermoluminescence (TL), and persistent (excitation) luminescence measurements, 

the origin and properties of persistent luminescence of BaAl2O4:Eu2+,Dy3+ were 

studied in detail. Ultraviolet (UV) excited and persistent emission are identical and no 

contribution from the Eu2+ in the high-symmetry Ba site was observed. TL excitation 

spectra clarified the unstructured conventional excitation spectrum; now it is evident 

that defects or the Dy3+ co-dopant do not contribute to persistent luminescence via 

direct energy absorption. Mechanisms for persistent luminescence should thus be 

revised. 

Keywords: BaAl2O4, Eu2++Dy3+ co-doping, persistent luminescence, 

thermoluminescence, excitation 
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1 Introduction 

In persistent luminescence, the material continues to emit for several hours after the 

irradiation source has been removed [1]. This phenomenon is used in many 

applications such as traffic and emergency signs, watches, clocks, textile printing and, 

more recently, in Near Infra-Red (NIR) emitting biomedical applications. It can also be 

employed in sensors and thermometers. There exists a wide variety of different 

persistent luminescence materials such as silicates, aluminates, oxides and even 

sulfides. The most performant materials are the Eu2+ and Dy3+ doped aluminates that 

can emit in excess of 24 h [2]. 

Persistent luminescence is due to defects in the structure of the material. These 

defects can be eg lattice distortions and substitutional sites which are created into the 

structure with co-doping or introducing by other means structural disorder [3]. The 

defects act as sites where the charge carriers (electrons and holes) are trapped 

following irradiation. After the irradiation has been removed, charge carriers are 

released from the traps with the aid of thermal energy and the emitter is returned to 

the ground state with long delay by emitting radiation. 

Thermoluminescence (TL), also called as thermally stimulated luminescence (TSL), is 

a method to study the trap structure of materials [4,5]. In TL, the material is first 

irradiated with eg UV (or β or X- ray) radiation for a selected length of time at low 

temperature, eg below RT. Then the material is heated with a constant heating rate 

and the emission (or detailed emission spectrum) is measured simultaneously. The 

former output leads to a TL glow curve in which the emission (or even entire emission 

spectrum) is presented as a function of temperature. 

There are three pivotal factors regulating persistent luminescence output: excitation, 

emission and duration of emission. The latter two are trivial to measure and can be 
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done in most cases even with visual perception in a very short time. The excitation is 

a much more difficult process to detect and grasp. In conventional excitation 

spectroscopy, it is always uncertain if the excitation spectrum (usually in UV and/or 

blue ranges) is really due to excitation of persistent luminescence or only that of 

conventional luminescence. Moreover, if persistent luminescence is (very) strong, the 

conventional luminescence spectrum is flattened down due to high background and 

low signal-to-noise ratio. Difference in techniques to the emission is thus both 

fundamental and practical. Evidently, special, and probably very time consuming, 

technique(s) must be used to obtain reliable excitation data for persistent 

luminescence. 

In this work, the BaAl2O4:Eu2+,Dy3+ persistent luminescence materials, prepared with 

a solid state (SS) reaction, were studied using a variety of methods. BaAl2O4:Eu2+,Dy3+ 

is the heaviest though the least efficient persistent luminescent material in the 

MAl2O4:Eu2+,R3+ (M: Ca, Sr, Ba) series. Low efficiency may be attributed to the 

hygroscopic host material and/or polymorphic structure [6] which both may deteriorate 

persistent excitation and emission through a change in the trap structure thus 

shortening the persistent duration as well. On the other hand, the high Ba content of 

these materials allows for a specific application: X-ray induced persistent 

luminescence. The use of X-rays brings additional emission power (through higher 

storage of energy) though there are evident disadvantaged due to the use of X-ray 

irradiation (and Ba compounds): increased radiation damage (and increased acute 

toxicity [7] – not only because Ba is a heavy metal). 

