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Abstract

A very long persistent phosphor BaAl2O4 : Ce3þ was prepared and studied. The Ce3þ 5d-4f emissions from two Ba2þ

sites in the BaAl2O4 were observed at 450 and 402 nm. The lowest 4f-5d excitation peaks were recorded at 357 and 335

nm, respectively. The persistence times of the long afterglow emissions from Ce3þ at the two sites were found to be

longer than 10 h. Site-selective thermoluminescence spectra of the sample were measured. Two sets of thermolumi-

nescence peaks were detected at )43, )26 and 27 �C, and )53, )36 and 30 �C (heating rate 13.3 �C/min) corresponding

to the two sites at 450 nm (site-1) and 402 nm (site-2), respectively. Dy3þ, Ce3þ co-doped samples were also prepared,

which introduce new defect-related traps at 18, 50, and 82 �C (heating rate 10 �C/min). These defect-related traps due to

Dy3þ co-doping also contribute to the Ce3þ afterglow at the two sites. � 2002 Elsevier Science B.V. All rights reserved.

PACS: 78.60; 78.55; 61.72; 42.30

Keywords: Thermoluminescence; Electron trap; Electron migration; Afterglow

1. Introduction

Long persistence materials have potential in
many commercial applications in signing and dis-
play. In recent years, the study of long persistence
materials was switched to rare earth ion doped
alkali earth aluminates [1,2] from alkali earth sul-
fides, because the persistence time of rare earth ion

doped aluminates is about 10 times longer than that
of doped sulfides [3,4]. The aluminate hosts usually
have more complicated structures than sulfide
hosts, which may generate more defect-related
traps when they are doped with rare earth ions.

The alkali earth aluminate of interest in this
paper is BaAl2O4. It has a very high melting point
(1815 �C) and holds a stuffed tridemite (hexagonal)
structure with lattice parameter of a ¼ 10:449
�AA and c ¼ 8:793�AA. The BaAl2O4 belongs to C6

6–P63

space group. There are two different Ba2þ sites, one
site (site-1) is twice as abundant as the other (site-2)
[5–7]. Ba2þ has an ionic radius r ¼ 1:34 �AA that is
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much bigger than most of the trivalent rare earth
ions so that the rare earth dopants can easily sub-
stitute for the Ba2þ sites. BaAl2O4 has been studied
as a host for Eu2þ because the BaAl2O4 :
Eu2þ; Dy3þ system shows a long afterglow [8,9]. In
contrast with Eu2þ, to our knowledge, the proper-
ties of Ce3þ have not been studied yet in BaAl2O4

host. The 4f-5d transitions of Ce3þ are allowed and
are sensitive to changes in the crystal field [10,11].
Usually when a trivalent ion sits in a divalent ion
site some defects will be created, producing defect-
related traps that then result in a long afterglow
[12]. This is also true for Ce3þ. When Ce3þ ions
substitute for divalent ions, defect-related traps are
generated and long afterglow appeared [13].

In this work, the long afterglow of Ce3þ emis-
sion in BaAl2O4 was observed by eye in darkness
for as long as 10 h. Emission and excitation
spectra from Ce3þ at the two different sites were
measured. Site-selective thermoluminescence ex-
periments were also performed. The experimental
results showed that Ce3þ creates different defect-
related traps at the different sites of Ba2þ. With the
addition of Dy3þ, additional defect-related traps
were observed.

2. Experimental

The BaAl2O4 : Ce3þ (with/without Dy3þ) sam-
ples were prepared by sintering. 0.01 moles of each
of BaCO3 and Al2O3 were mixed. 0.5 at.% of
Ce3þ

2 ðCO3Þ3 (with/without 0.5 at.% of Dy2O3) and
5 at.% of B2O3 were added as activator and flux,
respectively. The raw materials used in this work
are all of 99.99% purity. The mixture was pressed
into pellets and sintered at 900 �C for 2 h. The
sintered pellets were then ground and pressed into
pellets again to ensure better mixing. The pre-
treated pellets were sintered at 1350 �C for 25 h in
N2 þ 5%H2 gas flow.

Emission and excitation spectra and room
temperature afterglow decay of the samples were
recorded using a FluoroMaxII spectrometer or a
Spex 500M spectrometer. The site-selective
thermoluminescence spectra were measured by
using a homemade vacuum cryostat, an Omega
thermal controller, a Spex monochromator, and a

PMT. The light source to irradiate the samples was
a mercury UV lamp.

