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Abstract: The green-emitting SrAl2O4:Eu,Dy phosphor is the most widely-used
and well-studied persistent luminescent phosphor available today. Recent efforts
to boost its performance in terms of luminescence intensity and duration are
challenged by complex loss mechanisms, including the optically stimulated
release of previously trapped charges by excitation light. Here we present
minimally scattering SrAl2O4:Eu,Dy single crystals which, as opposed to powder
phosphors, allow to profit from a so-called volume effect, resulting in significantly
increased emission intensity. Additionally, they allow to identify the reabsorption
of the afterglow emission by trapped charges as an important loss mechanism,
leading to a non-linear scaling of the emission intensity with the crystal size.
If circumvented, the emission intensity could be further increased, both in
persistent luminescent powders, ceramics and single crystals.
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Persistent phosphors are luminescent mate-
rials that can emit light long after the exci-
tation has ceased.1,2 This technologically in-
teresting feature follows from a photo-induced
charge transfer between the activator dopant
(e.g. Eu2+ ) and a defect, often the triva-
lent lanthanide codopant like Dy3+ or Nd3+,3,4

that acts as a metastable charge trapping
center. Extensive research on these materi-
als has started after the development of the
green-emitting SrAl2O4:Eu,Dy a few decades
ago.5 Since then it has been proposed to use
persistent phosphors for medical imaging,6,7

theranostics,8 remote thermometry,9 structural
health monitoring, photocatalysis and traffic or
emergency signalization.1

A recent benchmarking study10 including
commercially available SrAl2O4:Eu,Dy pow-
ders and single crystals has shown that the in-
tegrated persistent luminescence intensity has
not spectacularly increased since it was first re-
ported in 1996. At the same time several in-
dependent experiments have shown that there
is still a lot of room for improvement as only
a few percent of the Eu centers are ionized
at the same time in SrAl2O4:Eu,Dy 11,12 and
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Sr4Al14O25:Eu,Dy.3 A straightforward way to
overcome these fundamental limitations in per-
formance is to move to transparent samples
such as ceramics, glasses, polymer layers or
single crystals.13–15 In these materials a re-
markable enhancement in persistent lumines-
cence intensity can be achieved due to an in-
creased phosphor volume. However, scattering
should be minimized in order to optimize the
light output making highly transparent single
crystals, such as the ones used in this work, the
preferred option.16 Nevertheless, it is essential
to suppress loss mechanisms which reduce the
performance of the materials.

Recently, absorption of excitation light by
trapped charges and the subsequent opti-
cally stimulated detrapping has been identified
as a mechanism that dynamically limits the
storage capacity of SrAl2O4:Eu,Dy 17,18 and
Sr2MgSi2O7:Eu,Dy19 during photo-excitation
of the phosphor. In the present work it is
shown that some of these defects also intro-
duce an absorption that strongly overlaps with
the emission of the phosphor. As a result,
part of the afterglow emission is absorbed by
the trapped charges which are subsequently de-
trapped. This does not only negatively affect
the integrated afterglow intensity but also con-
siderably alters the kinetics of the afterglow de-
cay.

This is substantiated by recording, analysing
and modelling the afterglow emission of three
cylindrical SrAl2O4:Eu,Dy single crystals with
different sizes (diameter D = 5.0 mm, length
L = 0.9, 2.4, 5.0 mm) but an identical com-
position (Figure 1d). To measure the afterglow
(Figure 1a), the single crystals were mounted
in an integrating sphere and exposed to high
intensity blue light (445 nm, 125 mW/cm2)
for 15 minutes, which is sufficient to reach a
steady state situation. As expected, the ini-
tial afterglow intensity of the crystals increases
with size. However, this increase in intensity
is not directly proportional to the size of the
crystal and the larger crystals are dimmer than
expected (full line in Figure 1). Additionally,
with increasing size of the single crystals the
afterglow decays faster and the integrated af-
terglow intensity per gram of the material, i.e.
the so-called storage capacity,11 decreases spec-

tacularly by 42% (Figure 1b). The latter is also
evident from the pictures in Figure 1d where
the largest crystal, opposed to the two smaller
crystals, is not visible anymore 165 minutes af-
ter excitation has ended.

