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Abstract Long lasting Sr4Al14O25:Eu2?, Dy3? phospho-

rescent nano-pigments were synthesized by the solution

combustion method. Solution combustion involves the

exothermic reaction of oxidizers and an organic fuel and is

a suitable method for producing chemically homogenous

and pure powders with smaller particle sizes. Phase anal-

ysis by XRD proved the formation of Sr4Al14O25 with

crystallite sizes of about 84 nm. SEM micrographs showed

a wide particle size distribution. The emission spectra

showed an intense emission peak at about 485 nm. In high

doping concentrations a red peak shift of about 10 nm was

observed due to crystal structure contraction. The effect of

a wide range of Eu2? and Dy3? ion concentrations as two

important variables was studied, and it was deduced that

the concentration of the ions has a considerable effect on

the emission intensity and maximum peak wavelength of

these pigments. This phosphor showed a broad excitation

band in the range 220–500 nm which lasted for a relatively

long time.

1 Introduction

Luminescent materials have been known since 2000 years

ago [1]. A long lasting phosphorescent material stores

optical excitation energy in the lattice by trapping excited

charge carriers, which after removing the excitation source,

releases it slowly (for several hours) in the form of photons

with the same wavelength [2]. One of the first long lasting

phosphors is copper doped zinc sulfide. Nonetheless, this

phosphor has many problems, namely it can emit just for a

few hours, hence must be associated with radioactive

materials as the excitation source, which makes it unsafe. It

also has low chemical (it degrades under UV and wet

conditions) and thermal (oxidation temperature is 500 �C)

stability [3–5].

Strontium aluminates doped with rare earth ions namely

europium have been studied extensively since 1930 for

their excellent properties. Eu2? is an important element of

the lanthanide series that exhibits luminescence from red to

UV-region [1, 5, 6], since the energy difference between

the d- and f-electrons depends on strength of Eu2?-ligand

covalence bond and the crystal field [2]. It has been

reported that Sr4Al14O25 doped with Eu2? exhibits an

intense blue–green emission associated with a high

brightness [5–7] and has a high quantum efficiency [1, 5]

and thermal and chemical stability [5, 8, 9] and does not

require radioactive radiation as excitation source [1, 8].

When co-doped with Dy3? as co activator ion, Sr4Al14O25

shows long lasting phosphorescence [4].

Different procedures such as solid state [5, 8–12], sol–

gel, co-precipitation [7] and solution combustion [6] have

been used for the synthesis of this material. The solution

combustion method has many advantages including low

calcination temperature and fine particle size and high

crystallinity product [4, 7].

For the first time Nadzhina et al. [10] reported the

structure of Sr4Al14O25. The orthorhombic Sr4Al14O25

consists of layers made up of AlO6-octahedra separated by

a double layer of AlO4 tetrahedra [1]. There are two dif-

ferent strontium sites known as Sr1 and Sr2 in Sr4Al14O25.

The Sr1 site lies in an oxygen-polyhedron composed of six
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O atoms and the Sr2 site lies in a complicated oxygen-

polyhedron composed of eight O atoms [1, 10].

In this article synthesis of Sr4Al14O25:Eu2?, Dy3? pig-

ment by solution combustion method has been reported.

Also the simultaneous effect of Eu2? and Dy3? dopants on

the emission intensity was studied.

2 Experimental procedure

Many factors affect luminescence properties of phospho-

rescent pigments namely activator and co-activator ion

concentration. To find the effect of simultaneous change of

activator and co-activator concentration on the emission

properties of the pigments, europium and dysprosium were

added (Table 1). Samples were prepared using the solution

combustion method, whose details are reported elsewhere

[11].

The phase analysis was determined using a X-Ray

Diffractometer (Philips PW3040/60, Cu Ka: 1.54056 Å,

40 kV and 30 mA, Holland). Particle size and morphology

of the samples were determined by a scanning electron

microscope (S4160, Hitachi, Japan). The excitation spectra

and photoluminescence emission of the samples were

obtained with a Perkin-Elmer spectrophotometer LS5

equipped with a Xenon lamp as excitation source.