The crystal structure and purity of the BaAl2O4:Eu2+,Dy3+ materials was confirmed with 

the X-ray powder diffraction (XPD). The photo- as well as persistent luminescence 

properties after UV and β irradiation were studied. The glow curves and emission 
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spectra were measured after each change of the irradiating UV-vis wavelength. Using 

the latter results the TL excitation [8] spectra (TLES) were constructed. The 3D 

persistent excitation spectroscopy is expected to throw more light on the persistent 

properties of BaAl2O4:Eu2+,Dy3+ under X-ray, β and UV irradiation than the simple TL 

measurements.The most significant contribution of the present work to the ever-

increasing pool of knowledge on persistent luminescence materials is to emphasize 

the importance of the excitation characteristics of the phosphors as well as indicate 

the difficulties to measure reliable excitation spectra. So far the trivial studies of the 

emission spectra and emission duration have overwhelmed the investigations of the 

equally - if not the most - important step of the persistent luminescence processes: the 

excitation. 

 

2 Experimental 

2.1 Materials and Methods 

The BaAl2O4:Eu2+,Dy3+ materials were prepared with appropriate solid state reactions 

using the following reactants: BaCO3 (Pro analysis, Merck), Al2O3, (99.99 % - 4N, 

Sigma-Aldrich), Eu2O3, (4N, Double pilots group) and Dy2O3 (4N, Rhodia). The Eu2+ 

and Dy3+ amounts were both one mole-% of the Ba2+ amount. Stoichiometric amounts 

of starting materials were ground together using a ball mill or an agate mortar. The 

mixtures were fired at two stages in a reducing N2 + 10 % H2 gas sphere - 1 h @ 

900 °C and 4 h @ 1300 °C. 

 

2.1.1 X-Ray Powder Diffraction 

Phase purities and crystal structures of the materials were analysed using the X-ray 

powder diffraction (XPD) measurements. The XPD patterns were collected at RT 
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between 4 and 100° (in 2θ) with a Huber 670 image plate Guinier camera (Cu Kα1 

radiation, 1.5406 Å). The data collection time was 15 min followed by ten scans of the 

image plate. A Ge crystal was used as a monochromator. The measured XPD patterns 

were compared to the calculated ones obtained using the program PowderCell [9] and 

appropriate crystal structure data [10]. 

 

2.1.2 UV Excited and Persistent Luminescence 

The photoluminescence emission and excitation spectra at RT and 77 K were 

measured using a Varian Cary Eclipse spectrometer with a 15 W Xe lamp as the 

excitation source. The persistent luminescence emission spectra were measured 

using the same spectrometer. For the latter experiments, the material was first excited 

with a 4 W UVP UVGL-25 UV lamp (@ 254 nm, for 5 minutes). The persistent 

luminescence emission spectrum was measured with a delay of one min after shutting 

down the irradiation source. As an alternative to UV irradiation, the materials were also 

irradiated with β particles for 10 min using a 90Sr/90Y source. 

 

2.2 Persistent Luminescence Excitation 

The TL measurements above RT were carried out with a Risø TL/OSL reader model 

DA-15A/B (@ Delft University of Technology, Faculty of Applied Sciences) equipped 

with an EMI 9635QA PM tube (sensitive in 200-650 nm) and a BG39 (or KG3) filter in 

front of the photomultiplier tube (PMT). A constant heating rate (5 °Cs-1) was used. 

The TL measurements were started immediately after shutting down the irradiation 

source. The photon beam was produced with a 150 W Xe arc lamp (Hamamatsu 

L2273) and a 0.125 m monochromator (Oriel CornerstoneTM 130) giving a wavelength 
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resolution of 0.8 nm with 0.1 mm slit widths. The samples were pressed as pellets 

before measurements. 

