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a b s t r a c t

Red afterglow phosphors Y2O2S with 5 mol% Eu, 2 mol% Mg, 4 mol% Ti (fixed) and various Gd ion con-
centrations (0–3 mol%) were prepared by solid state reaction method. The phase compositions of the
obtained phosphor were characterized by powder X-ray diffraction (XRD) method. The surface morphol-
vailable online 15 May 2010

eywords:
hosphors
-ray diffraction

ogy and the particle size were observed by scanning electron microscopy (SEM). Luminescent properties
were investigated by measuring emission spectra, excitation spectra and decay curves. The results indi-
cated that the major phase with various doped Gd ion concentrations was not changed, the intense red
emission was observed for the Y2O2S: Eu, Mg, Ti, Gd phosphor (�max = 626 nm). The Gd ion doping may
change the trap depth in the Y2O2S matrix and improve the luminescent properties of the samples. The
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with respect to the air an

. Introduction

Long afterglow phosphor is a kind of important optical func-
ional materials which can emit visible light for a long time in
arkness after excited by the sunlight, UV (ultraviolet) lamp or
uorescence lamp. Even after the light source is turned off, the
fterglow of the phosphor will last for several minutes or tens of
ours. The blue and green afterglow phosphors with high bright-
ess and long afterglow time have been prepared successfully
1–4]. However, the red afterglow phosphor with better lumi-
escent property is difficult to achieve. Many researchers have
one a lot of works to improve the luminescent properties of red
hosphors in recent years. Various red afterglow phosphors were
ynthesized successfully, including CaS [5], CaTiO3 [6–8], Sr3Al2O6
9–11], Gd2O2S [12] and Y2O2S [13].

The red afterglow phosphor Y2O2S: Eu, Mg, Ti which has high
nitial brightness and long afterglow time (over 3 h) has attracted

ore attentions since 1999 reported by Murazaki et al. [14]. Since
hen, the Y2O2S: Eu, Mg, Ti phosphor has been extensively investi-
ated. Wang et al. [15] investigated the effect of various sintering
tmospheric conditions on the crystalline phase and luminescent

roperties of Y2O2S: Eu, Mg, Ti. Zhang et al. [16] synthesized the
2O2S: Gd, Eu, Ti, Mg phosphor by a gas absorption method and
tudied the effect of Ti4+ and Mg2+ions doping on the luminescent
roperties. Wang and Wang [17] synthesized the Y2O2S: Eu, Ti, Mg

∗ Corresponding author. Tel.: +86 27 87651772; fax: +86 27 87642079.
E-mail addresses: tongkunji@whut.edu.cn (T. Ji), jianghy@whut.edu.cn (H. Jiang).
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n of the red afterglow phosphor is 1 mol%. The stability of the phosphor
idity were also explored.

© 2010 Elsevier B.V. All rights reserved.

phosphor by flux method and investigated the relation between
the luminescent properties and the crystal structures. Hölsä et al.
[18] studied the emission and excitation in the visible and UV-VUV
lights of the Y2O2S: Eu, Mg, Ti phosphor. Liu and co-workers [13]
reported on an effective method to synthesize Y2O2S: Eu, Ti, Mg
nanoparticles. Although the Y2O2S: Eu, Mg, Ti phosphor is currently
one of the best red afterglow materials, its luminescent property
is worse than that of the blue and green phosphors. Therefore, it
is significant to further improve the luminescent properties of the
Y2O2S: Eu, Mg, Ti red afterglow phosphor for advanced and practical
applications.

Recently, the effect of co-doping for substantial extension of the
spectral emission range to form the white light emitting diodes
is widely used [19,20]. It is shown that doping may stimulate the
emission properties due to excited absorption, up-conversion and
energy transfer, which is also an effective way to improve the
luminescent properties of the long afterglow phosphors. Zeng et
al. [21] reported the luminescent properties of Si4+ and Zn2+ co-
doped Y2O2S: Eu phosphor and found the doping of Si4+ and Zn2+

ions could prolong the afterglow time remarkably. Yuan et al. [22]
reported the effect of doping with Mg, Ti, Ba, Ca and Sr ions on
the luminescent properties of Y2O2S: Eu phosphor. Guo et al. [23]
reported the enhancement mechanism of luminescent properties
of RE3+ (RE3+ = Eu3+, Sm3+, Dy3+) in Y2O2S phosphor by a trace of

