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ABSTRACT

A series of MAL,O,: Eu**, Sm®* (M = Ca, St, Ba) phosphors was prepared by the combustion method, and the influence of these
alkaline earth metals on the structure and luminescent performances for these phosphors was investigated. A relationship was
established between their composition, crystallization capacity and luminescent properties. The results show that the CaAl,O:
Eu**, Sm** and SrALO,: Eu**, Sm*" phosphors exhibit monoclinic crystal systems and that the BaAl,O,: Eu**, Sm** phosphor
exhibits a hexagonal structure. The alkaline earth metal has a positive effect on the crystallization process, the heat treatment
procedure and the luminescent properties of the corresponding phosphors. According to the order Ca > Sr > Ba, the maximum
emission wavelengths of the corresponding phosphors are found at 505 nm, 490 nm and 478 nm, and the relevant colours
of emitted light are between blue and green, which indicates that there is a clear blue shift in the emission spectra, but their
excitation spectra show almost no difference. The decay curve shows that the afterglow intensity and time are not only related
to the activating processes and the hole transport, but also to the phase structure and the grain size, which is in the order Sr > Ca > Ba.

KEYWORDS

Long afterglow, alkaline earth aluminates, spectra, combustion method.

1. Introduction

Due to the thermal stimulated recombination of holes and
electrons at traps which leave holes or electrons in a long-lived
excited state at room temperature, long-lasting phosphorescence
in materials has attracted considerable attention.' The lumines-
cence of Eu®" is very strongly dependent on the host lattice,
which can occur from the ultraviolet to the red region of the
electromagnetic spectrum. It is well known that persistent lumi-
nescence is due to the trapping of energy in the defects, followed
by a slow thermal bleaching of the traps and transport of the
charge carriers and recombination with the Eu®" ion, which
results in its excitation and emission spectra usually being broad.
Eu’*-doped solids have been widely used as luminescent materials
due to their excellent properties, such as high brightness, no
radiation, long duration, excellent photoresistance and environ-
mental application capability.”"* It is commonly accepted that
the quality of a luminescent material is largely determined by
the synthesis method. In previous reports, MALO,: Eu** (M =
Ca, Sr, Ba) phosphors were mostly synthesized by high tempera-
ture solid-state and sol-gel methods, which require quite long
reaction times at high temperatures, and always display large
grain sizes, while the microwave heating technique was also
used for preparing MALO,: Eu** phosphors." In recent years,
due to the combustion method displaying unique advantages
of lower synthesis temperature, shorter synthesis time and
controlled size of particles, it is a more recent and more reliable
method for preparing long afterglow phosphor materials. More-
over, the alkaline earth metals have a positive influence on the
crystallization process, the heat treatment procedure and the
luminescent properties of the corresponding phosphors. The
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luminescence of Eu** has been widely studied but detailed
investigation is limited and there have been very few reports
on the luminescent properties of MALO, (M = Ca, Sr, Ba)
phosphors activated by two rare earth ions. Thus, in order to
obtain better possible luminescent materials, it was important to
search for a new method and study the relationship among
preparation conditions, structure and luminescent performance.
The purpose of the present study is therefore to establish a
relationship between the powder formation conditions, crystal-
lizing capacity and luminescent properties of MAL,O, (M = Ca,
Sr, Ba) phosphors activated by Eu*" and Sm®* ions, which were
prepared by the combustion method at 600 °C. The structure,
thermal process and luminescent properties of those samples
were investigated and are reported.

2. Experimental

2.1. Sample Preparation

A series of MALO,: Eu**, Sm’* (Eu**: 0.15 mol %, Sm’*: 0.15 mol
%) (M = Ca, St, Ba) phosphors was prepared by the combustion
method and they were labelled as samples A (M = Ca), B(M =
Sr) and C (M = Ba), respectively. In the synthesis, calcium,
strontium and barium nitrates, aluminium hydroxide, boric acid
(added as flux), nitric acid, urea (all of AR grade purity), euro-
pium oxide (99.99%) and samarium oxide (99.99%) were used as
starting materials. The rare earth oxides were dissolved in nitric
acid, and M(NQO,),, A(OH),, Eu(NO,), and Sm(NO,), in the
desired molar ratio were dissolved in a urea solution with
constant stirring at 80 °C. After evaporation of water at 110 °C,
the dark gels were combusted for a few minutes at 600 °C, which
yielded the samples.
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2.2. Sample Characterization

