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Abstract

A reddish orange emissive long afterglow phosphors Ca,_ SnO,:xSm>* (x=0.001-0.05) are prepared by solid-state reac-
tion in air atmosphere. The synthesized phosphors are characterized and analyzed by X-ray diffraction, photoluminescence
spectra, afterglow decay curves, and absorption spectra. Under excitation at 407 nm, three emission peaks locate at 565, 610
and 654 nm, respectively, which can be assigned to the *Gs,,—°H; (J =5/2, 7/2, 9/2) transitions of Sm*" ion. The fluorescent
intensity and the afterglow characteristic depend on the concentration of Sm**. The optimal Sm** concentration is x=0.01.
The CIE 1931 chromaticity coordinates of the emission and afterglow are (x=0.6103, y=0.3891) and (x=0.5668, y=0.4325)
located in the range of reddish orange light emission. The afterglow decay curves of the CaZSnO4:Sm3Jr phosphor indicate
both fast and slow decay components. The striking difference of the afterglow luminescence intensities of the phosphor after

irradiation under 254 and 365 nm UV is discussed in deeply with absorption spectrum.

1 Introduction

Long-lasting phosphorescence (LLP) is a luminescence pro-
cess with the decay time extending to seconds, minutes, or
even hours at room temperature after removal of the excita-
tion [1-4]. These materials are used for safety indication,
emergency lighting, light guide [5], billboards, graphic arts,
and interior decoration, lighting, display, radiation dosim-
etry [6-9], optical memory [10], erasable optical storage
[11], and pressure sensors [12]. Till now, different types of
inorganic lattices, including sulfides, aluminates, silicates,
titanates, oxysulfides, nitrides, pyrophosphates, etc., doped
with various activators, have been developed as LLP phos-
phors [13-21]. As to the activators of the LLP phosphors,
almost all the lanthanides ions (excluding radioactive Pm)
and transition metal ions Mn%*, Ti** have been reported to
successfully produce afterglow emission in various host lat-
tices [22, 23].
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Among the reported long afterglow phosphors, the per-
formance of LLP phosphors emitting in the blue [24] and
green [13] spectral region almost meet the requirement for
practical applications and are commercially widely avail-
able. However, orange to red LLP phosphors are still out of
reach from a practical point of view. Therefore, there is still
a strong need for the development of novel host materials for
LLP phosphors emitting at longer, i.e. in the orange to red,
wavelength range [25].

In the early time, the sulfides activated by some rare earth
ions such as MS: Eu** (Eu?*) (M =Ca, Sr, Zn) are the main
red phosphorescence materials [26, 27], but they are not very
stable. Since Murazaki et al. reported a red LLP phosphor
Y,0,S: Eu**, Ti**, Mg?* which afterglow lasted above 3 h
[26], there have been many researches on red Eu?* activated
oxysulfides LLP phosphors [28-30]. But such oxysulfides
obtained under weak reducing atmosphere requires better
equipment and complicated technique. Moreover, harm gas
released in the process.

From a practical point of view, oxide phosphors are more
attractive than the traditional sulfide or halide phosphors due
to their resistance to moisture. Ca,SnO,, as one-dimensional
chains structure, is very easy to implant other ions into the
host lattice and generally exhibit special luminescence prop-
erties. During last decade, alkaline earth ortho-stannates
(M,Sn0O,, where M =Ca, Sr and Ba) have been drawing
more and more attention as host matrix for new phosphors
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because of their stable crystalline structure and high physi-
cal, chemical stability, environment friendly, lower cost
and simple preparation technique [31-35]. Hence calcium
stannates were chosen as the matrix in many cases, such as
red Ca,SnO:Eu’" [3, 32, 36], Ca,Sn0,:Pr** [37], reddish
orange Ca,Sn0,:Sm** [38], green Ca,Sn0,:Tb>* [39] and
yellow Ca,Sn0O,:Dy>*" [40] phosphors.

