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a b s t r a c t

Sr2CeO4, pure and doped with Eu3+ ions of different concentrations, were synthesized by polyacrylamide
gel method. First principles were applied to calculate the electronic structures and band gap of Sr2CeO4.
The results show that a broad emission band originating from Sr2CeO4 host and Eu3+ emission lines
ccepted 12 July 2010
vailable online 23 July 2010

eywords:
lectronic structures
hotoluminescence

in blue, green, and red regions coexist. The increase in Eu3+ concentration results in the luminescence
intensity redistribution between the Sr2CeO4 host and the doping ion. The energy transfer model clarifies
the possible mechanisms of energy transfer from Sr2CeO4 host to Eu3+ in Sr2CeO4:Eu3+ phosphor.

© 2010 Elsevier B.V. All rights reserved.
r2CeO4 phosphor
nergy transfer

. Introduction

Oxide-based phosphors were widely utilized in various opto-
lectronic and displaying devices due to their high thermal
tability, chemical stability and excellent optical properties [1–4].
n unusual blue phosphor Sr2CeO4 was first prepared using the
ombinatorial techniques by Danielson et al. in 1998 [5]. Since then,
any advanced synthesis techniques such as Pechini’s method

6], spray pyrolysis [7], emulsion liquid membrane system [8],
thylenediaminetetraacetic acid (EDTA)-complexing process [9],
icrowave-assisted solvothermal process [10] have been devel-

ped to prepare the Sr2CeO4 phosphor because of its efficient
uminescence under ultraviolet, cathode ray and X-ray excitation
11,12].

The broad excitation spectrum in the 200–400 nm UV range
ndicates the feasibility of Sr2CeO4 phosphor to be utilized in ultra-
iolet light emitting diodes (UV-LEDs) [13,14]. However, when
r2CeO4 phosphors are used for UV-LEDs, they cannot produce
trong emission. In order to improve illumination efficiency of

r2CeO4, tin (IV) ions were used to replace cerium ions in the host
n attempt to increase the excitation intensity in the UV range by
su et al. [15].

∗ Corresponding author. Tel.: +86 0351 6014852; fax: +86 0351 6010311.
E-mail address: xubs@tyut.edu.cn (B. Xu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.07.126
Moreover, owing to its broad emission band, Sr2CeO4 can be
used as the matrix material, which may provide a new method to
search for future attracting luminescence hybrids under ultraviolet
excitation. Until now, the Sr2CeO4 lattice is the only host-lattice in
which charge-transfer (CT) luminescence of Ce4+ has been observed
at room temperature [16]. Sr2CeO4 crystals doped with rare-earth
elements were studied earlier [17–20]. According to the litera-
tures, the luminescence properties of rare-earth doped Sr2CeO4
were affected by energy transfer from the triplet excited state
of the metal-to-ligand-charge-transfer (MLCT) state for Sr2CeO4
to the rare-earth ions. However, the treatment of the obtained
experimental data has been contradictory and does not permit
any conclusion about the mechanisms of the energy transfer from
the crystal host to the doping ions. Nag and Narayanan Kutty [21]
claimed that after excitation in CeO6 groups, non-radiative energy
transfer took place from the LS band to the CT states of Eu3+ or
Sm3+. Hirari and Kawamura [22] suggested that this process was a
direct energy transfer from the triplet excited state of the metal-
to-ligand-charge-transfer (MLCT) state to the intra-4f excited state
of Eu3+ ion. Further research by Viagin et al. revealed the Förster
non-radiative energy transfer under the energy migration condi-
tion from Sr2CeO4 crystal host to doping europium ions [23].
Considering the above situation, in this paper, we prepared
pure and europium ions doped Sr2CeO4 by polymer-network gel
method. The method is a wet chemical process that is simple, fast,
cheap, reproducible and easily scaled up to obtain a wide variety
of fine powders at relatively low temperatures [24]. The electronic

dx.doi.org/10.1016/j.jallcom.2010.07.126
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. The crystal structure of Sr2CeO4 (a) and the X-ray powder diffraction patterns
of pure and Eu3+ doped Sr2CeO4 (b).
J. Li et al. / Journal of Alloys an

tructures and band gap of Sr2CeO4 were calculated by using the
ASTEP code with density-functional theory (DFT) method and the
esults were compared with the experimental data. Our goal in this
ork is to provide a complete characterization of the photolumi-
escence (PL) properties and clarify the possible mechanisms of
nergy transfer in Sr2CeO4 and Sr2CeO4:Eu phosphors.