3 Results and discussion

As an example the XRD pattern of the sample P0 is shown

in Fig. 1, which indicates the formation of Sr4Al14O25

phase. There is no undesirable phases and the resultant

XRD pattern is in accordance with reference pattern

(JCPDS 01-074-1810). The crystallite size of the powder

was calculated to be about 84 nm.

Figure 2 shows the SEM images of the sample P0. It can

be seen that it has an irregular morphology and a wide

particle size distribution of 60 nm–8 lm.

The excitation spectra of samples P1 and P3 are shown

in Fig. 3. As observed, the excitation intensity of P3 is

more than P1, which is due to the presence of more traps

(Dy3? ions). The high Dy3? concentration as discussed

later causes an excitation peak shift.

Also, the spectra show that these pigments have a broad

excitation band (about 220–500 nm), so they easily can be

excited by high energy visible photons.

Table 1 also shows the maximum peak emission

wavelength of the samples. As observed, most of the

samples (except for P10 and P12) show emission wave-

lengths centered around 485 nm. However, according

Table 1, at equal at. % of Eu2? and Dy3? (greater and

equal to 16.5 %, samples P10 and P12) significant changes

in the maximum peak emission wavelengths can be seen.

The XRD studies [11] showed that the pigments have

nanometer crystallite sizes. Hence, in comparison with

pigments synthesized by conventional solid state reaction

method (pigments with larger sizes and emission peaks at

about 490 nm) [5, 12]), show a blue shift that is due to the

dependence of crystal field effect to the size of particles

[4].

Table 1 Activator and co-

activator concentration and

maximum emission wavelength

of prepared samples

Sample code Eu2? (at. %) Dy3? (at. %) Max. emission wavelength (nm)

P0 0 0 486

P1 1 1 486

P2 1 16.5 485

P3 1 32 486

P4 8.75 1 485

P5 8.75 8 485

P6 8.75 16.5 487

P7 8.75 24.25 484

P8 8.75 32 486

P9 16.5 1 486

P10 16.5 16.5 490

P11 16.5 32 484

P12 32 32 495

Fig. 1 The XRD pattern of the sample P0
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The emission spectra of the samples P10 and P12

demonstrated a red shift compared to the others. Samples

P10 and P12 contain more Eu2? and Dy3? ion concentra-

tion which causes more matrix phase structure contraction.

As the space containing the ion becomes smaller, the

crystal field strength increases [13]. Therefore, owing to

the increase in the field strength, the transition energy

between the 4f and 5d energy levels of Eu2? is expected to

decrease (shift to longer wavelengths).

Figure 4a–c show the effect of varying Dy3? concen-

tration on the emission intensity of the pigments at three

fixed Eu2? concentration.

As observed in Fig. 4a (1 at. % Eu2?), with increasing

Dy3? concentration the emission intensity initially

decreases and then it rises. In samples P1 to P3, where the

Eu2? concentration is lower than the quenching concen-

tration, by increasing Dy3? to 16 at. %, the number of

trapped holes that will recombine with excited electrons

during a long time increases and therefore the emission

intensity decreases. Nonetheless, by further increasing of

the Dy3? concentration, the emission intensity increases

and there will not remain considerable trapped hole for

recombination during a long time. It is predicted that with

more increase of Dy3? concentration, the number of traps

transferred to the valence band.

Therefore, these falls and rises in the emission intensity

show that there will be a specified Dy3? concentration

(between 1 and 32 at. %) at which the emission intensity

shows its lowest intensity in its first falling and for more

than 16 at. % Dy3? concentrations it is predicted that there

will be a specified Dy3? concentration that after it, the

emission intensity will decrease.

In sample P3 (32 at. % Dy3?) Dy3? concentration is

very high and there are many Dy3? ions and so Dy3? ions

are closer to Eu2? ions [since this ion enters into the host

structure and occupies Sr2? ion positions, because Dy3?

radios (0.99 Å) is close to the Sr2? radios (1.13 Å)

(probably same as Eu2? that occupies Sr1 and Sr2 positions

[1, 5, 14])], therefore this can increase trapping and de-

trapping speed and trapped holes are more available for

recombination with excited electrons. This causes an

increase in emission intensity.

