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Abstract

In this paper, a series of novel luminescent Sr; _,Al;,0;:xEu®>™ phosphors were synthesized by a high temperature solid-state reaction. The
phase structure, photoluminescence (PL) properties, as well as the decay curves were investigated. The quenching concentration of Eu?™ in
SrAl;,0,9 was about 0.15 (mol). Upon excitation at 378 nm, the composition-optimized St 85A115016:0.15Eu> T exhibited strong broad-band
green emission at 530 nm with the CIE chromaticity (0.2917, 0.5736). The results indicate that Sr, _ Al,019:xEu® T phosphors have potential

applications as green-emitting phosphors for UV-pumped white-light LEDs.

© 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

White light emitting diodes (w-LEDs) solid-state lighting
technology has been widely used and attracted lots of research
interests due to their promising features, such as low power
consumption, high efficiency, as well as environmental friend-
liness characteristics [1-3]. To the best of our knowledge, the
typical w-LEDs can be obtained by a combination of the blue
LEDs with yellow emission from the Y;Als0,5:Ce* T (YAG:
Ce) phosphors [4,5]. However, these phosphors are suffering
from some disadvantages such as poor color-rendering index
and high correlated color temperature caused by the weak red
emission. Therefore, it is necessary to introduce bright tricolor
(red, green, and blue) phosphors for the development of
tricolor emission phosphors upon n-UV light (350420 nm)
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[6,7]. Eu?>" ion is more sensitive to the crystal field and
covalence for its 4f-5d transition, and Eu?*-doped phosphor
generally has superior absorption in the spectral region of
250-400 nm, which is equivalent with the emission of UV and
n-UV LED chip, and they also exhibit broad emission bands
from blue to red [8,9]. Many efforts to develop new w-LEDs
phosphors in order to address issues of higher efficiency, better
color rendition and better chemical and thermal stability
[10-12]. As we know, the rare earth ions plays an important
and irreplaceable role in lighting and display fields for their
4f—4f or 5d— 4f transitions. In addition, Eu®" is a kind of
important activator ions among rare earth ions for novel
phosphors showing a wide range of emission because of
4j65d1—>4f7 transition, resulting from that the 5d orbital of
Eu’™ in the outer space are more sensitive to the crystal field
environment [13—15]. Therefore, it is important and necessary
to find a host with a specific crystal field to accommo-
date Eu** ions.

Strontium aluminates are considered for use as one of
phosphor host materials and have been widely studied in
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many fields because of their outstanding properties, such
as safety, good stability, and high quantum efficiency [16].
Strontium aluminates structured in a variety of stoichiometries,
for example: SrAl;;0;9, Sr4Al14055, Sr3Al,O6, SrAl,O4 and
SrAl,O; [17]. Among them, there have been investigations
concerning the Sty Al;,09:xEu? " phosphors in the litera-
tures. However, most papers focus on energy transfers between
Eu®" and other ions, and the Sr; _,Al;,0,9:xEu® " phosphors
were mainly prepared not by solid state reaction [18-22].
Dutczak stylized prepared a series of strontium aluminates
phosphors using a two-step solid state reaction, and the
emission spectra of SrAl;,019:Eu’™ at 4 K and 300 K were
studied. However, the research focuses to explain the strong
emission color variation of different strontium aluminates [17].

As we know, no details on crystal structure, quenching
concentration, and quenching mechanism of Eu”?" ions in
SrAl{,0,9 were reported in the previous literatures so far. As
such, in this paper, SrAl;,0;:Eu®" phosphors were prepared
via a one-step solid state reaction, as well as the quenching
concentration and mechanism of Eu”>" ions in SrAl;»,O;¢ were
also discussed in detail. In addition, Rietveld refinement of the
selected Srpo4Al;50,0:0.06Eu”>™ and Srg.g,Al;,0,:0.08Eu’ ™
samples were performed in detail. All the results indicated that
the Sry _Al;,010:xEu®™ phosphors can be potentially applied
as the green-emitting component in w-LEDs.

2. Experimental procedure
2.1. Materials and synthesis

Sry _,CAllzolgszuz+ phosphors were synthesized by a
traditional high temperature solid-state reaction method. Stoi-
chiometric amounts of raw materials SrCO3 (Aldrich, 99.9%),
Al,O3 (Aldrich, 99.9%), and Eu,0; (A. R.) were weighed and
mixed by grinding in an agate mortar. The mixture were placed
into alumina crucibles and annealed at 1500 °C in a reducing
atmosphere in flowing gas (10% H,+90% N,) for 5 h. After
firing, the samples were gradually cooled to room temperature
in the furnace. The products were crushed and finally obtained
for measurements.