In this work, an interesting reddish orange light-emitting
LLP material Ca,SnO,:Sm>* was synthesized via the con-
ventional solid-state reaction method. Their photolumines-
cence and LLP properties, were systematically investigated
by means of photoluminescence excitation and emission
spectra, LLP emission spectra, decay curves and absorp-
tion spectra. We discussed the strongest excitation peak
at 407 nm, and the enhanced afterglow by the absorption
spectra.

2 Experiment

The powder samples of Ca,_ SnO,:xSm>* were prepared via
conventional high temperature solid state reaction method.
The starting materials used in the preparation were CaCO,
(99.99%), SnO, (A.R.) and Sm,05 (99.9%). The powders
were mixed thoroughly for 1 h in an agate mortar and the
mixtures were then transferred into corundum crucibles and
calcined at 1350 °C for 4 h inside a furnace in air atmos-
phere. After cooling down to room temperature, the samples
were ground again to fine powders in an agate mortar for
measurements.

The sample structure was identified by Smart Lab X-ray
powder diffraction (XRD) with Ni-filtered CuKa radiation
in 20 range from 10° to 80°. Photoluminescence spectra
and afterglow characteristic were recorded on a HORIBA
Fluoromax-4 Spectrofluorometer. Absorption spectra was
measured on a HITACHI U-4100 Spectrophotometer. All
measurements were recorded at room temperature.

3 Results and discussion
3.1 XRD pattern of Ca,Sn0,:Sm**

Figure 1 shows the X-ray diffraction patterns of
Ca,_ SnO,:xSm** (x=0.001-0.05). As a result, a typical
Ca,Sn0O, pattern is observed for all investigated samples
which agree with the phase of Ca,SnO, (JCPDS Card No.
46-0112), which indicates that Sm>* ions are well doped into
the lattice. The positions of the peaks in the XRD profiles
shift to lower angles with the increasing Sm** concentration
(Fig. 1b). It is known that Ca" is seven coordinate and Sn**
is six coordinate in the Ca,SnO, [11, 41]. Considering the
radius of Ca?* (1.06 A, CN'=7), Sm** (1.02 A, CN=7) and
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Fig.1 XRD patterns of Ca, SnO,:xSm** (x=0.001-0.05) and
JCPDS Card No. 46-0112 (b) partially enlargement of (a)

Sn** (0.71 A, CN=6), it can be expected that the Sm>* ions
occupy the Ca®* sites. The crystal structure of Ca,Sn0O, con-
sists of chains of edge-linking SnOg octahedra [1, 32]. SnOg
octahedra are connected in low-dimensional form, and SnOg
octahedra are linked sharing edges with each other and form-
ing one-dimensional chains. In this kind of low-dimensional
structure, it is easy to implant other ions into the host lattice
and create traps located at suitable depths that can store the
excitation energy and emit light upon re-activation at room
temperature [42, 43]. The extension of the lattice parameter
may be due to the Sm>" ions entering interstitial sites [3].
Since the effect of the coordination number on the radius of
the ions with unsaturated electron configuration is more than
that of the saturated electron configuration ones, the radius
of Sm** ion is larger than that of Ca®* [32]. Thus, the sub-
stitution of Ca** ions by Sm>* increases the cell parameter.

3.2 Fluorescence properties of Ca,Sn0,:Sm>*

The excitation and emission spectra of Sm**-doped Ca,SnO,
phosphor are shown in Fig. 2. The excitation spectra consist

@ Springer
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Fig.2 Excitation (A,,=610 nm) spectra of Ca,_ SnO,:xSm** phos-
phor. The inset shows the dependence of the intensity on Sm®* con-
centration

of a series of peaks in the range of 350-550 nm. The strong-
est band at 407 nm (°Hs;,—*L, 3, + °Ps,, + *F;,,) and some
peaks at 362 Dy, + “Fopp + Pspp), 381 Py + *Ky3p),
416 (°Ps,) and 477 nm (*Ly, + *M5),) are ascribed to the
transitions from the ground state to the high energy excited
levels of Sm>* [1, 42, 44, 45]. Under excitation at 407 nm,
there are three peaks situate at 565, 610 and 654 nm, respec-
tively, which can be assigned to the *Gs,—°H; J=5/2,7/2,
9/2) transitions of Sm** ion [11, 46-48]. Among them, the
strongest peak is located at 610 nm. The most prominent
emission peak situates at 610 nm combined with other two
peaks make this phosphor emit reddish-orange color light
which shown in Fig. 7.

