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Abstract—After the first news on rare earth (RE) doped strontium aluminate (SAO) phosphors in late 1990s,
researchers all over the world geared up to develop stable and efficient persistent phosphors. Scientists studied
various features of long lasting phosphors (LLP) and tried to earmark appropriate mechanism. However,
about two decades after the discovery of SrAl,Oy: Eu?t, Dy3+, the number of persistent luminescent materials
is not significant. In this review, we present an overview of the optical characteristics of RE doped SAO phos-
phors in terms of photoluminescence (PL), thermoluminescence (TL) and afterglow spectra. Also, we refresh
the work undertaken to study diverse factors like dopant concentration, temperature, surface energy, role of
activator, etc. Simultaneously, some of our important findings on SAO are reported and discussed in the end.
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INTRODUCTION

In last decade nano-scale materials have revolu-
tionized the research all over the world because of their
potential impact in many fields such as photonics,
electronics, sensing, and catalysis [1]. These materials
offer large number of applications in the areas of
organic solar cells, carbon nanotubes, solid state bat-
teries, fuel cells, super plastic ceramics, multifunc-
tional materials, molecular electronics, single electron
devices, biosensors, and lasers [2], etc. Such materials
take advantages of size-induced changes in structural,
optical and electronic properties to create enhanced
luminescent materials, whose properties differ from
the corresponding bulk phase [3]. Out of these, the
ones suited as phosphor host material show consider-
able size dependent luminescence properties when an
impurity is doped in a quantum-confined structure.
The impurity incorporation transfers the dominant
recombination route from the surface states to impu-
rity states. If the impurity-induced transition can be
localized as in the case of the transition metals or the
RE clements, the radiative efficiency of the impurity
induced emission increases significantly. The emission
and decay characteristics of the phosphors are, there-
fore, modified in nanocrystallized form. Also, the
continuous shift of the absorption edge to higher
energy due to quantum confinement effect, imparts
these materials a degree of tailorability. Obviously, all
these attributes of a doped nanocrystalline phosphor
material are very attractive for optoelectronic device
applications. Nanoparticles, in general, are supposed
to have nearly half of their atoms contained in top two
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monolayers, which make optical properties highly
sensitive to surface morphology. Blue shift of band gap
and strong non-linear response of nanoparticles of
CdS and CdSe in glass samples were first reported [4]
in the early 1980s. Enhanced quantum properties were
further confirmed with study of other semiconductor
nanoparticles of ZnS, PbS, ZnSe and CdSe [5]. Metal
nanoparticles [6] were also synthesized with a view to
prepare better catalysts. The size has to be less than
twice of Bohr radii of exciton (3—5 nm) for quantum
confinement regime.

Persistent luminescence is an optical phenome-
non, whereby a material is excited with high energy
radiation and the resulting visible luminescent emis-
sion remains visible for an appreciable time from sec-
onds to many hours after the excitation has stopped.
The effect is also called phosphorescence, afterglow,
or long lasting phosphorescence (LLP). As follows,
the long afterglow is governed by the slow liberation of
trapped charge carriers by thermal excitation. There-
fore, the process can be influenced by changing the
temperature. Often, thermoluminescence (TL) is used
as a diagnostic method for determining trap levels. The
phenomenon of persistent luminescence has been
known to mankind for over a thousand years [7]. The
phenomenon of persistent luminescence was not
researched much till the end of the 20th century. In the
following years pure and doped zinc sulfide (ZnS) was
the most famous and widely used persistent phosphor
[8]. However, its properties like brightness and lifetime
were quite low for practical purposes. This problem
was solved by introducing radioactive elements such as
promethium or tritium in the powders to stimulate the
brightness and lifetime of the light emission [9]. Still a
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Fig. 1. TL Glow curves of SrAL,O,: Eu?*, Dy** excited by

photons of different wavelengths: 425 (7), 400 (2), 350 nm
(3), and recorded at a heating rate of 5 K/s.

commercial glow in the dark object had to contain a
large amount of luminescent material to yield an
acceptable afterglow.

After the discovery of a new phosphor SrAl,O,:

Eu?*, Dy** with LLP [10], the aluminates have been
the center of attraction in persistent luminescent
research with a large number of publications. The
alkaline earth aluminates MAIL,O, (M = Ca, Sr, Ba)
are the most studied family of long lasting persistent
luminescent materials. The bright-green lumines-
cence of the monoclinic [11] SrAL,O,: Eu?* was dis-
covered [12] and described two years later with
CaAl,O,: Eu?* and BaAl,0O,: Eu?* [13]. It shows a
considerable afterglow, suggesting that the existence of
co-dopants is not imperative to obtain persistent lumi-
nescence [14].