Tb3+. Aizawa et al. [24] reported the SrAl2O4:Eu2+ phosphor doped
with Nd, Sm, Lu, Gd, Dy and Y, and found that the long afterglow
phosphorescence was influenced by the depth and density of the
traps. Chen et al. [1] reported that the luminescent properties of
SrAl2O4:Eu2+, Dy3+ could be significantly modified by the Yb3+ ions

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:tongkunji@whut.edu.cn
mailto:jianghy@whut.edu.cn
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concentration is 1 mol%.
The excitation spectra for Y1.89−xO2S: Eu0.05, Mg0.02, Ti0.04, Gdx

with various Gd ion concentrations in the range of 200–450 nm
is shown in Fig. 4. Two broad excitation peaks centered at 256
and 310 nm are observed when monitored at 626 nm. The peak at
ig. 1. XRD powder patterns for phosphors sintered at 1250 ◦C for 3 h: (a) Y1.89O2S:
u0.05, Mg0.02, Ti0.04; (b) Y1.88O2S: Eu0.05, Mg0.02, Ti0.04, Gd0.01.

oping. Ryu and Bartwal [2] investigated the optimization of Dy3+

oping in CaAl2O4:Eu phosphor.
In this study, the effect of Gd ion doping on the luminescent

roperties of long afterglow phosphor Y2O2S: Eu, Mg, Ti was inves-
igated. The XRD, SEM, emission spectra, excitation spectra and
ecay curves were used to characterize the obtained phosphors.
he stability of the phosphor with respect to the air and humidity
as investigated and the mechanism for the improvement of the

uminescent properties was also explored.

. Experimental procedures

Y1.89−xO2S: Eu0.05, Mg0.02, Ti0.04, Gdx phosphor with various Gd ion concentra-
ions (x = 0, 0.5, 1 and 3 mol%) was prepared by solid state reaction method. The
aw materials used were Y2O3 (99.999%), Eu2O3 (99.99%), MgO (98.5%), TiO2 (98%),
d2O3 (99.95%), Na2CO3 (99.8%) and sulfur (99.5%) powders. Firstly, Na2CO3 and
ulfur were mixed as a flux. The molar ratio of Y2O3:Na2CO3:S was 1:0.68:2. The
aw materials were weighed, well mixed in agate mortar, pressed into disc pellets,
nd sintered at 1250 ◦C for 3 h in a graphite crucible with a lid in a weak reducing
mbient. The as-sintered phosphors were washed with 1 mol/L nitric acid, followed
y being washed in hot pure water at 80 ◦C in order to remove the residual sulfur
nd so on. And then, the obtained phosphors were heated at 600 ◦C for 1 h in air to
emove the graphite. In order to investigate the stability of the obtained phosphors
ith respect to humidity, the synthesized powder was socked in pure water at room

emperature for 30 days, and then it was dried at 80 ◦C. In order to study the thermal
tability of the obtained phosphor in air, the phosphors with suitable quality were
eated in the temperature range of 200–1000 ◦C for 30 min in air and cooled down
o room temperature.

After sieving though a 120 mesh sieve, the phase compositions of the syn-
hesized phosphor were detected by X-ray diffraction (XRD) method which were
onducted on a Rigaku D/max–ШA X-ray diffractometer, operating at 35 kV and
0 mA with a scan speed of 10◦/min and a step of 0.02◦ using Cu K� radiation
� = 1.54056 Å). The surface morphology and the particle size were observed by JSM-
610LV (Japan) operating at 25 kV. The excitation and emission spectra of obtained
hosphors were obtained by a Hitachi F-4500 fluorescence spectrometer and 150 W
e-lamp as the excitation source, the spectral resolution was maintained at 1 nm

or both excitation and emission, and the PMT Voltage was set at 700 V. The decay
urves of afterglow phosphors were measured by the ST-86LA brightness meter, the
amples were irradiated by ultraviolet lamp (365 nm) for 10 min after the brightness
ad declined lower than 9 mcd/m2. All the above measurements were carried out
t room temperature.