 

3 Results and Discussion 

3.1 Purity and Structure of Materials 

The BaAl2O4:Eu2+,Dy3+ materials considered crystallized in the hexagonal structure 

(space group (SP): P63, #173, Z: 8) with a: 10.449 and c: 8.793 Å [11]. No impurities 

were observed as proven by the XPD patterns (Fig. 1). The hexagonal structure of 

BaAl2O4 has two different Ba2+ sites [10,11]; one 6-fold site of low symmetry (with no 

symmetry at all) and another 2-fold site of high trigonal symmetry. It should be noted, 

however, that the host, BaAl2O4, shows pronounced tendency to polymorphic forms - 

more or less close to the hexagonal P63 “parent” form. 

Unfortunately, neither the conventional XPD measurements nor the calculated ICDD 

PDF-2 “reference” patterns (based on the corresponding ICSD data [12]) are 

sophisticated enough to distinguish at RT between the two main hexagonal forms with 

SPs P63 (#173) and P6322 (#182). The differences are just next to nothing: slight 

changes in reflection intensities which may well be due to (or masked by) eg preferred 

orientation. Still another BaAl2O4 phase with overall orthorhombic/(monoclinic?) 

structure (SP: P212121 #19) [13] has been identified with (neutron) powder diffraction 

(splitting of some reflections indicate lowering from the hexagonal structure). Even 

farther away from the hexagonal BaAl2O4, a cubic BaO•Al2O3•H2O (SP: Pm3m, #221; 

a = 9.638 Å) [14] risks to be encountered insofar the humidity attacks the anhydrous 

BaAl2O4. Eventually, a High-Temperature XPD study [6] gave at least five rather 

similar XPD patterns for the same BaAl2O4:Eu2+,Dy3+ sample in the temperature range 

between RT and 260 oC – and one with split reflections, indeed. 
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The dopant concentrations (Eu2+ & Dy3+: 1 mol-% each) are too low to be observed 

either in the reflection intensities or the reflections’ 2θ positions, at least partly because 

of the high absorption of Eu (and Dy) of the Cu Kα1 radiation used in XPD. The 

scattering power of the dopants is thus too weak despite slightly higher number of 

electrons (Ba: 56; Eu: 63 and Dy: 66) to compensate the increased X-ray absorption. 

A change in the reflections’ 2θ positions due to the doping used here, is also small 

because of the relatively high FWHM of the reflections (because of the solid state 

synthesis) and the small difference in the ionic sizes [15] between Ba2+, Eu2+ and Dy3+. 

This ensured good solid solubility of the dopants in the BaAl2O4 host though. 

 

 

Figure 1. Measured and calculated [9,10] X-ray powder diffraction patterns of 

BaAl2O4:Eu2+,Dy3+. 

 

3.2 Photoluminescence 

Since the emission spectra of BaAl2O4:Eu2+,Dy3+ are rather abound in the literature, 

they are dealt with here only briefly. The emission spectra (Fig. 2, right) consist of a 
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broad emission band centered at 495 and 510 nm at RT and 77 K, respectively (λexc: 

330 nm). Emission is due to the 4f65d1(2D) → 4f7(8S7/2) transition of Eu2+. No additional 

emission bands were observed in the spectra despite the fact that the BaAl2O4 material 

has two Ba sites with different site symmetry but with the same coordination number 

9 [10,11]. This observation is in contrast to an earlier study [16] where a shoulder in 

the lower energy side (@ 540 nm) of the main emission at 510 nm was observed at 

4.2 K. The shoulder was convincingly assigned to emission from Eu2+ in the minority 

high-symmetry site. In the present study, the FWHM band width of the main emission 

is possibly large enough to mask entirely the band due to the minority Eu2+ species. 

The FWHM band width may be larger because of the additional structural distortions 

created by the Dy3+ co-dopant, as well. 