Different methods are employed to synthesize co-
doped MAL,O,: Eu®* in an efficient and cheaper way.
The solid-state reaction technique, where sample is
treated at 1300—1400°C, is the most commonly used
method to obtain the desired compound. On the other
hand, laser heated pedestal growth [15], sol—gel [16],
microwave route [17], Pechini method [18] and com-
bustion [19] methods are proven to be successful.
However, it is worth noting that not all the techniques
lead to identical crystallographic and luminescent
properties. SrAl,O,: Eu?*, Dy3* prepared by micro-
wave synthesis shows a decreased initial brightness of
the afterglow, together with a small blue shift of the
emission spectrum, possibly due to the small grain size
[17]. A similar blue shift is reported for sol—gel pre-
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pared SrAl,O,: Eu?*, Dy3* [20]. During the prepara-
tion of CaAl,O, by combustion or a sol—gel method,
Holsa and coworkers [21] obtained an unusual hexag-
onal crystal structure instead of the expected mono-
clinic one [22]. Other researchers produced grains
with orthorhombic structure [23]. It is clear that
utmost care should be taken while comparing lumi-
nescence of compounds prepared with different pro-
cedures. The exact composition of the starting mixture
has important consequences for the afterglow behav-
ior. A deficit of alkaline earths usually enhances the
afterglow [24], while an excess of barium in BaAl,Oy:
Eu?*, Dy** can annihilate the persistent luminescence
completely [25]. This paper reviews the latest develop-
ments and research work carried out in the field of
LLP. We have also tried to compare the results of pho-
toluminescence (PL) and TL for RE doped SAO
phosphors synthesized through various techniques.
Also, we discuss the effect of dopant concentration,
temperature dependence, effect of surface energy, role
of activator, etc.

NOTEWORTHY CONTRIBUTION
IN THE FIELD OF SAO PHOSPHORS

Spectroscopic Study of Persistent TIL

In order to understand the mechanism of persistent
luminescence, the location of the relevant lanthanide
ground state energies with respect to the valence band
and the conduction band of the host compound is cru-
cial. While moving through the lanthanide series from
Ce towards Lu, it has been established that the abso-
lute location of the lanthanide ground state varies in a
systematic fashion and is almost independent of the
type of compound. To predict the location of all other
states, one only requires information on the ground
state level location of a few lanthanide ions. Dorenbos
[26] in his recent publication proposed schemes for
Sr,MgSi,0,, SrAl,O,, and CaGa,S, based on an alter-
native model. Bos and his co-workers [27] reported a
versatile new facility to study photoionization pro-
cesses in impurity doped compounds and the detailed
TL and PL studies on SrAl,O,: Eu?*, Dy** phosphors.
Figure 1 shows selected TL glow curves of SrAl,O:

Eu?*, Dy** powder phosphor following optical excita-
tion at 350, 400, and 425 nm whereas Fig. 2 shows the
TL excitation spectrum (TLES) of SrAl,O,: Eu’*,

Dy3* at room temperature (RT) obtained by integra-
tion of all measured glow curves in the temperature
interval 300—400 K and also the PL excitation spec-
trum (PLES) of Eu?* emission at 10 K. At this temper-
ature the long persistent luminescence was strongly
suppressed. The PLES of the Eu?* 5d—4f emission
starts at around 475 nm, rises steeply to the maximum
around 425 nm, and falls off for lower wavelengths
before showing a second maximum at 363 nm. The
TLES starts at the same wavelength but shows a grad-
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Fig. 2. TL (1) and PL (2) excitation spectra of SrAl,Oy4:
Eu2+ Dy3+

ual increase in intensity with shorter wavelengths until
a maximum is reached. It is clear that there are differ-
ences between the TL and PL spectra but the most
important observation is that the onset of the PLES
coincides with the onset of the TLES. This observa-
tion is a strong indication that excitation of Eu?* leads
to trap filling, which is the first step in the persistent
luminescence mechanism [28].

Effect of Surface Energy

A growing interest in SrAl,O,: Eu, Dy, a kind of
long afterglow luminescent materials, has been
reported extensively [29]. Since it has good lumines-
cent properties such as suitable emission color, no
radiation, high initial luminescent intensity and long
lasting time, which may reach 16 h [10], SrAl,O,4: Eu,
Dy will be widely used in the near future. For most of
luminescent materials, the luminescent properties are
greatly dependent on the grain size. When the grain
size reaches nanometer grade, the luminescent mate-
rials exhibit some attractive properties, such as the
blue shift of excitation and emission spectra [2].

Tang et al. [30] prepared SrAl,O,: Eu, Dy phosphor
using gel method. Compared with samples prepared
by solid state reactions, the grain size of the gel method
was greatly reduced to nanometer grade. A clear blue
shift occurred in the excitation and emission spectra of
nano SrAl,O,: Eu, Dy, of which the peak of the excita-
tion and emission spectra are found to he at 323 and
500 nm, respectively. The brightness of nano SrAl,O,:
Eu, Dy was found to reduce greatly. The blue shift and
the change of luminescent intensity in nano SrAl,O,:
Eu, Dy materials was attributed to the effect of surface
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Fig. 3. Excitation spectra of the sample prepared through
solid state reaction technique.

energy. The samples prepared through solid state reac-
tion and sol—gel method were sintered at 1380°C. Fig-
ures 3 and 4 respectively show the excitation and emis-
sion spectra of samples prepared through solid state
reaction at 1380°C (Solid-1380). The phosphor sam-
ple reaches a maximum at 320 and 360 nm in excita-
tion spectra and exhibits a broad band peak at 520 nm
in emission spectra. However, in the sample prepared
through gel method at 1380°C (Gel-1380), although
the excitation and emission spectra, as shown in
Figs. 5 and 6 have a similar shape to Solid-1380, both
of them shift towards low wavelength side of the spec-
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Fig. 4. Emission spectra of the sample prepared through
solid state reaction technique.
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Fig. 5. Excitation spectra of the sample prepared through
gel technique.