. Experimental methods and computational details

Sr2CeO4 crystals, pure and doped with Eu ions, were synthesized by polyacry-
amide gel method. The dopant concentration in Sr2CeO4:Eu varied within 1–5 mol%
ange. The procedure was as follows: The stoichiometric amounts of Sr(NO3)2 and
e(NO3)3·6H2O (A.R.) were dissolved in distilled water and mixed under stirring.
ubsequently, acrylamide and N, N′-methylene bisacrylamide monomers in a molar
atio of 22:1 were added. The mixture was maintained at 80–90 ◦C. Ammonium per-
ulfate was added as initiator to the premixed solution in 10% mass-to-volume ratio.
rapid polymerization was observed, forming a white polymeric gel without any

recipitation, followed by homogenization and drying in a ceramic mortar at 110 ◦C
or 18 h. Different samples were obtained after subsequent thermal treatment at
000 ◦C for 4 h in air with a heating rate of 4 ◦C/min. The same synthetic procedure
as used for the synthesis of Sr2CeO4:xEu3+ (x = 1, 3 and 5 mol%).

To identify the crystal phase, X-ray diffraction (XRD) analysis was carried out
ith a powder diffractometer (Rigaku-D/max 2500), using Cu K� radiation. The
icrostructures of the samples were studied using a scanning electron microscope

SEM) (JEOL JSM-6700F). The UV–vis absorption and diffusive reflection spectra of
he phosphors in solid state were obtained at a Cary 300 spectrophotometer. The
hotoluminescence (PL) emission spectra were measured at an F-4500 FL spec-
rophotometer. The luminescence decay curves were recorded from Edinburgh
nalytical Instruments F900 by the time-correlated single-photon counting method.
ll the spectra were recorded at room temperature.

All the calculations in the present work were based on the generalized gradient
pproximation (GGA) of the DFT theory. CASTEP [25–27] used in the present work
as on the basis of plane waves and pseudopotentials. The lattice optimization for

he Sr2CeO4 was performed by using CASTEP code. The considered valence electrons
or Sr, Ce and O were 4s24p65s2, 4f15s25p65d16s2 and 2s22p4, respectively. A kinetic
nergy cut-off of 370 eV was used throughout the calculation. All other calculations
ere performed on the basis of optimized lattice structure.

. Results and discussion

.1. Crystal structure and morphology of pure and Eu3+ doped

r2CeO4

The crystal structure of Sr2CeO4 is shown in Fig. 1a. The com-
ound possesses one-dimensional chain structure of edge-sharing
eO6 octahedron. There are two molecules per unit cell. Each

Fig. 2. The SEM images of pure
cerium atom is coordinated by six oxygen atoms. These octahe-
drons present two trans-terminal Ce–O1 bonds perpendicular to
the plane defined by four equatorial O2 atoms, while the Ce–O1
bonds are about 0.1 Å shorter than the Ce–O2 bonds [16].

All the prepared Sr2CeO4:Eu samples were characterized to be
single phase Sr2CeO4 of orthorhombic structure with the space
group of Pbam (No. 55). The typical XRD patterns of powder samples
are shown in Fig. 1b, and all the diffraction peaks were well indexed
on the basis of JCPDS No. 50-0115. No other phase was observed in
the XRD spectra, indicating that the as-prepared phosphors are sin-
gle phase and well crystallized. The SEM images of pure and Eu3+

doped Sr2CeO4 in Fig. 2 clearly show good dispersion and small par-
ticle size of the samples. Therefore, the above results demonstrate
the potential of polymer-gel process in synthesizing fine powders
at relatively low temperatures.
and Eu3+ doped Sr2CeO4.
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Fig. 3. UV–vis absorption spectra of pure and Eu3+ doped Sr2CeO4.