Another reason to the absence of the emission from the high-symmetry site is offered 

by an enhanced energy transfer to the main emission site. Since the nominal Eu 

concentration is the same as in the previous study [16], the enhanced energy transfer 

means shortening of the Eu2+-Eu2+ distances which occur through clustering of the 

Eu2+ species. This may take place due to the inhomogeneous distribution of Eu2+ ions 

due to preparation conditions. Alternatively, the Dy3+ co-dopant (absent in [16]) may 

have an effect on this distribution, as well. Dy3+ in the Ba2+ site has an extra positive 

charge (but not equal to 1!) and can form clusters with other charged defects. A small 

Eu2+ in a large Ba2+ site induces a deficit of positive charge despite the same nominal 

charge and serves as a defect with negative charge. Clustering of these two species 

is enhanced by the long annealing times due to increase in the mobility of ions. 

Eventually, although the average Ba-O distances are the same for the two sites [10], 

Eu2+, being smaller than Ba2+, may preferentially occupy the low-symmetry Ba2+ site. 

For this site with rather anisotropic coordination, there are several distances shorter 
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than the average one which may prove to be the decisive ones in the choice of Eu2+ 

occupation of smaller size. 

Figure 2. Excitation (left) and emission (right) spectra of BaAl2O4:Eu2+,Dy3+ @ RT and 

77 K. 

The red-shift of the emission band with decreasing temperature (RT→77 K) is due to 

the simultaneous and parallel effect of the nephelauxetic and crystal field (cf) effects. 

Both effects result from the shrinking of the host lattice. The latter is a consequence 

of strengthening of the cf effect. This increases the splitting of the 2D level and lowers 

the energy of the lowest 2D (emitting) level and thus the emission energy, as well. The 

nephelauxetic effect results from shrinking of the space available for Eu2+ in the Ba2+ 

site with decreasing temperature which pushes the entire 4f65d1 electron configuration 

to lower energy. Both effects result in lower emission energy. 

The excitation spectra of BaAl2O4:Eu2+,Dy3+ (Fig. 2, left) are quite similar at both 

temperatures though at 77 K the shoulder below 400 nm suggests slight band splitting 

in the spectra. The maximum excitation remains at 340 nm with emission at 500 and 

510 nm at RT and 77 K, respectively. The band at ca. 260 nm is probably an artifact 

due to the low intensity of the Xe lamp used in the experimental setup and subsequent 

increased incertitude of the intensity measurement. The prominent feature of the 

excitation spectra is the absence of clear band structure. In principle, the 2D level 
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should split up to five cf levels; for the low symmetry site Ba2+ exactly to five whereas 

for the trigonal site only to three. Combining the RT and 77 K spectra the number of 

bands is 4+ so the band structure may result from the low-symmetry site alone 

confirming the conclusions made on the emission spectra. No effect (sharp lines) due 

to Dy3+ co-dopant is observed. Due to the total 2D splitting of ca 20000 cm-1, the 2D 

level structure should be more visible than it is now (and the spectra presented 

previously [16]). Moreover, the 2D bands should show more or less clear fine structure 

of 7 subbands because of the 4f6 part of the 4f65d1 electron configuration of Eu2+ - 

inasmuch the spectra were recorded at low temperatures, eg 4 K. At 77 K this structure 

may not be visible because of (or despite) the total splitting of the fine structure 

amounts to 5000+ cm-1. 

Alternatively, the severe overlap of the bands suggests excitation to the other Ba site 

and subsequent energy transfer to the emitting level that requires, however, short 

Eu2+- Eu2+ distances contradicting with the low (1 mol-%) Eu2+ concentration. This was 

discussed already above. 

