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Abstract The details of the mechanism of persistent
luminescence were probed by investigating the trap level
structure of Sr,MgSi>O:Eu*"R*" materials (R: Y, La-Lu,
excluding Pm and Eu) with thermoluminescence (TL)
measurements and Density Functional Theory (DFT) cal-
culations. The TL results indicated that the shallowest traps
for each Sr,MgSi,O:Eu®",R*" material above room tem-
perature were always ca. 0.7 eV corresponding to a strong
TL maximum at ca. 90 °C. This main trap energy was only
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slightly modified by the different co-dopants, which, in
contrast, had a significant effect on the depths of the deeper
traps. The combined results of the trap level energies
obtained from the experimental data and DFT calculations
suggest that the main trap responsible for the persistent
luminescence of the Sr,MgSi,O,:Eu®",R*" materials is
created by charge compensation lattice defects, identified
tentatively as oxygen vacancies, induced by the R>T
co-dopants.

Keywords Thermoluminescence - Persistent
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Introduction

Persistent luminescence materials can emit light several
hours after the removal of the irradiation source, usually
natural or artificial light or UV radiation. This phenome-
non, a special case of thermally stimulated luminescence,
results from the storage of energy to traps and its sub-
sequent release induced by the thermal energy available
at room temperature [1]. The most efficient persistent
luminescence materials, i.e., CaAl,O,Eu*" Nd*"t and
SrAlLO4:Eu”",Dy* " [2] as well as SryAl;40n5:Eu”",Dy> "
[3] and Sr,MgSi,O:Eu*",Dy** [4] can continue emitting
light in excess of 24 h in the dark. In the daily life, per-
sistent luminescence materials have established an
invaluable position with their most obvious application:
self-lit signalization. The materials show great potential in
other uses as medical diagnostics [5], too.

Numerous papers have been published on the mechanism
of persistent luminescence in different Eu>" doped materi-
als, but no agreement has been reached, so far [6]. It is well
established that the luminescent center in these materials is
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the Eu*" ion and that the co-doping R*" (rare earth) ions
affect the efficiency of persistent luminescence, positively or
negatively depending on both the host lattice and the co-
dopant. However, the exact modus operandi of the co-doping
R** ion as well as that of other lattice defects is uncertain.
The R*" ions have been suggested to trap holes [7] or elec-
trons [8] or just to create lattice defects [9] due to charge
compensation. To be observed, persistent luminescence does
not necessarily need the presence of the co-dopants, although
there are exceptions as the Sr3SiOS:Eu3+,R3+ materials that
show persistent luminescence only if selected R*" co-do-
pants are added [10]. Also, itis agreed that the energy storage
properties may be simultaneously affected by six different
energy schemes: the band gap of the host material (E,), the 4f
and 5d ground energy levels of both the R*™ and R** ions as
well as those of different lattice defects as cation and oxygen
vacancies. To fully understand the mechanism behind the
persistent luminescence needed to enable the design of new
more efficient materials, the interplay between these energy
level schemes needs to be resolved.

The band gap energy of a material can usually be
obtained from luminescence excitation measurements,
though only by using synchrotron radiation due to the high
energies involved. On the other hand, according to an
empirical model [11, 12], the location of the 4f ground
levels of divalent rare earths in a particular host lattice can
be obtained from luminescence emission spectra by mea-
suring the energy of the charge transfer transition of Eu®",
whilst the photoconductivity measurements of Ce*" yield
the trivalent 4f ground levels. The energy of the 4f-5d
transitions of Ce** and Eu?" give the locations of the 5d
levels. These values have been reported earlier also for the
Sr,MgSi>O:Eu®t R*" materials (Fig. 1) [13, 14]. Finally,
the trap energies can be obtained by thermoluminescence
(TL) measurements. Unfortunately, TL as such cannot
reveal the nature of the traps, i.e., whether they are due to
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lattice defects as strontium or oxygen vacancies or to the
dopants.