tra. The excitation is at 304 and 321 nm, the emission
spectra are at 500 nm. The excitation and emission
energy of nano SrAl,O,: Eu, Dy are 3.835 and
2.480 eV respectively, while that of micron SrAl,O,
Eu, Dy are 3.444 and 2.384 eV. The authors provided
a brief description of the luminescent mechanism of
nano SrAl,O, Eu, Dy. It is well known, because of the
nanosize of the grain, the surface energy increases dra-
matically, which results in the distortion of atom struc-
ture and the change of the crystal field around Eu?*.
Although the 4felectron of Eu?* is not sensitive to lat-
tice environment because of the shielding function of
the electrons in the inner shell, the 54 electron may be
coupled strongly to the lattice. Consequently, the
mixed states of 4f5d are splitted by the crystal field, as
a result, some jumps, which are not allowed in micron
SrAl,O,: Eu, Dy, can take effects in nano SrAl,O,: Eu,
Dy and thus lead to the blue shift occurrence in the
excitation and emission spectra. Figure 7 shows the
decay curve of nano and micron SrAl,O4: Eu, Dy
phosphor. The luminescent intensity of nano grade is
found to be less than that of the micron grade. This
also can be attributed to the surface energy. As for the
mechanism of the long afterglow, it is the hole trapped
transported-detrapped process that results in the
properties of long afterglow of SrAl,O,: Eu, Dy phos-
phor, in which Dy ions play the role of a trapped
energy level that can attract vacancies during the exci-
tation and thus lower the initial luminescence and
prolong the luminescent duration. From the point of
view of energy level, it was suggested that the surface
energy level was much deeper than the trap level of Dy
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Fig. 6. Emission spectra of the sample prepared through
gel technique.

and then attracts more vacancies than Dy, so that the
initial luminescent intensity decreased greatly.

Comparative Study of Combustion Synthesis
and Solid State Reaction Methods

Eu?* and Dy?*" doped, green color emitting
SrAl, O, phosphor is considered as one of the best LLP
materials. Until recent decade, SAO phosphors doped
with Eu and Dy ions have attracted much attention
since they show excellent properties [15]. Compared
with classical sulfide phosphorescent phosphors, alu-
minates have several valuable properties [13] like high
radiation intensity, color purity, longer afterglow,
chemically stabilization, safe and no radioactivity, etc.

Luminescence, med/m?

20000

10000 -

Fig. 7. Decay curves of nano (/) and micron (2) SrAl,Oy:
Eu, Dy phosphor.
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Fig. 8. PL spectra of SrAl,Oy: Eu2+, Dy3+ prepared by the
solid state method (/) and the combustion method (2).

Together with the development of scientific technolo-
gies on materials, several chemical synthesis tech-
niques, such as co-precipitation, sol—gel and combus-
tion synthesis methods have been employed to prepare
SrAl,O4: Eu?*, Dy3*. The combustion process to pre-
pare powder phosphor is very facile and only takes few
minutes. The SrAl,O,: Eu?*, Dy** phosphor resulted
from combustion method has improved but the sinter-
ing temperature of the sample is much lower than that
prepared by solid state reaction or any other method.

Son et al. [31] described the Eu?*, Dy** co-doped
SrAl,O, nanosized phosphorescent powder with high
brightness and long afterglow prepared by urea-nitrate
solution combustion method at 540°C for 5 min. The
broad band PL of SrAl,O,: Eu?*, Dy3* was observed
with maximum wavelength A,,,, = 516 nm due to tran-
sitions from the 4/°5d to 4f7 configuration of the Eu?*
ions. The main peak of the emission spectrum shifted
to the short wavelength compared with phosphores-
cence obtained by the solid state reaction method. The
decay time of the afterglow for nanosized phosphores-
cence was observed to be shorter than that obtained by
the solid state reaction method. The authors success-
fully illustrated the emission spectra of SrAl,O,: Eu?*,

Dy3* at room temperature (RT) at excitation wave-
length of 365 nm (Fig. 8). It consists of a broad band
and the emission peak lying at 516 nm, which they
attributed to the typical 4/°5d — 4f7 transition of
Eu?* ion [10]. The excitation spectrum at the emission
wavelength 516 nm is shown at Fig. 9. It is noticed that
the excitation spectrum has a broad band with the
main peak at 410 nm. Compared with the phosphor
resulted from solid state reaction method, the emis-
sion maxima of the phosphor prepared by the combus-
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Fig. 9. Excitation spectrum of SrAl;Oy: Eu2+, Dy3 * phos-
phor prepared by combustion method (A, = 516 nm).

tion method shifts to shorter wavelength (from 520 to
516 nm). This slight blue shift in the emission band
was attributed to the changes of the crystal field
around Eu?*. Since the excited 4f°5d configurations
of Eu?* ion is extremely sensitive to the change in the
lattice environment, the 5d electron may couple
strongly to the lattice [21]. Hence, the mixed states of
4fand 5d configuration are splitted by the crystal field,
which may lead to the blue shift of its emission peak.
Figure 10 presents the decay times of SrAl,O,: Eu?*,
Dy3* phosphors prepared by two techniques using the
excitation wavelength 365 nm for 1 min. The rate of
decay is comparatively faster in case of solid state reac-
tion samples to those observed in the sample made by
combustion method. The observed enhancement of
afterglow intensity and lengthening of decay time of
the sample by combustion method is attributed to
increase in the number of defects due to rapid reaction
combustion process and a higher concentration of
Eu?* generated in the process. Figure 11 illustrates the
TL glow curve of SrAl,O,: Eu?*, Dy** phosphor pre-
pared by combustion method at a heating rate =
1°C/s. The glow-curve of the sample shows a single
peak at 86°C exhibiting the second order kinetics TL
peak with activation energy (£, = 0.68 eV) calculated
by R. Chen method. It is seen that in SrAl,O,: Eu?*,