The lack of clear structure in the conventional excitation spectra of BaAl2O4:Eu2+,Dy3+ 

is characteristic to the persistent luminescent materials with strong persistent 

emission. Then, during the measurement of the conventional excitation spectrum, the 

persistent emission contributes to a high quasi-continuous background (though 

weakening every minute – in principle). At the same time, due the depletion of the 

emitting Eu2+ species because of participation to the persistent luminescence process, 

the intensity of the Eu2+ bands in the conventional excitation spectrum decrease. In 

addition to the increase in the background emission, the signal-to-noise ratio 

decreases due to a decrease in emission intensity. As a result, in extreme cases, the 

excitation spectra may become unintelligent or, at least, very difficult to interpret. 
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Especially, the bands plausibly responsible for persistent luminescence, are almost 

impossible to identify and characterize. 

In 1995 – just one year before the first preliminary report was published on the new 

era MAl2O4:Eu2+,R3+ persistent luminescence materials [17] – the effect of strong 

persistent luminescence on excitation spectra of seemingly innocuous phosphors was 

not realized. The words “persistent luminescence” (or “afterglow” or 

“phosphorescence” - as the persistent luminescence was called then) were mentioned 

not once in [16]… The persistent luminescence seems to have appeared suddenly out 

of the blue though the Eu2+ doped MAl2O4 had been known already in the 1960s as 

efficient conventional phosphors but then rejected because of the strong afterglow and 

unfavorable thermal behavior of luminescence [18]. 

 

3.3 Persistent luminescence 

The persistent emission of BaAl2O4:Eu2+,Dy3+ is centered at 495 nm which is almost 

identical with the UV excited emission band (Fig. 3, left). No trace of Eu2+ emission in 

the high-symmetry site at long wavelengths (ie low energy) was observed in the 

persistent emission, either. It is thus safe to assume that the persistent emission is 

due to the same Eu2+ center as the UV excited luminescence. It is almost a rule that 

no persistent emission can be observed to originate from the co-dopant, except in the 

rare cases when the oxidation state of the co-dopant was modified in the preparation, 

as for eg Y2O2S:Eu3+,TiIV [19,20]. The role of the co-dopant is thus usually restricted 

to the creation of the defects for energy storage to be subsequently used to produce 

persistent luminescence. The special role of a dopant with incompatible charge seems 

to be to form clusters between the traps (defects), emitting species and co-dopants. 
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This was emphasized already previously [21] and may now explain the short Eu2+-

Eu2+ distances and the absence of emission of the 2nd Eu2+ site (see above). 

Moreover, it should not be taken for granted that persistent emission could necessarily 

be obtained from all the normal (here Eu2+) emitting species present in the material. It 

is not excluded that the same emitting species but occupying a different site in the host 

structure produces persistent luminescence at all. The ratio of persistent luminescence 

may also differ from the number of the emitting centers in different sites [22]. These 

effects are most probably due to preferential energy transfer from the traps to the some 

selcted emitting centers only. 

 

 

Figure 3. UV excited and persistent luminescence spectra of BaAl2O4:Eu2+,Dy3+ 

@ RT (left). TL glow curve of BaAl2O4:Eu2+,Dy3+ after irradiation with UV for 30 s 

(irradiation & excitation @ 335 nm) and with β radiation for 600 s. 

 

3.4 Persistent Luminescence Excitation 

In the TL glow curve of BaAl2O4:Eu2+,Dy3+ (Fig. 3, right) measured after UV irradiation 

(@ 335 nm), only one band at 57 °C is observed. Also after β-irradiation, one strong 

band at 68 °C exists. These TL bands are probably due to the same trap, however. 

The difference in the maximum temperature can be due to the different irradiation 
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types and times used. With β-irradiation, there is also a very weak band at ca. 200 °C. 

If this trap really exists, this deep trap cannot be filled with UV irradiation at 335 nm 

(ca 3.7 eV). The rise above 275 °C after β-irradiation is due to the increase in the 

background signal. 