As a consequence of the charge trapping pro-
cess and the accompanying valence change of
dopant ions, the optical absorption of the phos-
phor will change17,20 and this will likely con-
tribute to the size-dependence of the afterglow
dynamics and intensity. These changes in ab-
sorption were identified by recording the trans-
mission spectrum of the smallest single crystal
before and after exposure to blue light (Fig-
ure 1c). To minimize undesired artefacts due
to afterglow emission at room temperature, the
transmission spectra were recorded at 75 K in
a dedicated setup (Figure S1). However, exci-
tation of the single crystal with blue light to
induce charge trapping was performed at room
temperature to overcome the thermal barrier
for trapping.21,22 A comparison of the trans-
mission spectrum of the crystal in these two
states, with empty traps or filled traps, reveals
that an additional broad absorption band is
created after excitation of the phosphor. No
information could be obtained for wavelengths
shorter than 485 nm as a long-pass filter was
used to avoid excitation of Eu2+ during the
measurement. However, the results imply that
the trapped charges in the phosphor absorb
light over a broad spectral range starting at an
energy of 1.3 eV (950 nm) which is likely due to
the 4f10 →4f95d1 transition of Dy2+23–25 which
will be the topic of a separate work. Moreover,
this absorption strongly overlaps with charac-
teristic green emission that can be ascribed to
the 4f65d1 → 4f7 transition of Eu2+ (Figure 1c).

While it is widely recognized that the ab-
sorption of light by trapped charges can result
in optically stimulated detrapping, which is ex-
ploited in many applications including medical
imaging or (personal) radiation dosimetry,26–28

it should be noted that the mere absorption of
light by these trapped charges does not guar-
antee subsequent detrapping. A notable exam-
ple is CaF2:Eu,Sm where a reversible electron
transfer between the two dopants can be opti-
cally induced. The electron transfer from Eu to
Sm creates several absorption bands in the vis-
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Figure 1: (a) Afterglow curves of the three SrAl2O4:Eu,Dy single crystals recorded after 15
minutes of excitation with blue (445 nm, 125 mW/cm2) light. (b) The storage capacity and
initial afterglow intensities of the three single crystals. The full grey line indicates the expected
increase in initial intensity. The dashed lines are guides to the eye.(c) Transmission spectrum of
the smallest crystal measured at 75 K along the axis of the cylinder, before and after exposure
to blue light (445 nm, 6.5 mW/cm2) for five minutes at room temperature. (d) Pictures of the
three single crystals under different illumination and during afterglow recorded with a Canon
EOS 6D Mark II (50 mm, f/4, ISO 800) with a variable integration time (indicated in the figure).

ible region coming from Sm2+.29 Yet, at room
temperature, only excitation into the higher ex-
cited states of Sm2+ using violet (420 nm) light
results in a significant transfer of the trapped
electron back to Eu. Similar behaviour was also
found in YPO4:Ce,Sm but at lower tempera-
ture.30

So, to investigate whether (re)absorption of
green light leads to optically stimulated de-
trapping in SrAl2O4:Eu,Dy the largest crys-
tal was exposed to green laser pulses (532 nm,
300 mW/cm2) while its afterglow was recorded
(Figure 2c). It can be seen that exposure of the
crystal to the green stimulation light results in
a faster decrease of the afterglow intensity over
time. The size of the effect depends on the
length of the stimulation pulses.

Further convincing evidence can be found
by looking at the effect of green light on the
TL signal of the smallest single crystal. For
this the crystal was illuminated with blue light
(445 nm, 6.5 mW/cm2) for five minutes. Ten

minutes after the end of excitation the crys-
tal was heated at a linear rate of 1 ◦C/s to
record the TL signal. All shown TL pro-
files have been corrected for thermal quench-
ing (TQ) (Figure 2d). The TL curve of the
smallest single crystal (Figure 2a) is slightly
asymmetric and peaks at 75 ◦C. If the crys-
tal is exposed to green stimulation light (532
nm, 300 mW/cm2) in the ten minutes between
the end of excitation and the start of heating,
the intensity of the TL curve decreases and the
peak maximum slightly shifts to higher tem-
peratures (77 ◦C). After 480 s of stimulation
with green light, only 8% of the original inten-
sity is left. The same experiment was repeated
on commercially acquired SrAl2O4:Eu,Dy pow-
der (Glotech, GT 8400) which was incorporated
in a PDMS layer to ensure homogeneous ex-
posure to the excitation and stimulation light.
The TL curve of the powder sample peaks at
110 ◦C and is much broader than the glow
peak of the single crystal. This is generally
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Figure 2: (a) Thermoluminescence curves of the smallest single crystal (L = 0.9 mm) and of
powder, recorded at a heating rate of 1 ◦C/s and corrected for thermal quenching. Within the
fixed ten minute time span between excitation (445 nm, 6.5 mW/cm2, 300 s) and the start of
recording the thermoluminescence glow curve, the samples were exposed to green light (532 nm,
300 mW/cm2) for varying durations. (b) The difference between the TL curves recorded without
exposure to green light and the ones recorded after 30 s (blue lines) or 480 s (red lines) of green
illumination. (c) Afterglow of the largest single crystal (L = 5.0 mm) recorded after excitation
with blue light (445 nm, 6.5 mW/cm2) under pulsed stimulation with green light (532 nm, 300
mW/cm2). The afterglow was only recorded when the green stimulation light was switched off.
(d) Thermal quenching curves recorded under excitation with blue light (445 nm, 6.5 mW/cm2)
at a heating rate of 0.5 ◦C/s.