3. Results and discussion

The emission and excitation spectra of Ce3þ at
two different sites, site-1 and site-2, in BaAl2O4 are
shown in Fig. 1. Fig. 1(a) shows that the emission
peak of Ce3þ at Ba2þ site-1 at 450 nm (excited at
357 nm) and the lowest excitation peak at 357 nm
(monitored at 450 nm) yield a Stokes shift of
5789 cm�1. The emission (excited at 335 nm) and
excitation (monitored at 402 nm) spectra of Ce3þ

at Ba2þ site-2 are depicted in Fig. 1(b) with
4975 cm�1 Stokes shift. The differences in the
emission and excitation spectra of the Ce3þ at

Fig. 1. Emission (solid lines) and excitation spectra (dashed

lines) of Ce3þ doped BaAl2O4 phosphor. (a) Site-1,

kex ¼ 357 nm for emission spectrum, kem ¼ 450 nm for excita-

tion spectrum. (b) Site-2, kex ¼ 335 nm for emission spectrum,

kem ¼ 402 nm for excitation spectrum.
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different sites are due to the different environments
of the two sites and the strong field dependence of
the 4f-5d transition of the Ce3þ. The average Ba–O
distance of site-1 and site-2 are 2.85 and 2.94 �AA,
respectively. The ligand field at site-1 is stronger
than that at site-2 and therefore the splitting of the
5d level of Ce3þ is larger at site-1 than at site-2.
Thus the emission and excitation energy of site-1
are lower than that of site-2 [6].

The BaAl2O4 : Ce3þ sample shows very long
lasting afterglow, with a persistence time up to 10
h observed by eye in darkness. The long persistent
afterglow decay curves at 402 and 450 nm emis-
sions are shown in Fig. 2. The samples were irra-
diated by a mercury lamp for 10 min, and the
afterglow was detected at the maximum of the
emission for each site. At the initial afterglow de-
cay, the intensity from site-1 is about three times of
that from the site-2. This is in good agreement with
the 2:1 concentration ratio of the two different
sites.

The long afterglow of Ce3þ in BaAl2O4 host is
due to the traps that are generated by Ce3þ sub-
stituting for Ba2þ. In general, if some non-charge-
compensated substitutions occur, defect-related
traps will be formed. Similar results were observed
in CaS : Bi3þ when Bi3þ replaces Ca2þ [14] and in
CaS : Eu2þ, Cl� when Cl� replaces S2� although
Cl� is not an emission center [15]. These defect-
related trapping centers can be filled by either

electron transport through the conduction band,
or tunneling through 5d states [13,16]. There are
differences between these two types of trapping
mechanisms. The tunneling process usually re-
quires that the traps be close to the activator, so
that electrons from the activator are able to tunnel
into the nearby trap and vice versa. In the case of
electron transport via the conduction band, the
traps do not have to be located close to the acti-
vator, although the trapping rate may be distance
dependent.

The nature of the Ce3þ induced electron traps is
very interesting because there is site dependence of
the defect-related electron traps. Thermolumines-
cence spectra were measured by detecting the
thermally excited fluorescence of Ce3þ at the two
emission wavelengths of 450 and 402 nm, respec-
tively. The samples were cooled down to )100 �C
and then irradiated by a mercury lamp for 30 min.
Thermoluminescence spectra were then recorded
by heating the sample at a rate of 13.3 �C/min to
200 �C. The site-selective thermoluminescence
spectra are shown in Fig. 3. The thermolumines-
cence peaks appear at )53, )36 and 30 �C for the
402 nm emission at site-2 (Fig. 3(b)), and at )43,
)26 and 27 �C for site-1 at the 450 nm (Fig. 3(a)).
The thermoluminescence spectra were also
recorded by detecting the two emissions together.
The result for the combination of the two sets of

Fig. 2. Afterglow decays of BaAl2O4 : Ce3þ from site-1 (450

nm) and site-2 (402 nm), respectively. (The sample was irradi-

ated by a UV mercury lamp at room temperature for 10 min.)