.2. PL behaviors of pure and Eu3+ doped Sr2CeO4

Fig. 3 shows the UV–vis absorption spectra of pure and Eu3+

oped Sr2CeO4 phosphor powders. There is no absorption between
50 and 800 nm, indicating the high transparency of the samples in
he visible region. The UV–vis absorption spectrum of pure Sr2CeO4
s composed of two absorption peaks centering at around 268 nm
4.63 eV) and 349 nm (3.55 eV). For Eu3+ doped Sr2CeO4, a strong
bsorption band with maximum value at about 335 nm is observed.
n many compounds, the Eu3+–O2− charge-transfer band is gen-
rally located at 220–350 nm [17,18]. Therefore, the broad band
eaked at 335 nm was ascribed to the overlap of charge-transfer
CT) bands from oxygen to europium (Eu3+–O2−) and the Sr2CeO4
ost band (Ce4+–O2−). The band gap was determined by measur-

ng the UV–vis diffusive reflection spectra of samples (see Fig. 4).
or pure and three Eu3+-doped samples, the band gap values were
.73 eV (454 nm), 2.75 eV (451 nm), 2.77 eV (448 nm) and 2.86 eV
433 nm), respectively.

The PL spectrum of Sr2CeO4 was characterized by a broad band
anging from 390 to 650 nm with a peak position at 475 nm (Fig. 5),

hich was ascribed to the CT transition of Ce4+–O2− [16]. Actu-

lly, the PL spectra for the Sr2CeO4:Eu varied considerably with
he concentration of Eu3+, as shown in Fig. 5. The PL spectra of
r2CeO4:xEu3+ (x = 1, 3 and 5 mol%) consists of the characteris-

Fig. 4. UV–vis diffusive reflection spectra of pure and Eu3+ doped Sr2CeO4.
Fig. 5. PL spectra of pure and Eu3+ doped Sr2CeO4 (�ex = 349 nm).

tic lines of Eu3+ corresponding to transitions from the exited 5D0
level: 5D0 → 7F1, 5D0 → 7F2, 5D0 → 7F3, and 5D0 → 7F4 located at
590, 619, 655, and 704 nm, respectively. The red emission inten-
sity of the transition 5D0 → 7F2 was the strongest, indicating no
inversion symmetry at the site of the rare-earth ion Eu3+. As is
well known, if Eu3+ occupies a site in the crystal lattice with inver-
sion symmetry, the magnetic-dipole transitions 5D0 → 7F1 of Eu3+

dominate; if there is no inversion symmetry at the site of Eu3+,
the main emission is the electric-dipole transition 5D0 → 7F2 [20].
Furthermore, the red emission intensity increased with increasing
doping concentration from 1 to 5 mol%. The increase in the dopant
concentration resulted in the luminescence intensity redistribu-
tion between the host and the dopant. When Eu3+concentration
was 1 mol%, the broad emission band originating from Sr2CeO4 host
itself and the Eu3+ emission lines in the blue, green, and red regions
coexisted. At higher Eu3+ concentration (x = 3 mol%), apart from the
prominent line emission from Eu3+ ions, a weak broad emission
originating from host was also observed, which indicates that the
energy transfer probability is slightly below unity. It can also be
seen that the host luminescence was totally quenched at 5 mol%
of doping europium ions (see Fig. 5). Besides this, for the lumines-
cence of Sr2CeO4:Eu, emissions were observed not only from the
lowest excited 5D0 level of Eu3+ but also from higher energy levels
of Eu3+ with a weaker intensity. As shown in Fig. 5, the PL spectra
of Sr2CeO4:Eu3+ phosphors also involved the transition emissions
from the higher energy levels (5D1 and 5D2). The presence of emis-
sion lines from higher excited states of Eu3+ was attributed to the
low vibration energy of CeO4

4− groups. Multiphonon relaxation by
CeO4

4− is not able to bridge the gaps between the higher energy
levels and the 5D0 level of Eu3+ completely, resulting in weak emis-
sions from these levels [20]. Fig. 6 illustrates the CIE chromaticity
diagram for the emissions of pure and Eu3+ doped Sr2CeO4. The
emission varied from blue-white light to red-white light and then
to red light with increasing doping concentration from 0 to 5 mol%.
Therefore, the most immediate applications for Sr2CeO4:Eu phos-
phors are likely to be as multicolor-emitting fluorescence powder.