Dy** phosphor, Eu?** and Dy?** ions are represented by
electrons and holes, respectively. It is the hole trapped-
transported-detrapped process that results in the
properties of long afterglow of SrAl,O,: Eu?*, Dy**
phosphor.
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Fig. 10. The variation of PL intensity with time for
SrALO,: Eu’*, Dy** sample prepared by the (1) solid
state reaction method, (2) combustion method.

Synthesis and LLP of Single-Crystal Nanosheets

Nanosheets can be regarded as a new class of mate-
rials possessing features such as single-crystalline
quality, well defined chemical composition, and
extremely high anisotropy with a nano-scale dimen-
sion [32]. The phosphors with nanosheet-shaped
structure are quite intriguing because PL excitation
energy is more effectively absorbed, ascribing to their
large surface-to-volume ratios with respect to those of
bulk materials. Furthermore, the morphology of
nanosheets is suitable for fabricating optoelectronic
devices such as electroluminescence (EL) panels,
which consist of a stack of functional layers or sheets
[33]. Till now, some nanosheets-based phosphors such
as ZnS [34], YBO, : Eu®** [35], Bi,SrTa,O, [36],
La, 9oEug sNb,O; [37], Eu 5sTa,0; [38],
La 9oSm, osNb,O; [39] and their PL properties have
been reported. However, the reports on phosphors
nanosheets with LLP are few.

Xu et al. [40] synthesized single-crystal SrAl,Oy:
Eu?*, Dy** nanosheets by a reliable two step method.
The SrAlL, O, Eu?*, Dy** nanosheets showed higher
PL intensity (at 516 nm) as compared to correspond-
ing commercial powders. Furthermore, the SrAl,Oy:
Eu?*, Dy** nanosheets could sustain visible greenish-
yellow light in dark places for more than 16 h, suggest-
ing potential applications in many fields. Figure 12
presents the room temperature (RT) PL excitation
and emission spectra of the SrAl,O,: Eu?*, Dy**
nanosheets (solid lines) and commercial SrAl,Oy:
Eu?*, Dy** bulky powders obtained by solid-state
reaction (dotted lines). The excitation spectrum of
SrAL,O,: Eu?*, Dy?* nanosheets (monitored at
516 nm) shows three obvious sub-band peaks centered
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Fig. 11. TL glow curve of SrAl,Oy: Eu2+, Dy3+ sample.

at about 396, 418, and 448 nm, clearly demonstrating
the crystal field splitting of five-fold degenerate 5d
excited level of Eu?* ions. Under an excitation wave-
length of 396 nm, the sample displays only one green-
ish-yellow broad band emission peak located around
516 nm. The bandwidth of peak is quite large (200 nm)
but symmetric, indicating only one luminescent cen-
ter corresponding to the 4/°5d — 4f7 (357/?) electric

Intensity, arb. units
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400 550

Fig. 12. PL excitation and emission spectra of the obtained
SrAl,Oy: Eu2+, Dy3+ nanosheets (solid lines) and com-

mercial SrAl,Oy: Eu2+, Dy3+ powders (dotted lines) at RT.
See text for explanation.
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dipole-allowed transition of Eu?* [41]. The locations
of excitation and emission peaks of SrAl,O,: Eu**Dy3*
nanosheets are hardly changed, compared with com-
mercial powders. However, the relative intensity of the
excitation and emission peaks is enhanced. This point
is of prime importance as above observation is differ-
ent from previous reports on nanoparticles [41] and
nanotubes of SrAl,O,: Eu?*, Dy** [42].

For nanosized phosphors, the absorption of excita-
tion light is reduced because of strong light scattering
of nanocrystals and thus their emission strength is
decreased. On the other hand, a lot of defects are easy
to form on the surface of phosphors because of the
high surface area of the nanometer powders prepared
by common methods, which may result in the rela-
tively less amount of luminescent centers in the host
lattice available for direct radiation. Therefore, it
results in the weaker fluorescence intensity. The
authors explained the reasons why the SrAl,0,: Eu’*,
Dy?** nanosheets exhibit stronger luminescent inten-
sity than that of commercial bulky powders. First rea-
son is the synthesized SrAl,O,: Eu?*, Dy nanosheets
have good crystallinity, single crystal structure, and are
free of defects. Secondly, the PL excitation energy is
more effectively absorbed by nanosheet due to its large
surface-to-volume ratio with respect to those of bulk
materials. They demonstrated in Fig. 13 the decaying
curves of SrAl,O,: Eu?*, Dy3* nanosheets and com-
mercial counterpart at RT after the removal of the
light excitation for about 30 s. The results indicate that
the decaying processes of both the two kinds of phos-
phors contain' a rapid decaying process and a slow
decaying one. However, the SrAl,O,: Eu?*, Dy**
nanosheets decayed more rapidly than commercial
powders prepared by solid state reaction. The reason is
that the synthesized nanosheets have good crystallin-
ity, fewer defects in the inner phosphor, fewer crystal-
lographic distortions, and shallower trap level than the
phosphors obtained from solid state reaction method,
so that the decay of afterglow is hastened. In addition,
fast speed of hole mobility and electron—hole recom-
bination in nanosheet with good crystallinity will
decrease retrapping probability and further prompt the
decay process [41].