Fig. 3. Thermoluminescence spectra of BaAl2O4 : Ce3þ. Curves

(a), (b), and (c) correspond to the emissions from site-1, site-2,

and both sites, respectively. (The sample was irradiated by a

UV mercury lamp for 30 min at )100 �C and heated to 200 �C
at a rate of 13.3 �C/min.)
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thermoluminescence is shown in (Fig. 3(c)). The
combination spectrum looks similar to that of 450
nm thermoluminescence, suggesting that the site-1
(emission at 450 nm) dominate the Ce3þ substitu-
tions. These traps shown in Fig. 3 are the sources
of the long afterglow of Ce3þ shown in Fig. 2.

The site dependence of the thermoluminescence
spectra implies that the Ce3þ ions create different
defect-related traps at different sites. These defect-
related electron traps reside close to the corre-
sponding Ce3þ emission centers. Although it is not
certain if the electrons are trapped via tunneling or
via transport through the conduction band, it is
reasonable to assume that the electron excited
from one site is trapped mostly by an electron trap
near that site based on the site-dependent ther-
moluminescence results. The trapping process of
the excited Ce3þ electrons is a short-range electron
migration, and defect-related traps may also de-
pend on the ligand environment of each site, and
probably is the reason of different trap depths at
different sites.

To investigate the electron migration in the
trapping process, the thermoluminescence spectra
of Ce3þ, Dy3þ co-doped sample were also mea-
sured. The co-doped sample is cooled down to
)100 �C and then irradiated by the mercury lamp
for 30 min. Thermoluminescence spectra were re-
corded by heating the sample at a rate of 10 �C/
min to 200 �C. The thermoluminescence spectra
are shown in Fig. 4. Fig. 4(c) shows the thermo-
luminescence spectrum obtained by collecting all
Ce3þ emissions from both sites. The thermolumi-
nescence peaks at )68, )49, )26 and )11 �C most
likely correspond to the defect-related electron
traps created by Ce3þ. The additional thermolu-
minescence peaks at 18, 50 and 82 �C must be due
to the traps created by co-doping with Dy3þ. The
thermoluminescence spectra obtained by detecting
the Ce3þ thermoluminescence at 450 and 410 nm
shown in Figs. 4(a) and (b), respectively. The
thermoluminescence signals are much weaker in
comparison to the singly doped sample, because
part of the luminescence of Ce3þ is quenched by
Dy3þ. From Figs. 4(a) and (b), one can also find
that the Dy3þ-created defect-related traps appear
in the thermoluminescence at both sites. The Dy3þ

ions and Ce3þ ions are doped uniformly so that the

average distance between Ce3þ and Dy3þ centers
are about a couple of nanometer for 1 mol%
concentration. If the Dy3þ creates traps similarly
to Ce3þ, then the traps created by Dy3þ should also
be close to Dy3þ. Therefore the appearance of the
Dy3þ created defect-related electron traps indicates
that electrons trapped by Dy3þ created traps
should be due to the electron migration through
conduction band. And thus the trapped electrons
will migrate to both sites occupied by Ce3þ with
almost equal probability. This electron transport
through conduction band is possible because most
of the 5d excited states of Ce3þ in aluminates host
are close to (or even overlap with) the conduction
band.

4. Conclusion

A long persistent phosphor BaAl2O4 : Ce3þ was
prepared and studied. The Ce3þ emissions were
found at 402 and 450 nm due to the ions occupying
two different sites of Ba2þ. The persistence times of
the long afterglow of Ce3þ emissions at 402 and
450 nm were all longer than 10 h. The long after-
glow was the result of Ce3þ created defect-related
electron traps. Site selective thermoluminescence
spectra implied that traps were close to the corre-

Fig. 4. Thermoluminescence spectra of BaAl2O4 : Ce3þ;Dy3þ.

Curves (a), (b), and (c) correspond to the emissions from site-1,

site-2, and both sites, respectively. (The sample is irradiated by

UV mercury lamp for 30 min at )100 �C and heated to 200 �C
at a rate of 10.0 �C/min.)
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sponding Ce3þ ion. This short-range electron
migration induces the site dependence of thermo-
luminescence. A Dy3þ co-doped sample was also
studied. The electrons trapped by Dy3þ created
defect-related electron traps may move to Ce3þ

centers at both sites. This long-range process
indicates that the electrons were transported
through the conduction band.
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