In this work, the optical energy storage properties of the
efficient blue emitting SroMgSi>O,:Eu*",R*" persistent
luminescence materials were studied by a combination of
experimental TL data and theoretical DFT (Density Fuc-
tional Theory) calculations. The aim was to gain more
information on which kind species act as the energy res-
ervoirs in these materials.

Experimental

The polycrystalline Sr,MgSi>,O7:Eu*" R*" (R: Y, La-Lu,
excluding Pm and Eu) materials were prepared by a solid
state reaction between stoichiometric amounts of SrCO;
(Merck, Pro Analysi), Mg(NOs3),-6H,O (Merck, Pro Ana-
lysi), fumed SiO, (Sigma, 99.8 %) and rare earth oxides
(99.9-99.99 %) using firing for 1 h at 700 °C followed by
annealing for 10 h at 1350 °C in a reducing N, + 10 % H,
gas sphere. The materials were doped and co-doped with
1 mol-% of the Eu®" and R** ions, respectively. The purity
of the materials was checked by routine X-ray powder
diffraction measurements. Traces of Sr;MgSi,Og were
occasionally observed as impurities.

The TL glow curves were measured with an upgraded
Risg TL/OSL-DA-12 system using a constant heating rate
of 5°Cs™" in the temperature range from 25 to 400 °C.
The global TL emission from UV to 650 nm was moni-
tored. Prior to the TL measurements, the samples were
irradiated with a combination of the Philips TL 20 W/05
(emission maximum at 360 nm) and TL 20 W/03 (420 nm)
UV lamps for 30 s. A delay of 3 min between the irradi-
ation and measurement was used. The analysis of the TL
glow curves was carried out by the deconvolution of the TL
curves with the program TLanal v.1.0.3 [15] which uses the
general approximation (GA) method as a background. The
peaks were considered to be of the second-order kinetics
because of their symmetric shape.

The electronic structure of the Sr,MgSi,O; material
containing isolated oxygen vacancies was calculated using
the WIEN2k package [16]. WIEN2k is based on the full
potential linearized augmented plane wave method, an
approach which is among the most precise and reliable
ways to calculate the electronic structure of solids. The
generalized gradient approximation (GGA) was employed.
In the calculations, one O%" anion per unit cell was replaced
by a vacancy. No charge compensation or defect aggrega-
tion was considered. The reliable calculation of the elec-
tronic structure requires the optimization of the crystal
structure including the isolated vacancy. This was achieved
by relaxing the atomic positions in the unit cell whilst the
lattice parameters were not changed. The crystal structure



Optical energy storage properties of Sr,MgSi,O7:Eu®",R>*"

659

of Sr,MgSi,05 is of the akermanite (Ca,MgSi»O7) type,
which belongs to the melilite group of minerals. The
structure is tetragonal with the space group P42;m (No. 113,
Z:2,a:7.9957(10), c: 5.1521(9) [17]), and it is composed of
layers of corner sharing MgO, and SiO, tetrahedra forming
five-membered rings. These layers are held together by
eight-coordinated Sr*" cations. The structure contains one
site for each cation and three oxide sites.

Results and discussion
Persistent luminescence and thermoluminescence

All the Sr,MgSi,O:Eu®" R*" materials, including that
without R*" co-doping, showed persistent luminescence
(Fig. 2). Except for the Y+, Sm**, Gd**, Tb**, and Yb**
co-doped materials, all the other co-dopants enhanced the
persistent luminescence with respect to the singly doped
SrzMgSi207:EuzJr material. The extent of enhancement
was up to 1.5 orders of magnitude. Also, the relative fading
of the persistent luminescence between 1 and 10 min after
the removal of the irradiation, i.e., the I;y/I; ratio, varied
significantly, though not as much as the enhancement of
the initial intensity. The slowest complete fading of the
persistent emission (i.e., the longest duration of persistent
luminescence) was observed with Dy " co-doping.