attributed to the wide trap depth distribution
that can be present in persistent luminescent
aluminates.21,22,31,32 The difference between
powders and single crystals is most likely due
to a difference in synthesis conditions, sample
composition and the use of boric acid. Upon
exposure to green light the TL intensity of the
powder likewise decreases, to about 43% of the
initial intensity after 480 s of stimulation with
green light. The low temperature side of the TL
curve appears to be affected more and the con-
tribution at higher temperatures is remarkably
more stable under optical stimulation. As the
green stimulation is prolonged, however, deeper
traps are gradually depleted as well. This is vis-
ible in Figure 2b where the difference between
the TL curves without and after 30 s or 480 s
of illumination with green light is shown.

It can thus be concluded that part of the per-
sistent luminescence from SrAl2O4:Eu,Dy sin-
gle crystals and powders is absorbed by the
trapped charges. Furthermore the reabsorption
of the green emission induces further detrap-
ping. The result is an accelerated depletion of
the phosphor in combination with an appar-
ently lower storage capacity because this opti-
cally stimulated detrapping process, that takes
place in addition to the spontaneous thermally-
driven detrapping, is essentially a loss mecha-
nism, i.e. multiple traps are emptied per emit-
ted photon. As such, the term storage ca-
pacity which is used to refer to the integrated
afterglow intensity expressed in photons/gram
should perhaps more suitably be called an ob-
servable storage capacity as it only relates to
those trapped charges that result in detectable
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light emission and is not equal to the concen-
tration of trapped charges.

While the effect is smaller in powder sam-
ples compared to crystals, it might partially ex-
plain the difference between the storage capaci-
ties obtained by integrating the persistent lumi-
nescence of SrAl2O4:Eu,Dy powder11 and the
one obtained through X-ray absorption mea-
surements12 which was estimated to be roughly
twice as large. A similar observation was made
by Ueda et al.14 who noted that the num-
ber of Yb2+ ions (i.e. presumably equal to
the amount of trapped electrons) in a trans-
parent Y3Al2Ga3O12:Ce,Yb ceramic, estimated
through XANES and optical absorption mea-
surements, was roughly a factor 55 higher than
the number of photons emitted during after-
glow. This was explained in the context of a
reduced recombination efficiency with only a
small fraction of the detrapped charges leading
to emission upon recombination at the Ce acti-
vator. However, considering the transparency
of the ceramic in combination to the strong
Yb2+ absorption that is induced upon charging
the phosphor and the overlap between this ab-
sorption and the Ce3+ emission it is likely that
this discrepancy can also partly be attributed
to losses due to reabsorption of the afterglow
emission.

The absorption of emission light also has a
considerable effect on the TQ profile recorded
by heating the sample under constant illumina-
tion with blue light for the smallest single crys-
tal (Figure 2d). The luminescence intensity ini-
tially increases, at temperatures where most of
the trapped charges are already released, before
the quenching finally sets in around 130 ◦C.
The TQ profile is independent of the heating
rate employed during the measurement (Fig-
ure S3) and it can thus be concluded that the
increase in intensity is purely a consequence
of a decrease in absorption because previously
trapped charges are detrapped.