The Influence of Processing Conditions
on Host Crystal Structure

In recent years, SrAl,O,: Eu?* phosphor has been
widely studied as a long-persistent phosphor [43].
Many researchers have reported the influence of Eu**
concentration on luminescent properties [44]. The
emission from Eu?>* ions as emission centers in
SrAl,O,: Eu?*, Dy** phosphors strongly depend on the
host lattice and can occur from ultraviolet to red
region. This is because the excited 4/°5d configuration
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Fig. 13. Afterglow decay curves of SrAl,O,: Eu>*, Dy3*

(1) nanosheets and (2) commercial counterpart at RT after
the removal of the light excitation for 30 s.

of Eu?* is extremely sensitive to the change in the lat-
tice environment of host structure [45].

Shafia et al. [46] reported the spectroscopic and
host phase properties of Eu and Dy doped SrAl,O,
phosphors with a series of different initiating combus-
tion temperature and urea concentration as a fuel. Ini-
tiating temperature higher than 600°C causes to
increase the proportion of the hexagonal form. It is
mentioned in some references that only the mono-
clinic phase of SrAl,O, shows luminescence properties
when doped with RE ions [47]. For investigation of the
structural effect on the luminescence properties, the
mass fraction ratio of the monoclinic phase is calcu-
lated theoretically. The 600°C temperature is con-
firmed as the best initiating combustion temperature
with most fraction of monoclinic phase (MP)
(Fig. 14). With increasing fuel concentration in sto-
ichiometric sample (f/o = 1) the SrAl,O, weak peaks
are observed to be accompanied by impurity phase
(Sr3Al,0¢). This result indicates that the heat released
by combustion reaction is not enough to form the pure
SrAl,O, phase due to low adiabatic temperature.
Higher concentration of fuel effective on the fraction
of monoclinic shape of SrAl,O, phase is shown in
Fig. 15. Figure 16 presents the emission (a) and exci-
tation (b) spectra of the stoichiometric samples with
different urea concentration (0.5—3.5). The emission
spectra show an asymmetrical broad band centered at
517 nm. This emission band corresponds to the
4f°5d—4f7 transition in Eu?* ions, the 4/—5d transi-
tion in Eu®* ions is an allowed one [48]. Figure 17
shows that when the ratio of urea is 2.5 times higher
than theoretical content, the resulted SrAl,O,: Eu?*,

Dy3* phosphors gave highest emission intensity.
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Fig. 14. Fraction of monoclinic phase variation by differ-
ent initiating combustion temperature.

Because a too high concentration of fuel releases
higher heat that leads to increase in the adiabatic tem-
perature of combustion, which is not favorable for
forming the SrAl,O, of single phase monoclinic struc-
ture and how observed in Fig. 15, the fraction of hex-
agonal phase became larger.

Effect of Trivalent RE Dopants on Optical Properties

Amongst different RE ions, Europium (Eu) is often
employed by researchers for making red emitting
phosphors where the prominent 612 nm emission
band arises from electric dipole moment allowed tran-
sitions [49]. These properties have been observed in
the following compounds: SrAl,O,: Eu?*, Dy**, B3*
[50], Sr,Al,O,5: Eu>*, Dy**, B** [51], SrAl,O,: Eu?*,
Dy** [52], SrAl,0,e: Eu?*, Dy**, Sr,A;4O0,,: Eu?t,
Dy?* [53], SrAL,O,: Eu?*, Dy3* [54]. In addition to a
higher chemical stability, the intensity and the dura-
tion of the phosphorescence are the parameters, which
make it possible to envisage a continuous light emis-
sion during a whole night (10 h), hence greatly renew-
ing interests in the phosphorescence phenomenon.

Ayvacikli et al. [55] reported Er** doped SrAl,O,
phosphor for the first time and studied the effects of
Eu?* doping on it. The excitation and emission spectra
of Eu doped SrAl,O, phosphors are shown in Figs. 18
and 19, respectively. The excitation spectrum consists
of three bands centered at 250, 310 and 370 nm,
respectively (Fig. 18). The band at 250 nm is attributed
to ligand to metal charge transfer (LMCT) state from
fully filled 2p orbitals of O%~ to partially filled 4/7 levels
of Eu?* [56]. The peak centre at 370 nm is due to the
4f—5d transition of Eu?* ion. These results show that
these compounds could be excited by ultraviolet and
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Fig. 15. Fraction of monoclinic phase variation by differ-
ent concentration of fuel (urea).