The TL glow curves showed a strong signal at ca. 90 °C
for each material (Fig. 3). This signal, being in the tem-
perature range ideal for the persistent luminescence [1],
was observed both with and without co-doping and it can
thus be considered characteristic to the host lattice. In some
materials, e.g., with La>™ and Tm>" co-doping, also sig-
nificantly deeper traps around 200 °C were observed. This
temperature range is typical of those reported for dosi-
metric materials (e.g., 220 °C for both LiF:Mg,Cu,P [18]
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Fig. 3 Thermoluminescence glow curves of selected Sr,MgSi,O7:Eu*,
R*" materials (inser deconvolution of the TL glow curve of
Sr,MgSi,07:Eu*™)

and CaSO,:Dy>" [19] with a heating rate of 2 °Cs™") and
the corresponding traps can not be emptied to any con-
siderable extent by the thermal energy available at room
temperature. The observed TL intensities at 90 °C, on the
other hand, correlated well with the persistent lumines-
cence intensity, i.e., the stronger was the TL peak at ca.
90 °C the more intense was the persistent luminescence.
The deconvolution of the TL glow curves indicated that
the shallowest traps for each SrzMgSizO7:Eu2+,R3+
material were always ca. 0.7 eV (Fig. 4) corresponding to
the strong TL maximum at ca. 90 °C. This main trap
energy was only slightly modified by the different co-do-
pants. On the other hand, the trap densities, i.e., the
capacity to store energy to a particular trap, were signifi-
cantly influenced by the co-dopants (Fig. 4). This suggests
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Fig. 4 Trap depths and densities obtained from TL data for selected
SrzMgSi207:Eu2+,R3Jr materials and calculated with DFT by intro-
ducing an oxygen vacancy to the non-doped SroMgSi,O; unit cell
(Note: the calculated trap densities have not the same scale as the
experimental ones)
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that either the addition of the co-dopants may create
additional traps (enhancing co-dopants) similar to the
intrinsic main traps or destroy some of them (quenching
co-dopants). It is also possible that the enhancing R*" co-
dopants possess energy levels close to that of the intrinsic
trap thus increasing the trap density. The modification of
trap energies results from the R**-defect interaction. It
should be kept in mind that both the co-dopants and the
defects created by the charge compensation have relative
charges sometimes drastically different from the host cat-
ions and anions.

For the best enhancing co-dopants, i.e., Nd*T, Dy3Jr and
Ho’", the R*' 4f ground level is ca. 0.6 eV below the
conduction band (Fig. 1), which is very close to the 0.7 eV
of the main trap. On the other hand, the fourth best
enhancing co-dopant (Tm**) has its R*" 4f ground level at
1.2 eV below the conduction band. This is clearly further
away from the main trap energy than those of the three best
enhancers. In fact, it is closer to 1.6 eV of the quenching
Sm**. Considering 1.2 eV in terms of trap depths for
second order TL bands, the peak temperature for such a
trap would be above 210 °C. This trap would be very
difficult to empty at room temperature and no enhancing of
persistent luminescence would be expected. It seems that
the location of 4f ground level of the R*" ions may not be
of direct significance on the persistent luminescence of the
Sr,MgSi,07:Eu*" R*" materials.

Trap identification

It has been reported that for the YPO4:Ce3+,R3Jr materials
[20], the trend observed for the trap energies by TL mea-
surements is very similar to that for the R*™ 4f ground level
energies of the respective co-dopants with the difference in
absolute energies between the two sets being of the order of
0.5 eV. This suggests that the co-dopant energy levels act
as the energy storage traps and that divalent co-dopants are
created [21]. These materials present a simple system as
there are no defects to be expected due to charge com-
pensation as the trivalent (co-)dopants enter the single Y
site in the structure. Instead, the size difference between the
R*" and Y** ions can induce important structural distor-
tions and strains.