In Fig. 4b, where the Eu2? concentration is 8.75 at. %,

the emission intensity decreases with increasing Dy3? ions,

except for the sample P7. In these samples the Eu2? con-

centration is higher than the quenching concentration,

hence the Eu2? ions are closer together than the critical

distance in quenching concentration and therefore once

excited, the excitation energy easily transfers between

these ions until reaches a defect or non-emissive center and

wastes. But Dy3? induced traps inhibit fast excitation

energy transfer (quenching). But the fact that the photo-

luminescence intensity is high in sample P4 may be

attributed to the number of trapped holes, i.e. the number of

Eu2? ions that have been excited and their holes have been

trapped, are lower than Eu2? population (Dy3? concen-

tration or traps are low) and in other hand, many of the

excited electrons could reach the trapped holes (by energy

transfer between Eu2? ions). This means that the presence

of Dy3? at low concentrations, can help to use a part of

excited Eu2? ions and related electrons for recombination

and producing an emission intensity as intense as sample

P1.

With increasing Dy3? concentration as could be seen

(P5–P6) the emission intensity shows a considerable

decrease. It seems that at this concentration there are

300 nm  10 µm  

Fig. 2 The SEM images of the

powder sample P0

Fig. 3 The excitation spectra of the samples P1 and P3
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enough traps for trapping most or all of the created holes

after excitation and hence hole trapping occurs. But the

trapped holes are not enough for the excited electrons to

recombine with them, or there is not enough excess trap

centers (Dy3? ions) as a bridge to help the trapped holes to

transfer and become available for excited electrons, and

therefore excitation energy transfer among Eu2? ions and

therefore quenching process occurs fast.

In sample P7 the emission spectrum shows an increase

in intensity because, beyond high Eu2? excited ions there is

higher, enough and also available trapped holes. Therefore,

recombination process is more probable and causes an

intense emission. But in sample P8 the trap concentration is

too high and the holes transfer to valence band due to the

existence of excess traps (Dy3? ions). So the remained

trapped holes are not enough to create an intense initial

recombination with electrons, therefore emission intensity

is very low.

The falling, rising and again falling in emission intensity

is observed in Fig. 4b. At first emission intensity falling,

the minimum intensity will be at Dy3? concentrations

between 1 and 24.25 at. % Dy3? and at second falling the

minimum emission intensity will be at more than 16 at. %

Dy3?.

It seems that the interpretation of the changes in Fig. 4c

can be the same as what mentioned in Fig. 4b, although at

Fig. 4c the emission intensity just increases with increasing

co-activator concentration. Here because Eu2? concentra-

tion is too high, with increasing Dy3? concentration, just

the available trapped holes for recombination increases, so

even at 32 at. % Dy3? there is enough available trapped

holes and the recombination process occurs rapidly and

inhibits fast quenching. So, here the required Dy3? con-

centration for quenching is more than 32 at. %.

From another view point, Fig. 5a–c show the effect of

varying Eu2? concentration on the emission intensity of the

pigments at three fixed Dy3? concentration.

The results indicate that Eu2? concentration has a great

effect on the emission intensity of pigment at each level of

Dy3? concentration. In Fig. 5a it could be seen that at

lowest Dy3? concentration (1 at. %) the emission intensity

at first increases with increasing Eu2? concentration

(sample P4) and then decreases considerably (sample P9).

This means that Eu2? concentration in sample P9 is much

more than the quenching concentration, resulting in a

decrease in emission intensity.

At higher Dy3? concentration (Fig. 5b), emission

intensity initially decreases with increasing Eu2? concen-

tration and then increases. The main reason for this

behavior is that the number of trap centers (Dy3?) in this

series of samples is more than the previous one, therefore

by increasing Eu2? concentration (sample P6) the emission

intensity decreases. In sample P6 the Eu2? concentration is

more than its quenching concentration and the traps are

enough for trapping created holes after Eu2? ion excitation.