. Results and discussion

Fig. 1 shows the XRD patterns of Y1.89−xO2S: Eu0.05, Mg0.02,
i0.04, Gdx phosphors with various Gd ion concentrations (x = 0 and
mol%) prepared at 1250 ◦C for 3 h. It can be seen that the major
hase matches well with the JCPDS date file (no. 24-1424). No other

hase or unreacted material was detected. The co-doped Eu, Mg, Ti
nd Gd ions have little influence on the structure of the host mate-
ial. The radius of Gd3+ ion (0.94 Å) is slightly larger than that of
3+ (0.89 Å), and the Gd3+ ion is expected to occupy the Y3+ site in
2O2S matrix.
Fig. 2. The SEM micrograph for Y1.88O2S: Eu0.05, Mg0.02, Ti0.04, Gd0.01 sample.

Fig. 2 shows the SEM micrograph for Y1.88O2S: Eu0.05, Mg0.02,
Ti0.04, Gd0.01 composition. As can be seen from Fig. 2, the elliptic
and polyhedral shapes of particles were observed, and the sizes of
particles are ranging from 3 to 10 �m.

The emission spectra of Y1.89−xO2S: Eu0.05, Mg0.02, Ti0.04, Gdx

phosphors with various Gd ion concentrations are shown in Fig. 3.
The samples were excited by 345 nm light. It can be seen from Fig. 3
that the emission spectrum of Y1.89O2S: Eu0.05, Mg0.02, Ti0.04 has
the strongest peak at 626 nm which is attributed to the 5D0 → 7F2
transitions of Eu3+. The other peaks are located in the range of
460–613 nm due to the 5DJ (J = 0, 1, 2) → 7FJ (J = 0, 1, 2, 3) transitions
of Eu3+. Moreover, broad emissions are clearly observed from the
obtained spectra, indicating a strong electron–phonon interaction,
which has been reported in the literature [25,26].

Compared with the phosphor Y1.89O2S: Eu0.05, Mg0.02, Ti0.04, the
emission spectra of Y1.89−xO2S: Eu0.05, Mg0.02, Ti0.04, Gdx with vari-
ous Gd ion concentrations have similar emission peak position and
patterns except the intensity. When the phosphor is doped with
1 mol% Gd and 5 mol% Eu, 2 mol% Mg and 4 mol% Ti, the intensity of
observed emission spectra reaches the maximum value. When the
Gd ion concentration is over 1 mol%, the emission intensity value is
decreased. The decay time of the phosphor with 1 mol% Gd is also
better than that of other combinations. Thus, the optimized Gd ion
Fig. 3. Emission spectra for Y1.89−xO2S: Eu0.05, Mg0.02, Ti0.04, Gdx (x = 0, 0.5, 1 and
3 mol%) samples.
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ig. 4. Excitation spectra for Y1.89−xO2S: Eu0.05, Mg0.02, Ti0.04, Gdx (x = 0, 0.5, 1 and
mol%) samples.

56 nm is attributed to O-Eu charge transfer states (CTS). The peak
ound at 310 nm is due to the S-Eu or Ti-Eu CTS. The excitation spec-
ra are similar with the results of other reports [16,27]. It is clearly
een that the intensity of excitation spectra is greatly improved
ith increase in the Gd ion concentrations. When the phosphor is
oped with 1 mol% Gd, the intensity of observed excitation spectra
eaches the maximum value. When the Gd ion concentration is over
mol%, the intensity is decreased. Thus, it is also suggested that the
ptimized Gd ion concentration is 1 mol%, which is in agreement
ith the emission spectra results.

The decay curves of Y1.89−xO2S: Eu0.05, Mg0.02, Ti0.04, Gdx (x = 0,
.5, 1 and 3 mol%) phosphors are shown in Fig. 5. The decay time
as measured after the phosphors were activated by UV lamp at

oom temperature for 10 min. It can be seen that all the obtained
hosphors show a sharp decrease and then a stable long persistent
rocess for several hours. However, the phosphor shows differ-
nt afterglow properties with different Gd ion concentrations. The
fterglow times of samples with Gd doping are longer than the un-
oped one. When the Gd ion concentration is 1 mol%, the obtained
fterglow phosphor Y1.88O2S: Eu0.05, Mg0.02, Ti0.04, Gd0.01 exhibits
he highest initial brightness and the longest afterglow time. On
he other hand, when the Gd ion concentration is over 1 mol%,
oth the initial brightness and the afterglow time of the phos-
hor are decreased. Thus, it is implied that the Gd doping on the

2O2S matrix has great effects on the luminescent properties of the
bserved phosphors.