2.2. Characterization methods

The phase structures of the as-prepared samples were
checked by X-ray powder diffractometer (D/max-rA 12kw,
Japan) with Cu Ka radiation (1=1.5418 A) from 3° to 90°
(20). The step scanning rate (20 values ranging from 10° to
120°) used for Rietveld analysis was 2 s/step with a step size of
0.02°. Rietveld refinement of the structure of the select
S10.04A112019:0.06Eu”* and Srg.9>Al1,0,9:0.08Eu” " samples
were performed by using the computer software TOPAS [23].
Room temperature photoluminescence excitation (PLE) and
emission (PL) spectra were measured on a fluorescence
spectrophotometer (F-4600, HITACHI, Japan) with a photo-
multiplier tube operating at 600 V, and a 150 W Xe lamp was
used as the excitation lamp. The decay curves of Eu® ™ lifetime
values were recorded at room temperature on a spectro-
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Fig. 1. The XRD patterns of Sr; ,XAllzolgszu“ phosphors (x=0.03, 0.06,
0.08, 0.12, and 0.15) and the standard SrAl;,0,9 (ICSD no. 43155) is shown
as a reference.

fluorometer (HORIBA JOBIN YVON FL3-21), and the
370 nm pulse laser radiation (370-nm Nano LED, model
number 08254) was used as the excitation source.

3. Results and discussion
3.1. Phase purity and structure

Fig. 1 shows the XRD patterns of Sr;_,Al;,0;9:xEu® ™"
phosphors (x=0.03, 0.06, 0.08, 0.12, and 0.15) and the
standard SrAl;,0;9 (ICSD no. 43155) [24] is shown as a
reference. As shown in Fig. 1, the XRD patterns of all the
Srl_xAanlg:xEu2+ samples can be exactly assigned to
SrAl1,0;9 (ICSD no. 43155). What is more, no second phase
is observed in the XRD patterns of all the Sr;_,Al;;049:
xEu? " phosphors. Based on the charge balance and similarity
of ion radii, Eu?* ions prefer to occupy the sites of Sr* . In
order to better understand the crystallographic sites of Eu® ™"
in SrAl;;,0,9 lattice, the powder diffraction data of the select
St0.04A11,0,9:0.06Eu>" and Srp0,Al;50,0:0.08Eu’>t sam-
ples for Rietveld analysis were collected at room temperature.
Rietveld refinement was performed by using TOPAS 4.2. It
can be found that almost all peaks were indexed by hexagonal
cell (P63/mmc) with parameters close to SrAl;;O;9 (magne-
toplumbite-type structure). Therefore crystal structure of
SrAl;;019 was taken as starting model for Rietveld refine-
ment. Site of Sr*™ ion was occupied by Eu”" ions with fixed
occupation according to suggested formula. Refinements
were stable and give low R-factors, as shown in Table 1
and Fig. 2. The reliability parameters goodness of fitting
(GOF) of refinement are GOF=1.94 and 1.66 for
St0.04A11,019:0.06Eu>" and Srg9,Al;,0,0:0.08Eu*". Small
reliability parameters (Table 1) also verify the phase purity of
the as-prepared samples. In addition, cell volume in the two
compounds decreases with increasing of x, which is consis-
tent with smaller ion radii of Eu”>" in comparison with Sr**
(590.96 A® for SrposAl;,0,9:0.06Eu*>* and 590.90 A® for
St0.92A11,019:0.08Eu>™ ).
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3.2. Luminescence properties

Fig. 3 presents the photoluminescence excitation (PLE) and
photoluminescence (PL) spectra of the as-prepared SrygsAli,
0,4:0.15Eu”* phosphor. It can be seen that the PLE spectrum
of the phosphor has a broad absorption centered at 378 nm
with a wide range from 250 to 500 nm attributed to the 4/~5d
transitions of Eu’>* ions. Besides, the PL spectrum exhibits a
green emission band peaked at 530 nm under the excitation
at 378 nm.

Fig. 4 displays the PL spectra of Srl_xAllelg:xEu2+
phosphors (x=0.03, 0.06, 0.08, 0.12, 0.15, and 0.18) under
378 nm light excitation. The result indicated that the optimal
doping concentration of Eu?* in SrAl;,0;¢ host was 0.15 mol.
It can be easily seen that the PL intensity would decrease when
the concentration exceeds the critical concentration, which is
caused by the concentration quenching effect. What is more,
the critical energy transfer distance Rc between Eu?™ ions in
SrAl;0,9 can be estimated by using concentration quench
equation proposed by Blasse [25,26]:

1/3
~2 3V
4ax.N

where V is for the volume of the unit cell, x. stands the atom
fraction of activator at which the quenching occurs, and N

Rc (1)