The luminescence intensity of phosphor materials is
always dependent on doping concentration. The dependence
of the photoluminescence intensities on Sm>* concentrations
is depicted in Figs. 2 and 3. It is quite clear that the fluores-
cent intensity increased with the increasing concentration of
Sm** ion up to x=0.01, then decreased beyond the concen-
tration due to concentration quenching. The reason lies in
that odds of complex of non-radiative transition is increasing
as the concentration of Sm>* is increasing, thus the fluores-
cent intensity of the phosphors become lower.

3.3 Phosphorescence properties of Ca,Sn0,:Sm**

Figure 4 shows the afterglow spectra of Ca,_ SnO,:xSm>*
(x=0.001-0.05) phosphors at 30 s after irradiation. All the
samples are irradiated under 254 and 365 nm UV with a
same power for 30 min, respectively. There are four peaks
located at 572, 584, 612 and 626 nm, respectively. The
afterglow emission spectra of Ca,_ SnO,:xSm>* with the
dopant levels ranging x=0.001-0.05, are recorded at the
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Fig.3 Emission (A, =407 nm) spectra of Ca,_SnO,:xSm>* phos-
phor. The inset shows the dependence of the intensity on Sm®* con-
centration

same time after stoppage of irradiation. As the dopant
levels ranging x =0.001-0.05, it is noted that the optimal
concentration occurred when the increasing concentration
of Sm** ion up to x=0.01. It is a common viewpoint that
the occurrence of LLP is dependent on the presence of
abundant defect traps with suitable depth used to store
the incident energy. The duration time of the afterglow
phosphor is markedly affected by the depth and density
of the defect traps. If the trap levels are too shallow, the
traps would be emptied too quickly and the LLP can only
last for a too short time; on the contrary, if the trap levels
are too deep, the trapped carriers cannot acquire enough
energy to escape from the trap at room temperature, and
then consequently cannot transfer the stored energy to the
luminescent center to produce LLP emission [25, 38].

It is also noted from Fig. 4 that the afterglow emission
intensity of the phosphor after irradiation under 365 nm
UV is relatively low. However, the initial intensity of the
phosphor after irradiation under 254 nm UV is stronger
about 100 times than that under 365 nm UV. The result
indicates that the Sm**—Ca,SnO, phosphor can be more
effectively activated under 254 nm UV. And so, the after-
glow luminance has been greatly improved. This phenom-
enon will be discussed with the absorption spectrum of
Ca,Sn0,:Sm>* phosphor in deeply later.

Figure 5 shows the persistent luminescence decay
curves of the Ca,_ SnO,:xSm>* (x=0.001-0.05) phos-
phors after irradiation under 254 nm UV for 30 min. The
afterglow intensity decreases quickly at first several min-
utes and then decays very slowly. The multi-exponential
afterglow delay model of Ca,_ SnO,:xSm** phosphor is
fully in agree with the behavior of a wide variety of rare-
earth-ion-doped LLP phosphors [14-19, 42, 45].
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Fig.4 Afterglow emission 350000
spectra of Ca,_ SnO,:xSm>*
with the dopant levels ranging
x=0.001-0.05, at 30 s after
irradiation under 254 and

365 nm UV respectively
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Fig.5 Afterglow decay curves of Ca,_ SnO,:xSm** (x=0.001-0.05)
phosphor monitoring after irradiation