The decay curve of Y2O2S: Eu, Mg, Ti, Gd (1 mol% Gd) phos-
hor socked in pure water is shown in Fig. 6. Compared with
he unsocked one, the luminescent property is changed very little.

ig. 5. Decay curves for Y1.89−xO2S: Eu0.05, Mg0.02, Ti0.04, Gdx (x = 0, 0.5, 1 and 3 mol%)
hosphors. Inset graph shows the decay curves at the beginning time (0–120 s).
Fig. 6. Decay curve of Y2O2S: Eu, Mg, Ti, Gd (1 mol% Gd) phosphors socked in pure
water and unsocked.

Therefore, it is clear that the phosphor is stable in moist environ-
ment (even in water) for 30 days.

Fig. 7 shows the decay curves for Y2O2S: Eu, Mg, Ti, Gd (1 mol%
Gd) phosphors heated in air at different temperatures for 30 min. It
is indicated that the luminescent property is not changed remark-
ably after the phosphor heated in air before 600 ◦C. After the
phosphor was heated at 800 ◦C for 30 min, the intensity degradation
is slow and the relative luminescent intensity (after the excitation
source turned off for 5 min) of the phosphor is decreased only to
80% compared with that of unheated one. When the heating tem-
perature is increased to 1000 ◦C, the intensity degradation is very
fast and shows no afterglow phenomenon. So, it can be seen that
the Y2O2S: Eu, Mg, Ti, Gd (1 mol% Gd) phosphor is stable in air at
room temperature.

According to the above results, it can be seen that the Y2O2S: Eu,
Mg, Ti, Gd phosphor has good stability with respect to the air and
humidity.

There are many reports about the mechanism of the long after-
glow phosphor [28–31]. However, the detailed process of long
afterglow phenomenon is still not clear. The thermo-stimulated
recombination of holes and electrons is generally accepted at
present. After excited by light source, free holes and electrons are
formed in the host material. The holes and electrons can be trapped
by defect centers, and then released back to meta-stable state ther-

mally and recombined with opposite charges at the luminescent
centers resulting light emission for a long time. The traps with
suitable depth are related to the long afterglow phenomena. If the
trap depth is too deep, the holes or electrons trapped in the defect

Fig. 7. Decay curves for Y2O2S: Eu, Mg, Ti, Gd (1 mol% Gd) phosphors heated in air
at different temperatures. Inset graph shows the relative luminescent intensity at
5 min.
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enters are difficult back to meta-stable state at room tempera-
ure. If the trap depth is too shallow, the trap releases the holes
r electrons quickly, and results in short afterglow time. So, only
he phosphor with suitable depth traps gives the best luminescent
roperties.

Liu and Che [32] reported that the luminescent properties of
2O2S phosphor were greatly enhanced when doped with Gd ion
ue to the enhancement of intensity for thermoluminescence (TL)
pectrum at 345 K. The result revealed that the introduction of Gd
on changed the traps in the host matrix. So it is concluded that the
ntroduction of Gd ion into the Y2O2S: Eu, Mg, Ti may also change
he traps and make the trap depth more suitable for the Y2O2S:
u, Mg, Ti phosphor. This may be the reason why Gd doping can
mprove the luminescent properties of Y2O2S: Eu, Mg, Ti phosphor.

hen Gd ion concentration is over 1 mol%, both the initial lumi-
escence brightness and the afterglow time of the phosphor are
ecreased. The reason may be that the concentration more than
he optimized value causes deeper trap depth. The trap with deeper
epth neutralizes the hole-electron recombination process, there-
ore, reduces the luminescent properties of Y2O2S: Eu, Mg, Ti, Gd.

. Conclusions

New red afterglow phosphor materials Y2O2S: Eu, Mg, Ti doped
ith various Gd ion concentrations were synthesized successfully

y solid state reaction method. The powder XRD indicates that the
ompositions are hexagonal phase. SEM images show that the ellip-
ic and polyhedral particles are in the range of 3–10 �m. The doping

ith Gd ion has great effects on the luminescent properties. It is

ound that the optimized Gd ion concentration for the phosphor is
mol% when fixed the concentration of 5 mol% Eu, 2 mol% Mg and
mol% Ti. The Y2O2S: Eu, Mg, Ti, Gd phosphor shows good stability
ith respect to the air and humidity.
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