visible light. For the 5d electron, the splitting of energy
levels is strongly affected by the crystal field, and it
makes the 4f°5d—4f7 (3S,,) transition of Eu** jon
possible. The authors observed that the emission
intensities increase with the increasing H;BO;, con-
centration. Actually, H;BO; lowers the crystalline
growth temperature and greatly promotes the reaction
process. While adding more concentration of H;BO;
the presence of borate in vitreous state lowers the
luminescence intensity. In the excitation spectra, a
broad excitation band centered at 370 nm could be due
to existence of intermediate trapping states (ITS). It is
seen that the intensity of charge transfer transition at
250 nm is stronger than the 370 nm transition. The
phenomenon is common because the typical Eu?*
activated phosphors show strong charge transfer tran-
sitions absorption band. Thus, it is anticipated that
sufficient energy-transfer takes place between the host
and the activator. Consequently, the emission spec-
trum of this sample was registered at 313 nm excitation
wavelength. The resulting emission spectrum is
depicted in Fig. 19. The intense peak at about 520 nm
is associated with Eu?* transitions [57] and indicates
the presence of reduced europium in the sample. After
excitation, the emission spectra are described by well-
known >Dy—"F,;(J =0, 1, 2, 3...) emission lines of the
Eu®* ion, with strong emission at 620 nm (°Dy—"F,). In
this case, the intermediate state is thought to populate
the lowest > D, state leading to the emission at 620 nm.
Other emission bands were observed at 590, 650 and
700 nm. In absence of any inversion at RE ion site, the
electric dipole transitions exist, and the maximum
emission sensitive to the ligand environment is
obtained at 650 nm. But, if 620 nm band is predomi-
nant, the magnetic dipole transition is predominant,
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Fig. 16. Effect of the urea concentration on (a) the emis-
sion spectrum (A, = 254 nm), (b) the excitation spectrum

(e = 520 nm): f/o = 0.5 (1), 1 (2), 1.5 (3), 2 (4), 2.5 (5),
3(6), 3.5% (7).

which indicates that the Eu* ions lie in central sym-
metric sites.

Luminescence Enhancement of SrO—Al,0;—B,0;
(SAB) Glass Ceramics Using Femtosecond Laser

In the previous years, Eu>*Dy** co-doped phos-
phors have been widely studied as they exhibit high
radiation intensity, long afterglow, high chemical sta-
bility, etc. [58]. For most of the research, the UV light
has been used as the pump source to excite the lumi-
nescent materials. Presently, ultra-short pulsed femto-
second (fs) laser has attracted much attention due to
the advantages of ultra-short interaction time, high
electric field intensity, capability of modifying the
internal structure without destroying the integrity of
the glasses, high, peak power density, etc. [59].
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Fig. 17. Effect of fuel (urea) concentration on the lumines-
cence properties: emission (flat line), excitation (thin
line).

Zeng et al. [60] reported the spectroscopic investi-
gation of Eu?*/Dy** co-doped SrO—Al,0,—B,0;
(SAB) glass ceramic. The PL spectrum of the
Eu?*/Dy3** co-doped SAB glass ceramic is illustrated
in Fig. 20. As can be seen in the figure, two emission
bands are visible. One of the bands is attributed to the
spin-allowed transition of 4f%5d—4f" (%S;,) for the
Eu?* jons with the center at 515 nm, and other one is
attributed to spin-forbidden transition of >Dy—’F, for
the Eu* ions at 611 nm [61]. From excitation spec-
trum, it is evident that the Eu>*/Dy3* co-doped SAB
glass ceramic can be effectively excited by UV light. As
is well known, the 4/ 5d—4f7 (%S ,) transition of Eu**
highly dependent on the crystal field symmetry [57].
In the SrAl,QO,, the strontium chains consist of two dif-
ferent strontium sites, and are not perfectly linear [62].
Eu?* ions in SrAl,O, crystals occupy different Sr?*
sites, leading to a lower symmetry, which causes the
splitting of the excited state. The emission spectrum of
the Eu?*/Dy3* co-doped SAB glass ceramic is similar
to that of SrAl,O,: Eu**, Dy*" powder materials and
gives a broad emission band but does not show any
bands from Dy?** ions. Such a phenomenon is ascribed
to the existence of Dy** ions as traps in the structure
[63]. Moreover, the presence of peak at 611 nm indi-
cates that some Eu** ions could not be reduced to Eu’*
ions in the melting process or some Eu?* ions were oxi-
dized to Eu’* ions when the melts were poured into the
mold in air. The inset (a) of Fig. 20 shows a photo-
graph of the sample irradiated by a 365 nm UV light.

Furthermore, it is important that the sample exhib-
its a high transmittance with green fluorescence. Fig-
ure 21 shows the emission spectra of Eu?*/Dy** co-
doped SAB glass/ceramic excited by an 800 nm fs laser
and a 393 nm UV light, respectively. The spectral pro-
file pumped by the near-IR fs laser is similar to that
excited by the UV light, indicating that both of the
emissions should come from the same origin (Eu?*:
Eu?* : 4f5d—4f7 (®S70).
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Fig. 20. Excitation (7, Aey, = 515 nm) and emission (2,
hex = 393 nm) spectra of the SAB glass ceramic. The inset

(a) is a photograph of the SAB glass ceramic irradiated by
a 365 nm UV light.