Phase analysis was performed by X-ray diffraction (D8/
ADVANCE, Germany), with Cu K, radiation. The step scans
were taken over the range of 20 angles from 20 to 70 °. For the
evaluations of average crystal size of samples, the Scherrer equa-
tion (1) was used, where L denotes the average crystal size, A the
wavelength of the X-rays used (0.154 nm), 8 the effective line
width of the reflection, and 6 the Bragg angle.

L =0.94/B cos 6. (1)

Differential thermal and thermogravimetric analyses (DTA/
TG-DTG) of the precursors were conducted on CRY-2P and
WRT-2P thermal analysers. Sample masses were ca. 40 mg and
thermal runs were performed in N, (99.99%) with a gas flow rate
of 20 mL min™. The atmosphere was air and the temperature
increased from 50 to 700 °C at a ramp rate of 10 °C min™. The
platinum sample pot had a depth of 5 mm and contained
alpha-alumina as reference material.

2.3. Optical Measurements

The emission and excitation spectra of the samples were
obtained at room temperature using a Perkin-Elmer LS 55
luminescence spectrometer with a xenon flash lamp. The excita-
tion and emission slits were set at 2.5 nm, and the excitation
spectra were automatically corrected for the variation in the
lamp intensity by a second photomultiplier and a beam-splitter.
The emission spectra were corrected by dividing the measured
emission intensity by the ratio of the observed spectrum of a
calibrated tungsten lamp and its known spectrum from 300 to
900 nm. All of the spectra were measured at a scan speed of
1000 nm min™.

The decay curve of afterglow was measured at room tempera-
ture with an ST-86LA brightness meter, and the samples were
irradiated by 365 nm light for 20 min. During the experiments,
since the samples were comparatively stable, different control
experiments showed good reproducibility, differing only by the
equipment standard deviation.

3. Results and Discussion

To study the processes occurring in the course of gel heating,
the thermal analysis results of DTG and DTA for the MALO,:
Eu**, Sm™ (M = Ca, Sr, Ba) precursors are shown in Figs 1 and 2,
respectively. Fig. 1 alsoincludes, asaninset, the TG curves. These
changes of residual mass and temperature difference with tem-
perature are shown with corresponding integral curves. As indi-
cated in Fig. 1, there are three principal mass loss regions in the
DTG curve for the three precursors with increase of tempera-
ture. The broadband peak with a T, at about 130-150 °C is
observed in all the DTG curves, and is assigned with a high
degree of certainty to the dehydration of crystallized water in
the initial precursor. After the dehydration is completed, the
region of mass loss from 190 to 400 °C is attributed to the
decomposition of the hydrocarbon (CH,) and amino-group
organic components. The significant mass loss region > 410 °Cis
attributed to the decomposition of carboxyl alkaline earth metal
group and carboxyl aluminium groups. Furthermore, at temper-
atures up to 530 °C, no additional changes in the masses of the
residues were recorded from the three precursors. On the other
hand, as shown in Fig. 2, there are five principal endothermic
peaks in the DTA curves for the precursors with increase in
temperature. The deeper endothermic peak around 180 °Cin the
DTA curve, corresponding to the first weak mass loss shown by
TG, is due to the dehydration of the precursors. The smooth
endothermic peak at 200 °C and the small and shallow endother-
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Figure 1 TG-DTG curves of the precursors: (a) SrALO,: Eu**, Sm**;
(b) CaALO,: Eu**, Sm**; (c) BaALO,: Eu**, Sm**.
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Figure 2 DTA curves of the precursors: (a) SrAL,O,: Eu**, Sm**;
(b) CaALO,: Eu**, Sm**; (c) BaALO,: Eu**, Sm**.

mic peaks at 250 °C are a result of the decomposition of Al(OH),
into AIO(OH) and the release of crystal water.”” The large and
sharp endothermic peak between 280 and 420 °C, accompanied
by the major mass loss, corresponds to the dehydroxylation of
the mixed hydroxides into oxides. The endothermic peak
(ca. 510 °C) is a result of the decomposition and/or melting of
nitrate. During this stage, amorphism M-Al-O: Eu**, Sm®* (M =
Ca, Sr, Ba) occurs. Above 540 °C, heat impact is not distinctive,
which indicates that the complex has decomposed completely
and changed gradually from the amorphous state to full crystal
grains.