3.4 Absorption spectrum of Ca,Sn0,:Sm>*

To understand the identical shape and peak positions,
but remarkable different intensities (at 572, 584, 612 and
626 nm) of the afterglow emission spectra after irradia-
tion under 254 and 365 nm UV respectively, the absorption
spectra are measured. Figure 6 shows the absorption spec-
tra of Ca,_,Sn0,:xSm>* (x=0-0.05) phosphors measured
by a HITACHI U-4100 Spectrophotometer in the spectral
region from 500 to 200 nm at room temperature. The com-
pounds exhibit a broad absorption band which enhance
from blue to UV range. It can be found that the non-doped
Ca,SnO, host showed a status of lower absorption from 500

Fig.6 Absorption spectra of Ca, SnO,xSm>* (x=0-0.05). The
inset is the partial enlarged detail

to 350 nm, a certain ascent (350-300 nm), a certain descent
(300-270 nm), and then arose a notable ascent from 270 to
240 nm which peak band centered at 254 nm.

However, the Sm*"-doped Ca,Sn0O, samples act out
obvious differences in absorption profiles. All Sm**-doped
Ca,_,Sn0,:xSm*" (x=0.001-0.05) phosphors contain an
absorption peak at about 407 nm which is ascribed to the
absorption of the transitions of Sm®* (*Hs;,—*L,5, + °P3)
+4F7/2). It is quite clear that the absorptivity increased with
the increasing concentration of Sm** ion from x=0.001
up to x=0.05. So, the strongest excitation peak located at
407 nm (Fig. 2). In addition, the absorption intensity of
Sm**-doped samples keep on a rise from 350 to 254 nm
without a drop from 300 to 270 nm.

@ Springer
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The Ca,_ SnO,:xSm*" (x=0.001-0.05) samples can be
effectively activated and rapidly charged by the 254 nm UV.
This results in remarkable persistent luminescence. The
afterglow intensity after irradiation under 365 nm UV is
much weaker than that under 254 nm UV (Fig. 4). It may be
involved in the electronic trapping and detrapping recom-
bination process. Under high-energy light (about 254 nm)
excitation, the ground-state electrons of Sm** ions are pro-
moted to the conduction band. The electrons trapping and
detrapping processes through the conduction band contrib-
ute significantly to the persistent luminescence. Whereas the
persistent luminescence after irradiated under low-energy
light (about 365 nm), occurs through the quantum tunneling
process. This tunneling process needs not go through the
conduction band and proceeds at a slow rate. So, it produces
much weaker long-persistent luminesce [49].

3.5 Luminous colors of the Ca,Sn0,:Sm**

The emission (A, =407 nm) and afterglow (after irradia-
tion under 254 nm UV) luminous colors of the sample with
x=0.01 are reddish orange as result of complex spectra
shown in Figs. 7 and 8. In general, luminous color is repre-
sented by color coordinates and color ratios. The chromatic-
ity coordinates of the samples have been calculated from the
spectra using the CIE1931 Chromaticity Coordinate Calcu-
lation system. The chromaticity coordinates of the emission
and afterglow are (x=0.6103, y=0.3891) and (x=0.5668,

Fig.7 CIE of emission (., =407 nm) of Ca, 9oSn0,:0.01Sm**

@ Springer
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Fig.8 CIE of afterglow (after irradiation under 254 nm UV) emission
of Ca, 99Sn0,:0.01Sm>*

y=0.4325) located in the range of reddish orange light
emission.

4 Conclusions

A reddish orange long afterglow phosphor Ca,SnO,:Sm>*
was prepared by solid-state reaction in air atmosphere.
The CIE 1931 chromaticity coordinates of the emission
and afterglow are (x=0.6103, y=0.3891) and (x=0.5668,
y=0.4325) located in the range of reddish orange light
emission. The afterglow decay curves of the Ca,SnO,:Sm>*
phosphor indicate both fast and slow decay components. The
afterglow intensity after irradiation under 254 nm UV is
about 100 times than that under 365 nm UV. The striking
difference of the afterglow intensity of the phosphor excited
by different wavelength radiation is discussed in deeply with
absorption spectrum, suggest that it may be involved in the
electronic trapping and detrapping recombination process
through the conduction band and the quantum tunneling
process.
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