Table 1
Main parameters of processing and refinement of St .04Al1,010:0.06Eu®* and
Sr0.02Al150,9:0.08Eu> T samples.
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represents the number of host cations in the unit cell. For the
SrAl;,O;9 host, there are two Sr ions in whole unit cell, and
they are linked by symmetry elements, so N should be equal to
2. Only asymmetric part of unit cell has one Sr ion, but this
part of unit cell has volume equal to 588.65/Z=588.65/
2=294.33 A3, and x. is 0.15 for emission peak at 530 nm.
Thus, the critical distances R of energy transfer can be
estimated to be about 12.33 A (x.=0.15) by using Eq. (1).
As is known to us, the non-radiative transitions between Eu?*
ions took place via electric multipolar interactions with Rc
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Fig. 3. PLE (left) and PL (right) spectrum of the selected SrygsAl;2019:0.15
Eu®" sample.
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Fig. 2. Rietveld analysis patterns for X-ray powder diffraction data of Sro,g4Al12019:0.06Eu24r (a) and SrO.ngl.zO,g:().OSEu2+ (b).
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Fig. 5. The fitting line of log(//x) vs. log(x) in Sr; ,XAllzolgszu“' phosphor
beyond the quenching concentration.
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Fig. 6. The decay curves and lifetime of Eu®’" in the selected
Sro.97A11,0,9:0.03Eu> ™ Srg,Al;,0,6:0.18Eu® ™ phosphors monitored at
530 nm at room temperature.

more than 5 A according to the Dexter theory. Moreover, the
interaction type between sensitizers or between sensitizer and
activator can be calculated by the following equation [27-29]:

I 9]~ !
— =K [1+p0] @)
where [ is the emission intensity, x stands for the activator
concentration, k and f are constants for each type of interaction
for a given host lattice, and € is an indication of electric
multipolar character. In general, =6, 8, 10 can be assigned to
dipole—dipole (d—d), dipole-quadrupole (d—g), quadrupole-
quadrupole (g—q) interactions, respectively. Fig. 5 illustrates
the fitting line of log(Z/x) vs. log(x) in Sr;_,Al;»O;9:xEu® ™
phosphors for the emission peak of 530 nm beyond the
quenching concentration. The fitting line was found to be
relatively linear with a slope equal to —6/3, and the slope was
determined to be —0.661. Therefore, the value of @ can be
calculated to be 1.983, which is less than 6. Therefore, the
quenching is dipole—dipole interactions in Sr;_,Al;;010:
xEu®™ phosphors.

The decay curves and lifetime of Eu®' in the sele-
cted Sr0_97A112019:O.03Eu2+ Sr0.82A112019:0.18Eu2+ phOS-
phors monitored at 530 nm at room temperature are shown in
Fig. 6. It can be seen that the decay curves of Eu®" in the two

Fig. 7. Color coordinates of Sro.85Al11,019:0.15Eu*> ™ in the CIE chromaticity
diagram, and the inset shows a digital photograph of the green-emitting
phosphor excited at 365 nm.

phosphors can be best fitted using the double exponential
equation.:

I=A exp(—t/rl)—i—Agexp(—t/rz) 3)

where [ is the luminescence intensity, ¢ is the time, A; and A,
represent constants, and 7z; and 7, are decay constants of
exponential aspects [30]. The average lifetime z* can be
obtained by the formula as follows:

T*x = (A]T12+A2T22)/(A]T] + A1) 4)

The double exponential decay curves indicate the possible
interactions between Eu?" ions. On the basis of Egs. (3) and
(4), the lifetime values of Eu?" were determined to be 425.64
and 317.71 ns Sr0_97Al]2019:0.03Eu2+ Sr0,82A112019:O.18Eu2+,
respectively. Thus, the decreasing lifetime of the 4/%5d—4f"
transition with the increasing Eu® " ions concentrations further
exhibits the trend of the energy transfer between Eu®" ions in
the SrAl;,O;9 lattice.

CIE chromaticity coordinates (x, y) of the SrggsAlj;
0,6:0.15Eu>" sample upon 378 nm excitation calculated
through its PL spectrum and the digital image of the sample
under 365 nm UV lamp excitation are shown in Fig. 7. The
color coordinate is calculated to be (0.2917, 0.5736). Besides,
the phosphor shows intense green emission as shown in the
inset of Fig. 7. Therefore, this phosphor can be used as a
green-emitting phosphor for n-UV w-LEDs.

4. Conclusions

In summary, magnetoplumbite structure phosphors
Srl_xAllzolg:xEquL have been synthesized and investigated
in this paper. The Sty _,Al;,09:xEu? T phosphor exhibits a
broad-band green emission at 530 nm under the excitation at
378 nm. In addition, Srl,XAhzO]g:xEu2+ shows strong and
broad absorption in the near UV regions and the optimum
excitation band locates in the 250-500 nm region. Eu** can
occupy the Srl site in SrAl;,0,9. In addition, the dipole-
dipole interactions results in the concentration quenching of
Eu’" in Sr;_,Al;,0;9:xEu” ™. The above results demonstrate
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the Sr;_,Al;,0,9:xEu® ™ phosphor can be used as green
emitting phosphor in the w-LEDs.
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