The results shown by XRD reveal the influence of the alkaline
earth metal on the crystallization of those phosphors. The d values
and relative intensities (I/I,) of the samples, as displayed in Fig. 3,
correspond mainly to the reference values in JCPDS cards of
MALO, M = Ca, Sr, Ba) No. 1-888, No. 34-0379 and No. 17-306,
respectively, and the composition of the phosphors is in accor-
dance with the desired molar ratio MALO,: Eu**, Sm**. At the
same time, the results of the phase analysis obtained by XRD also
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Figure 3 XRD patterns of the MALO,: Eu**, Sm*" phosphors: (S) spinel;
(a) SrALO,: Eu*", Sm’*; (b) CaALO,: Eu**, Sm**; (c) BaALO,: Eu**, Sm®*.

clearly show that most peaks are assigned to those of the MALO,
structure. Moreover, their structures change with change of M.
Samples A and B exhibit monoclinic crystal systems and sample
C a hexagonal structure. The doping Eu** and co-doping Sm™
have very little influence on the structure of the luminescent
materials, and a mixed compound of Eu** and Sm’* is therefore
not observed. The above analysis indicates that MAL,O, crystal-
line phases can be formed at a relatively low temperature
(600 °C) by the combustion method.

Table 1 reports the observed values of the lattice parameters
and the evaluations of average crystal size of ssmples A, Band C.
The values calculated reflect the trend of the crystallinity shown
by the XRD patterns. A comparison of these samples shows that
the particle size of the samples increases from 284 A to 335 A in
the order B < A < C. This result reveals that the alkaline earth
metal has a significant influence on the average crystal size. As is
commonly accepted, the crystal size is one of the mostimportant
reasons for showing different luminescent properties, where
smaller grain size is beneficial to the luminescent property.

Figs 4 and 5 illustrate the excitation and emission spectra of
the three phosphors. As is well known, rare-earth phosphors
may be separated into two types, i.e. broadband-emitting due
to the transition between the 5d and 4f orbital gaps (Eu**, Ce’"),
or narrow line-emitting owing to the transition in the 4f levels

Table 1 Structure parameters of the MALO,: Eu**, Sm®* (M = Ca, S, Ba)
phosphors.

Sample a/A b/A /A V/A? L/A
A 8.745 8.251 5.183 374 307
B 8.429 8.903 5211 391 284
C 8.661 8.326 5.257 379 335

a, b and c: cell parameters; V: crystal cell volume; L: average crystalline size.
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Figure 4 Excitation spectra of the MALO,: Eu**, Sm®" phosphors:
(a) STALO,: Eu**,Sm**; (b) CaAlL,O,: Eu**, Sm**; (c) BaALO,: Eu**, Sm**.

(Eu’*, Tb**, Tm®"). The excitation and emission spectra of the
phosphors displayed in Figs 4 and 5 exhibit different shapes and
broadband peaks in the photoluminescence spectra at room
temperature. According to the order Ca > Sr > Ba, the maximum
excitation wavelengths are observed at 321 nm, 316 nm and
312 nm, respectively. Moreover, the maximum emission wave-
lengths are found at 505 nm (M = Ca), 490 nm (M = Sr) and
478 nm (M = Ba), respectively, which corresponds to the colour
of emitted light between blue and green. The emission spectra of
these phosphors therefore shift blue light wavelength with the
increase of ordinal number of the alkaline earth metals Ca, Sr
and Ba, which can be due to the effect of crystal structure. Owing
to the shielding of the electrons in the inner shell, the 4f electrons
are not sensitive to lattice environment, but the 5d electrons may
couple strongly to the lattice. Consequently, the mixed states of
4£5d will be split by the crystal field and will couple strongly to
the lattice phonons, resulting in broadband absorption and
emission. Itis known that different host structures and crystallo-
graphic distortions will influence the crystal field environment
of rare earth ions in the host structure.”" For sample B, since the
radii of Sr** and Eu’* are very similar, there is no apparent effect
of crystal structure when Sr** is partly substituted by Eu**. When
Ca’* or Ba®" are partly substituted by Eu**, the phosphor displays
a weak crystal microstrain and the action of crystal structure on
Eu** is also different with a variation in the ionic radii. For
sample A (r;,”" > r.,”"), the crystal will expand and the inter-
repulsive force will be minimized, which results in an increase in
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Figure 5 Emission spectra of the MALO,: Eu**, Sm®" phosphors:
(a) STALO,: Eu**, Sm**; (b) CaAlL,O,: Eu**, Sm**; (c) BaALO,: Eu**, Sm®*.
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Figure 6 Afterglow curves of the MALO,: Eu®", Sm** phosphors:
(a) SrALO,: Eu**, Sm**; (b) CaALO,: Eu**, Sm**; (c) BaALO,: Eu**, Sm®*.