For the Sr,MgSi,0,:Eu®",R*" materials, the situation is
more complicated. The trivalent co-dopants need charge
compensation when entering the Sr,MgSi,O; lattice as
there are no trivalent sites available. Moreover, the
reducing conditions used in the preparation of the materials
to ensure the reduction of Eu*t of the Eu,O; starting
material to Eu?" are expected to create oxygen vacancies,
i.e., intrinsic defects. The existence of intrinsic defects has
been proven by the observation of defect-related lumines-
cence from non-doped Sr,MgSi,O, at 10 K [22]. Also,
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XANES (X-ray Absorption Near Edge Structure) mea-
surements have shown that the co-dopants are always tri-
valent in the SrzMgSi207:Eu2+,R3+ materials [23]. This
suggests that if the co-dopants act as electron traps, R>"-e”
pairs rather than the R*" species will be created.

Comparing the trap depths obtained from the TL mea-
surements with the energies of the co-dopants” R** and
R** 4f ground levels clearly shows that the variation in the
trap depths (total spread: ca. 1.5 and spread of the main
trap: ca. 0.2 eV along the R series) is far less than that of
the ground level energies (ca. 5 eV). However, the evolu-
tion of the depths of the main trap at 0.7 eV as a function of
the co-dopant does follow a trend similar, albeit less pro-
nounced, to that of the 4f ground levels (Fig.5). The
similarity is closer to the R*>" than the R*™ levels, however.
This supports the assumption that the main trap is of
intrinsic nature and not due to the co-dopants, and it agrees
with the fact that the presence of divalent co-dopants has
not been observed.

Other factors which may possibly affect the trap depths
to be considered are the size and charge density of the R*™
co-dopants [24]. However, both these factors basically
behave in a linear manner in the R>" series. The present
results show that there is a profound disagreement between
the evolution of the main trap depth and these linear con-
tributions. Although most of the chemical properties of the
rare earths behave linearly across the series, one can find
non-linear behaviour in the redox properties of the rare
earth ions. The effect of the differences in these properties
should be studied, too, but are out of the scope of the
present contribution.

The introduction of one isolated oxygen vacancy in the
01, 02 or O3 site in the unit cell of Sr,MgSi,07 results in
the creation of unoccupied levels close to the bottom of the
conduction band. These levels may indicate the presence of
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(note the different energy scales)
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shallow electron trap levels which can be bleached with the
thermal energy available at room temperature. The trap
levels obtained with the DFT calculations (Fig. 4) range
from 5.3 to 6.9 eV above the top of the valence band
corresponding to trap depths between 0.2 and 1.8 eV.
However, also discrete deep levels close to the valence
band (at 1-2 eV above the valence band) were obtained.
Nevertheless, prohibitingly high amount of energy is
required to bleach these deepest traps. The shallowest traps
(depths 0.2-0.4 eV) obtained by DFT will be emptied
below room temperature and could thus not be observed by
the present TL setup. On the other hand, the next group of
traps induced by the isolated oxygen vacancies is centered
at ca. 0.6 eV below the bottom of the conduction band,
which suggest that the main trap present in all the
Sr,MgSi>O7:Eu?" R*" materials could be due to an oxygen
vacancy. This agrees with the fact that oxygen vacancies
should be present even in the non-doped Sr,MgSi,O,
material and that the energy of this trap is only slightly
modified by the co-doping.

Conclusions

Results from the experimental TL measurements and the-
oretical DFT calculations on the trap levels in
Sr,MgSi,O:Eu* " R*" were successfully combined with
the energy level scheme constructed based on the empirical
model [11, 12]. New information was obtained on the
nature of the trapping sites responsible for the persistent
luminescence behavior of the SrzMgSizO7:Eu2+,R3+
materials. The results show that the main trapping site is
due to a lattice defect intrinsic to the Sr,MgSi,O; matrix
and that its energy can be only slightly modified by co-
doping. Since the trend of the differences in the energy of
the shallowest trap is non-linear thus differentiating from
most of the properties of the R*' ions, the modification
may be due to the trap-R>" 4f ground level interaction.

In the future, the DFT calculations will be extended to
account also for cation defects, R*T/R>* dopants, and
different defect aggregates to study their effect on the trap
level structure. The effect of different irradiation energies
on the TL glow curves and trap structures will be investi-
gated, too.
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