Effect of UV-VIS Light on Optical Properties

The SrAl,O4: Eu?*, Dy** is a phosphor character-
ized by a long persistent luminescence (PLUM) upon
excitation with UV-VIS light and ionizing radiation.
In this part of paper, we review the PLUM behavior as
a function of beta irradiation dose in the 0—650 Gy
range with a fixed dose rate of 5 Gy/min. The PLUM
intensity shows a complex decay behavior, exhibiting a
near linear response in the low dose range (0—1.7 Gy)
and gradually increasing up to 160 Gy. The PLUM
reached the saturation for higher doses (>275 Gy) with

OPTICS AND SPECTROSCOPY Mol. 117 No. 5
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Fig. 19. PL emission spectrum of Eu doped SrAl,O,4 taken
with excitation at 234 nm.
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Fig. 21. Emission spectra of sample irradiated by a 800 nm
fs laser (triangles) and a 393 nm UV light (squares).

a slight decrease in the range of 300—650 Gy. In addi-
tion, a systematic PLUM enhancement was produced
after a thermal cleaning procedure and irradiation at
RT in a series of 10 cycles. The observed phenomenon
may be related to a radiation-induced process of
charge trapping accumulation, which is triggered by
thermal stimulation during the irradiation stage. It
improves the luminescent characteristics of SrAl,O:

Eu?*, Dy** phosphors rendering them suitable for per-
manent display and illumination devices.
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Fig. 22. Typical decay of the afterglow emission as a func-
tion of the UV-VIS light excitation: A, = 300 (m), 350 (e),

400 (a), 450 (v), 500 nm ().

Earlier studies showed capability of SrAl,O,: Eu?*,
Dy?* asbeta [64] and UV radiation TL dosimeter [65].
It is referred for proper heating treatment and time
delayed read out to control the PLUM decay signal.
The SrAlL,O,: Eu?*, Dy** phosphor is adequate for
ionizing radiation particularly in the 250—500 nm
light excitation wavelength range which includes UVA
(400—320 nm), UVB (320—290 nm) and UVC (290—
200 nm) components of the solar electromagnetic
spectrum of relevance to environmental and human
health concern. A recent report has confirmed the TL
excitation measurements on the SrAl,O4: Eu?*, Dy**
[27], therefore there is no doubt about the UV-VIS
dose assessment performance of this phosphor in spite
of its strong PLUM.

Pierre et al. [66] investigated the PLUM and TL
properties of SrAl,O,: Eu?*, Dy** phosphors excited
with UV-VIS light in the 200—500 nm region. The
decay of the PLUM is depicted in Fig. 22 showing a
characteristic emission, which fades nonexponentially
for the entire excitation wavelength from 300 to
510 nm. To further investigate the processes responsi-
ble for the PLUM in SrAl,O,: Eu?*, Dy*", a series of
TL glow curves above room temperature were
obtained followed by excitation in the 200—580 nm
range. The TL provides valuable insights about the
trapping and detrapping processes related to the
PLUM emission as illustrated in Fig. 23. The TL glow
curve consists of a main peak around 70°C and a low-
intensity TL band at 170°C. The broad band shape of
the TL peaks suggests then being composed of several
overlapped peaks or a multiple trapping level distribu-
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Fig. 23. Typical TL glow curve of SrAl,O4: Eu2+, Dy3+

samples irradiated for 5 s with UV-VIS light in the range of
200—500 nm: A, = 300 (m), 340 (@), 380 (a), 400 (v),
440 («), 480 (»), 500 nm (o).

tion. The TL read out shown in Fig. 23 was taken
immediately after irradiation therefore the light out-
put is overlapped with the PLUM emission. It
accounts for the high TL emission at the start of the
TL read out. Performing a TL read out starting 1 h
after excitation, for which the 70°C low temperatures
TL peak fades out, authors obtained a TL glow curve
with a main peak at around 120°C, a low-intensity
peak at 140°C, and a much lower intensity peak
around 225°C. Therefore, the traps responsible for the
main PLUM emission are at the lower temperature
around 70°C. The trapping levels related to high-tem-
perature TL band are certainly too deep to contribute
to PLUM, at RT. This observation is consistent with
afterglow studies of several PLUM, phosphors found
in the literature. The PLUM occurred only if the stim-
ulating radiation was in the 330—450 nm range as is
shown in Fig. 24. Low intensity PLUM emission was
observed around 330—370 nm and a high intensity
broad band 370—475 nm with the intensity peaked
around 420 nm. The PLUM emission spectrum is due
to the Eu?* transition between the %S, ,, (4f7) ground
state and the crystal field component of the excited
4f°5d configuration. The SrAl,O,: Eu?*, Dy3* phos-
phor also exhibited a TL excitation spectrum after
stimulation with light of 200—500 nm wavelength
shown in Fig. 24 with maxima at 380—400 nm. It is
important to note that strong similarities are there
between PLUM and TL excitation spectra. The
PLUM and TL excitation spectra show a band maxi-
mum around 320—360 nm, which coincide with a TL
excitation spectrum band maximum observed around
the same wavelength range. Also, a maxima located
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Fig. 24. PLUM (or afterglow, squares) and TL (circles)
excitation spectra for UV-VIS irradiated SrAl,O4: Eu®™,

Dy>* phosphor.

around 400 nm is observable for both the PLUM and
TL excitation spectra, which may confirm that the
PLUM and TL radiative emissions involve the same
Eu?* defect recombination center but with different
efficiency. It is important to recall that the PLUM is
mainly due to the radiative recombination of charge
carriers at shallow trapping states after they are ther-
mally released into the conduction (electrons) or
valence (holes) band at RT. On the other hand, TL
emission involves the radiative recombination of ther-
mally stimulated detrapping of charge carriers trapped
at shallow and deep traps. The TL glow curve dis-
played in Fig. 25 illustrates that determined number of
charge carriers fill those deeper traps located around
125—150°C. Also, it indicates the involvement of trap
filling process as a function of irradiation time expo-
sure with light of 400 nm with a TL read out taken 1 h
after irradiation to assure significant afterglow inten-
sity decay.