To elucidate the effect of the reabsorption of
emission light on the dynamics and intensity
of the afterglow of the three SrAl2O4:Eu,Dy
single crystals, a three-dimensional ray-tracing
model was implemented (Figure S2). A fixed
number of emission centres were randomly dis-
tributed in the crystal. The concept of time

is introduced in the model by including the
trap depth (E = 0.54 eV) and frequency fac-
tor (s = 1.15 · 107 s−1) extracted from a vari-
able heating experiment on the smallest crystal
(Figure S4). This information is used to deter-
mine how many charges (n′) spontaneously de-
trap every second according to the Arrhenius
equation

n′ = (N · V ) · s · e−
E
kT (1)

where k is the Boltzmann constant, T is
the temperature, N is the number density of
trapped charges and V is the volume of the
crystal.

The emission of every photon (E, Figure 3a)
occurs in a random direction and the path of
the photon in the crystal is calculated. If the
angle of incidence at the surface is smaller than
the critical angle, determined by the refractive
index of SrAl2O4:Eu,Dy (n = 1.6),33 the pho-
ton escapes the crystal. This is the case for all
photons emitted within the blue cone in Fig-
ure 3a. If the angle is larger than the critical
angle the photon is instead reflected (R). The
distance traveled in the crystal before the pho-
ton is absorbed, is randomly generated from
the distribution

ρ(ℓ) = Nσ · e−ℓNσ (2)

where ℓ represents the path length and σ the
extinction cross-section. If the photon escapes
the crystal before reaching the selected absorp-
tion path length, no absorption occurs. How-
ever, if the path length is exceeded (i.e. the
distance from E to A is larger than ℓ) than a
photon is absorbed and an additional charge
is detrapped (A). A new photon is emitted in
a randomly generated direction again (red line
and cone in Figure 3). Some degree of scat-
tering at the crystal surface (S) is introduced
into the simulation to avoid that photons are
trapped infinitely in the crystal when the ab-
sorption becomes low. The probability for scat-
tering is 1% at every reflection and if scatter-
ing takes place, the direction in which the pho-
ton travels after reflection is randomly changed
by at most 1% in every direction. To simulate
the impact of the slightly rounding of the edges
encircling the cylinder bases (Figure S6), any
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Figure 3: (a) Top view of a cross-section of a rod-shaped single crystal illustrating the concept
of the ray tracing simulation. Colors and symbols are explained in the text. Simulated afterglow
curves of the three cylindrical single crystals using three sets of parameters corresponding to
weak (b), intermediate (c) and strong (d) absorption of the afterglow emission. The grey shaded
area indicates how many reabsorption and emission events took place before a photon manages
to escape the largest crystal (right axis).

photon that strikes the surface within a prox-
imity of 0.2 mm from the edge does not un-
dergo reflection but escapes the crystal. The
model presented here does not include scatter-
ing of light within the crystal volume by the
twin structures introduced by the phase transi-
tion occuring near 670 ◦C when cooling down.34

Afterglow curves have been simulated for
three crystals with different sizes (Figure 3) us-
ing three different sets of effective parameters
with N0σ= 1, 100 and 1000 cm−1 where N0

represents the initial number density of trapped
charges. This corresponds to a weak, interme-
diate and strong absorption of afterglow emis-
sion, respectively. The first thing that stands
out is that the simulated afterglow curves decay
more rapidly than the experimental ones (Fig-
ure 1a), independent of the parameters that
were used. This suggests that the trap depth
measured during the variable heating rate ex-
periment is likely too shallow. This underesti-
mation is a result of the reabsorption of persis-
tent luminescence, which also significantly af-
fects the resulting glow curves. The simulation
further indicates that the reabsorption of after-
glow emission has a big influence on the shape
of the afterglow curves and induces a large de-
viation from the mono-exponential decay that
would be found in a material characterized by
a single trap depth. With increasing absorp-
tion the decay speeds up and the integrated
light intensity decreases, with only 87, 18 and

11% of the photons escaping the large crystal
before absorption. The grey shaded area in
Figure 3b-d indicates how many reabsorption
and emission events take place for every charge
that is thermally detrapped in the largest crys-
tal. It is clear that this parameter varies over
time which reflects the changes in absorption of
the crystal as the number of trapped charges
decreases. In the extreme cases, i.e. weak
or strong absorption, the shape of the curves
and the observable storage capacities are rel-
atively independent on the size of the single
crystals (Figure S5). In contrast, for an inter-
mediate absorption of the afterglow emission,
the smaller crystals decay notably slower than
the larger ones and also the observable storage
capacity becomes size-dependent with a signif-
icant decrease when comparing the largest to
the smallest crystal.