It seems that in this sample trapped holes are not available

for recombination with the excited electrons and therefore

the initial intensity decreases. In the sample P10 the

amount of Eu2? is higher and also part of the created hole

is trapped, so that with the energy transfer between the

Eu2? ions, the excited electrons can recombine with the

trapped holes easier and faster, resulting in a rise in the

emission intensity.

Fig. 4 The emission spectra (ex: 350 nm) of samples containing

varying Dy3? concentration at three fixed Eu2? concentration (a = 1,

b = 8.75 and c = 16.5 at. %)
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In Fig. 5c, in P3 sample, Eu2? concentration is lower

than its quenching concentration and Dy3? concentration is

too high. Therefore, the probability of transferring the

trapped holes and their recombination with the excited

electrons is very high. Thus, the emission intensity is very

high. In sample P8 Eu2? concentration is more than its

quenching concentration, so excitation energy can transfer

between Eu2? ions and reaches to defects or non-emissive

centers and wastes. In the sample P8 the number of holes is

also high, but it is not high enough and because the trap

concentration is too high, holes transfer to valence band

fast by the existence of excess traps and therefore the

excited electrons cannot recombine with the trapped holes

and create a high emission intensity before excitation

energy transfers by Eu2? ions and reaching to defects or

non-emissive centers. However, in the sample P11, since

Eu2? concentration is more, more excited electrons have

recombination possibility with the trapped holes before;

wasting energy by excitation energy transfer between Eu2?

ions and hole transfer to valence band occurs. Here also the

trapped holes are enough and available for recombination

with the excited electrons. In sample P12 due to high Eu2?

concentration, the quenching process occurs easily and

faster. In the sample P12, not only the Eu2? concentration

is too high and there is an excitation energy transfer

between them, but also because of the high concentration

of the trapped holes, they transfer to valence band and

again emission intensity decreases.

In both Figs. 5b and 3c the emission intensity first

decreases and then increases, but the turning point occurs

at different Eu2? concentrations. As could be seen the

amount of Dy3? concentration is responsible for this dif-

ference. It seems that since this ion enters into the host

structure and occupies the Sr2? ion position, the amount

and the position of this ion (as traps) between Eu2? ions

can affect the emission behavior of Eu2? ion.

Finally, it is concluded that at each Eu2? or Dy3?

concentration a specific amount of Dy3? or Eu2? is needed

for achieving maximum possible intensity and quenching.

As an example, the decay curve of sample P1 as a

sample with low or economical rare earth concentrations

(lower than quenching concentration) is shown in Fig. 6.

This curve shows both rapid and slow decay processes.

4 Conclusions

Long lasting Sr4Al14O25:Eu2?, Dy3? phosphorescent nano-

pigments were synthesized by the solution combustion

method. The powder diffraction data proved the formation

of a high purity phase and the crystallite size was found to

be about 84 nm. The SEM images revealed a wide particle

size distribution. The synthesized Sr4Al14O25:Eu2?, Dy3?

phosphorescent nano-pigments showed emission bands at

about 485 nm. It was observed that by doping high con-

centrations of Eu2? and Dy3? ions, due to the matrix phase

structure contraction and increase in the crystal field

Fig. 5 The emission spectra (ex: 350 nm) of samples containing

varying Eu2? concentration at three fixed Dy3? concentration (a = 1,

b = 16.5 and c = 32 at. %)

Fig. 6 The decay curve of the sample P1
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strength, the emission peak shifts to higher wavelengths

about 10 nm. The effect of Eu2? and Dy3? concentrations

(simultaneously) as two important variables was studied.

The maximum emission intensity was found at Eu2?, Dy3?

concentrations of about 1, 32 and 8.75, 1 at. %. The results

indicated that Eu2?/Dy3? concentrations have an effect on

the emission intensity of this pigment. Also, this pigment

shows a wide excitation band and long lasting phospho-

rescence, and is proper for various applications.
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