Compared to the UV irradiation, a lengthy β-irradiation time was needed to achieve TL 

data with good quality. Charging of the persistent luminescence of BaAl2O4:Eu2+,Dy3+ 

with UV irradiation is rather fast a process: the steady state can be achieved already 

after 30 s. Deconvolution of the TL glow curves (not shown here) yields a single trap 

with a depth of 0.8 eV after both UV and β irradiation. Results agree well with studies 

on the BaAl2O4:Eu2+,Dy3+ materials prepared with both solid state and combustion 

methods [23]. 

In the TL excitation spectra (Fig. 4) at least two bands are observed at ca. 280 and 

330 nm. There is also a shoulder at ca. 380 nm. The excitation is most efficient with 

the 330 nm irradiation. The shape of the TL excitation spectra does not change 

between 50 and 100 °C (Fig. 4, left) though immediate bleaching of the traps results 

in weak intensity at high temperatures (above 75 oC). At temperatures higher than 

100 °C, a band at ca 220 nm is detected, though this is probably an artefact due to the 

experimental setup. The high-energy band is close to the band gap energy of BaAl2O4. 

The complex band structure is mainly due to the splitting of the excited 5d1 2D level of 

Eu2+ coupled to the structure of the 4f6 levels (in fact, the electron configuration of Eu2+ 

is 4f65d1). 
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Figure 4. TL excitation spectra of BaAl2O4:Eu2+,Dy3+ at different temperatures (left) 

and contour plot of the corrected TL glow curves of BaAl2O4:Eu2+,Dy3+ measured after 

irradiation with different wavelengths (right). 

 

Irradiation of BaAl2O4:Eu2+,Dy3+ with UV-vis radiation in the range from 200 to 500 nm 

has no effect on the shape of the TL glow curves consisting still only of a main band 

centred at 57 °C. The excitation spectra show little fine structure though at least two 

bands can be observed at 280 and 330 nm (max) with a shoulder at 380 nm. Despite 

the low quality of conventional excitation spectra, the persistent excitation spectra are 

similar to that, indicating the same origin of the bands. The huge advantage of the 

persistent luminescence excitation spectra, though the apparent resolution is not as 

good as of the conventional one, is the extreme clarity of the spectra. Now the bands 

can be seen without doubt and it is confirmed that the band structure is due to the Eu2+ 

centre only. Moreover, no defect or Dy3+ related excitation could be observed. The 

duty of Dy3+ is thus exclusively to trap the electrons and to form dopant ion clusters to 

enhance the transfer of charge carriers. 

 

4 Conclusions 

The persistent luminescent BaAl2O4:Eu2+,Dy3+ phosphors with the hexagonal P63 

structure were successfully manufactured in pure form. The exact structure of the host 
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could not, however, be verified due to several very similar hexagonal structures. The 

photoluminescence and persistent luminescence are essentially identical indicating 

the same emitting Eu2+ centre; it cannot thus be excluded that only one Eu2+ centre 

(out of two) is involved in the emission. The TL excitation spectra clarified vastly the 

unstructured conventional excitation spectrum. No contribution from defects or the 

Dy3+ co-dopant could be observed in the TL excitation spectra. 

The deconvolution of the TL glow curves yielded one trap @ 0.8 eV which is close but 

slightly too shallow for the use of BaAl2O4:Eu2+,Dy3+ as persistent luminescent 

phosphors at RT. The charging of the persistent luminescence of BaAl2O4:Eu2+,Dy3+ 

is a fast process which facilitates the practical use of these materials. Although the 

harvesting of UV radiation from 250 to 400 nm is efficient covering well the near UV 

part of the solar emission reaching earth’s surface, the total efficiency is rather low 

since the portion of UV radiation in the solar spectrum is rather low, only below 20 %. 

Eventually, the comparison between the present PLES and those for the only Eu2+ 

doped materials published earlier, shows that the Dy3+ co-doping is not absolutely 

essential to obtain persistent luminescence. That said, the R3+ co-doping can boost 

(or abate) persistent luminescence up to several orders of magnitude [24]. This 

observation provides important information as far as the mechanism of co-doping is 

considered. 
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