Very similar observations can be made when
looking at the experimental afterglow curves
(Figure 1a). However, we are restricted to a
qualitative comparison of the observed effects.
It is impossible to draw quantitative conclu-
sions from the simulation because this requires
information about the actual defect concen-
trations. This information cannot straightfor-
wardly be obtained via afterglow or TL mea-
surements which are themselves heavily af-
fected by the reabsorption. Neither is it possi-
ble to obtain the defect concentration from ab-
sorption measurements as this requires knowl-
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edge about the chemical nature of the trapping
defects, the associated oscillator strengths and
the scattering characteristics of the crystals.

The fast luminescence decay observed during
the first 100 seconds is consistent among all
three single crystals. This size-independency
of the decay rate can now be interpreted as a
consequence of a strong reabsorption of the af-
terglow emission during this initial stage of the
afterglow. As the material gradually depletes
over time the number density of the trapped
charges decreases, resulting in a lower absorp-
tion (Equation 2). After 100 seconds the decay
curves start to exhibit a clear dependence on
the size of the single crystal which resembles
the simulated behaviour in case of an inter-
mediate absorption of the afterglow emission.
Most likely the afterglow curves will again ex-
hibit the same characteristics, independent of
size, when the crystals are sufficiently depleted
but this probably occurs when the intensity
of the afterglow is too low to be recorded by
our experimental equipment. Overall the re-
sults agree well with the simulated afterglow
curves. If the dimensions of the simulated crys-
tal are reduced and the amount of scattering
upon reflection at the surface is increased, re-
sembling the conditions found in typical pow-
der phosphors, the significance of the effect di-
minishes considerably, indicating that this ef-
fect will mainly have to be taken into account
during the development of persistent lumines-
cent single crystals, glasses or ceramics.

In conclusion, part of the afterglow emission
in SrAl2O4:Eu,Dy is absorbed by filled traps
which leads to an accelerated depletion of the
larger crystals and a reduced observable storage
capacity. This process can be regarded as a sec-
ond loss mechanism, next to the already identi-
fied optically stimulated detrapping by excita-
tion light. Its discovery further stresses the im-
portance of investigating the optical properties
of the trapping defects in persistent phosphors.
To further improve the overall performance of
large, transparent persistent luminescent mate-
rials it will be necessary to either introduce new
trapping defects with other optical properties
or to reduce the average path length of the light
in the material. In the case of single crystals
a more efficient outcoupling can be achieved

by facetting the crystal to reduce the probabil-
ity of total internal reflection or by moving to-
wards a rougher surface which similarly limits
total internal reflection.13 For other transpar-
ent samples such as glasses or films this can also
be achieved through the addition of scattering
centers such as TiO2 spheres35 or pores.36

The results presented here underline that it
is important to be careful when interpreting the
meaning of trapping parameters obtained from
a set of TL measurements on large transpar-
ent samples because the reabsorption of emis-
sion light introduces potential discrepancies
between experimentally obtained trap depths
and frequency factors and those those describ-
ing the actual underlying detrapping dynamics.
Furthermore, the strong dependency of this ef-
fect on the exact morphology of the sample
(surface polishing, size, shape) implies that it
is not obvious to extrapolate results obtained
on powder materials to large transparent sam-
ples. Finally, in the context of dosimetric and
medical imaging applications, the reabsorption
of afterglow, optically stimulated luminescence
or TL presents an additional layer of complex-
ity. The potential non-linearity induced by re-
absorption can result in reduced sensitivity at
higher doses, possibly preceding the onset of
non-linear effects due to limited storage capac-
ity. Understanding these implications is vi-
tal for optimizing the performance and accu-
racy of dosimetric applications, shedding light
on the intricate interplay between reabsorption
and the resulting response to varying doses.
Moreover, the effect of reabsorption by trapped
charges on the resulting emission intensity and
efficiency also needs to be considered for appli-
cations where trapping defects are unwanted
but might be present by accident, especially in
the case of high-brightness applications.37,38

Nevertheless, exploiting the volume effect
in (semi-)translucent samples still provides a
promising avenue to enhance the overall emis-
sion intensity of afterglow materials.

Supporting Information

Additional experimental details and methods;
block-diagram containing details of the simula-
tion; thermal quenching curves recorded at var-
ious heating rates; results of a variable heating
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rate experiment performed on the smallest sin-
gle crystal to obtain the trapping parameters.
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