the emission wavelength. However, for sample C, the crystal
will contract which results in a decrease in the emission wave-
length.””?" With a decrease in crystal field strength, the
luminescence of Eu** from different sublevels thus exhibits a
clear blue shift.

The luminescent decay curves of the three phosphors, irradi-
ated by 365 nm light for 20 min at room temperature, are shown
in Fig. 6, which indicates that the afterglow decay tendency is de-
scribed as follows: initial rapid decay, intermediate transitional
decay and then a long-lasting phosphorescence. The initial
rapid decay is due to the short survival time of an electron in
Eu**, the intermediate transitional decay might be the capture of
Eu** by a shallow trap energy centre and the very long-lasting
decay could be attributed to the deep trap energy centre of
Sm’* . As is well known, for the long persistent phosphorescence
doping rare earth ions (Eu** and Sm*"), Sm>* could act as trap
levels which capture the free holes, release the trapped holes
and recombine with electrons, which accompanies the lumines-
cence. In addition, the depth of trap level and the trap types will
influence the emission lifetime.” Owing to the Sm** ions added
as the auxiliary activator and partly substituting the alkaline
earth metals M of MALO,, their energy levels have a relationship
to the composition and structure of the host. For samples A and
B, which display monoclinic crystal structures, the appropriate
trap can be produced and afterglow phenomena can be observed.
However, the shallow trap can be produced but the afterglow
phenomenon is not markedly observed for sample C with the
hexagonal crystal lattice.” In addition, with decreasing grain
size, the surface energy should be increased dramatically, which
attracts more vacancies.

The decay times of phosphors can be calculated using Eq. 2,
where I is the phosphorescence intensity, A, A, and A, are
constants, ¢ is time, and 7,, 7, and 7, are decay times for the expo-
nential components, respectively.”*

I = A1 exp(-t/11) + Az exp(-t/12) + Az exp(-t/13) . (2)

The values of the decay times for the three phosphors are
shown in Table 2, and based on the above analysis, the sequence
of afterglow intensity and time is in the order Sr > Ca > Ba.

4. Conclusion

A series of MALO,: Eu**, Sm®* (M = Ca, Sr, Ba) phosphors was
prepared by the combustion method at 600 °C, and character-
ized using X-ray powder diffraction and excitation and emission
spectroscopy. Thermal analyses of these precursors were carried
out. A relationship was established between the conditions of

Table 2 Decay times of the MALO,: Eu**, Sm** (M = Ca, Sr, Ba)
phosphors.

Sample Initial intensity/med m™ Decay time/min
7 53 T3
A 1013 1.04 242 34.08
B 1257 1.08 2.64 37.11
C 915 0.97 2.13 30.56

combustion synthesis, the crystallization capacities and the
luminescent properties of the corresponding phosphors. There
are three principal mass loss regions for the precursors in the
DTG curve and five endothermic peaks in the DTA curves with
an increase in temperature. Based on the XRD peaks, all
phosphors are primarily identified as MALO, phase, while
samples A and B exhibit monoclinic crystal systems and sample
C a hexagonal structure. The emission spectra of these phos-
phors shift towards the blue with the increase of ordinal number
of the alkaline earth metals Ca, Sr and Ba. The order of afterglow
intensity and decay time is Sr > Ca > Ba.
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