Effects of Dopant Concentration on PL
and TL Intensity

In our recent publication, PL emission spectra of
SrAl,O,: Eu?* at different volumes of Dy** by exciting
the samples at a wavelength of 365 nm (Fig. 26) are
reported [67, 68]. These spectra exhibit a broadband
emission from Eu’>" accompanied by the peak at
515 nm, which is ascribed to the typical 4f °5d — 4f7
transitions of Eu?*. There are no special emissions of
Dy3* and Eu®* ions in the spectra, which imply that
Eu’* ions have changed to Eu?* completely [69].
However, the position of the emission peak in the
phosphorescence curve shows negligible change,
regardless of the varied amount of the Dy3* ions dop-
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Fig. 25. TL glow curves of StAl,Oy: Eu2+, Dy3+ phosphor
at different irradiation time with light of 400 nm: 3 (m), 10
(@), 20 (a), 60 (v), 120 s ().

ing. Here the role of Dy** lies in inducing the forma-
tion of the holes trap level and in prolonging the after-
glow. Thus, in SrAl,O,: Eu?* samples with higher Dy3*
concentrations, creation of more and more hole-trap
levels takes place leading to greater PL intensities [70].
This is corresponding to 4f°5d — 4f7 transition of
Eu?* ions. Although 4f electrons are not sensitive to
the lattice environment due to the shielding effect of
the electrons in the inner shell, the 5d electrons may

PL intensity, arb. units
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Fig. 26. Variation of PL intensity wavelength for SrAl,O4:

Eu?*, Dy>* phosphor at different concentrations of Dy:
S19.99Al,O4: Eug g1 (1); Srg9gAl,O4: Eug g1, Dyg o (2);

Srg.97A1L,04: Eug g1, Dygoa (3); SrgosAl,04 @ Eug gy,
Dyg.03 (9.
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couple strongly to the lattice. As a result, the mixed
states of 4/°5d are splitted by the crystal field and cou-
ple strongly to the lattice phonons [71].

The LLP oxide materials have been developed to
replace the conventional sulfide afterglow materials
because of their improved luminescent properties such
as high initial brightness, long lasting time, suitable
emission color and satisfactory chemical stability [68],
which result in an unexpectedly large field of applica-
tions, e.g., luminous paints in highways, airports,
buildings and ceramic products [72]. These oxide
phosphors exhibit a long period of luminescence after
an initial rapid attenuation, and the lasting time of this
new kind of phosphors is more than 10 times than that
of sulfide phosphors [73].

In another publication, we reported the TL glow
curves for SrAl,O,: Eu, Dy powder phosphors pre-

pared with x = 0.01, 0.02 and 0.03 ion doping of Dy**
(Fig. 27) [74]. The general nature of TL curves is sim-
ilar in different cases-each curve peaks at a tempera-
ture around 145°C. It is observed that varying concen-
tration of Dy does not affect the peak position much.
However, the emission intensity is found to increase
with increasing Dy concentration and for x = 0.02
molar ratio, the intensity is quenched [75] and
decreases for further concentration (x = 0.03). The
reason for such quenching is the increase in probabil-
ity of non-radiative transitions of the luminescent
molecules from the excited state to the ground state in
comparison to the probability of radiative transitions.

FUTURE ASPECTS

On the basis of above discussion, it is for sure that
persistent luminescent research has a promising
future. However, since persistent luminescence is
dependent upon both the interaction of localized lev-
els of Eu?* with extended conduction band states and
the defect chemistry of a specific material (which is
then dependent upon processing parameters), com-
plete qualitative understanding of persistent lumines-
cence is a goal for future study. A better understanding
of the exact mechanism is crucial for the development
of practical and commercial applications. However,
many details are still unclear. At present, the mecha-
nisms responsible for persistent luminescence are not
yet fully understood. Most researchers agree on the
general mechanism of charge carriers getting trapped
in long-lived energy levels inside the band gap. The
influence of co-dopants and lattice defects in the
neighborhood of the activators are other unresolved
issues. Various models have been proposed in the past
few decades with only a small amount of experimental
backup, but only recently researchers have started
applying new and promising techniques that could
confirm or disprove these theories. As is well estab-
lished the emission and decay characteristics of the
phosphors show improvement in their nano phase, it
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Fig. 27. TL glow curves of SrAl,0O,4: Eu phosphors with dif-
ferent Dy concentrations: the same as in Fig. 26.

opens new avenues of research in this branch of mate-
rial science. Little work has been carried out on the
fabrication of technologically and practically impor-
tant polynary complex nano tubes due to difficulty in
their preparation and lot needs to be done. Commer-
cial viability of the existing techniques is low due to
costly capping agents and the difficulties faced in pro-
cessing nano phosphors for display devices. There are
two ways of further development. Firstly, the presently
available methods should be improved, and secondly,
new features should be added to match the future
improvements of the PL and TL devices. In conclu-
sion, this paper on the optical properties of RE doped
strontium aluminate phosphors gives a brief but inter-
esting overview of the state of the art in the research on
persistent phosphors and offers many avenues for
future research. Despite the relatively small size of the
persistent phosphor research community, there is a
strong drive toward the design and characterization of
specific phosphors, the development of new applica-
tion areas, and a more profound understanding of the
trapping and release mechanisms.
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