The host luminescence decay was studied at the dopant con-
centration variation to ascertain the mechanism of crystal host
luminescence quenching. The luminescence decay curves are pre-
sented in Fig. 7. It is found that after Eu3+ doping the lifetime

of luminescence from Sr2CeO4 host itself at room temperature
decreased. The increase in doping ion concentration caused a
change in the pattern of the host luminescence decay curves, which
is the evidence of the non-radiative energy transfer to the doping
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the Ce 4f state, followed by transferring to two MLCT states (i.e.
(MLCT)terminal and (MLCT)eqatorial). When the excited electron is
transferred from two MLCT states to VB, two emission peaks appear
in the deconvoluted emission spectrum since there is a difference
Fig. 6. CIE chromaticity diagram of pure and Eu3+ doped Sr2CeO4.

on. Thus, the crystal host is a donor of energy and the doping ion
s an acceptor of energy.

.3. Electronic properties and energy transfer models of pure and
u3+ doped Sr2CeO4

It is known that the UV–vis absorption spectrum of Sr2CeO4 is
ttributed to an electron transfer process. This transfer process can
ccur in two ways: one is a low spin singlet excited state (LS) with-
ut a change in spin orientation (a spin-allowed transition, �S = 0);
he other is a high spin triplet excited state (HS) with a change in
pin orientation (a spin-forbidden transition, �S = 1) [19]. In order
o investigate the energy level distribution of Sr2CeO4, the emission
pectra of the pure Sr2CeO4 phase were deconvoluted. Fig. 8 shows
he deconvoluted emission spectrum of Sr2CeO4 phosphors. Two
mission peaks attributed to two metal-to-ligand-charge-transfer
tates were observed. This phenomenon is considered to take place
ecause of two different Ce–O bond lengths in CeO octahedra.
6
hese two types of Ce–O bond contribute to two different emis-
ion maxima, as shown in Fig. 8. The charge-transfer transition
rocesses in two types of Ce–O bond are different in energy. The
nergy levels of terminal and equatorial metal-to-ligand excited

ig. 7. The luminescence decay curves of pure and Eu3+ doped Sr2CeO4 at temper-
ture T = 298 K (�exc = 349 nm, �em = 475 nm).
Fig. 8. Deconvoluted PL emission spectrum of Sr2CeO4.

states were defined to be 2.65 (468 nm) and 2.38 eV (522 nm) above
the ground state, respectively.

Further information was partly collected from the calculated
band structure and the electron density of states (DOS) and par-
tial electron density of states (PDOS) of Sr2CeO4. Fig. 9 exhibits the
direct GGA band gap energy (Eg) of 2.64 eV at G, and the indirect Eg

values of 2.68, 2.69, 2.65, 2.63, 2.30, 2.39 and 2.50 eV at Z, T, Y, S, X,
U and R, respectively. The theoretical result of Eg, which is 2.64 eV,
agrees well with the experiment. The calculated DOS and PDOS of
Sr2CeO4 in Fig. 10 convey the obvious information that the valence
band (VB) is mainly of O 2p orbital and the conduction band (CB)
is mainly of Ce 4f orbital in character. Based on the above findings,
a qualitative energy level diagram of Sr2CeO4 was proposed and
the obtained results are illustrated in Fig. 11a. Once an electron
is excited from VB to CB, the excited electron rapidly relaxes to
Fig. 9. Calculated band structure of Sr2CeO4.
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Fig. 10. DOS and PDOS plots of Sr2CeO4.
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Fig. 11. Energy transfer models of Sr2CeO4 (a) and Sr2CeO4:Eu (b).

etween these two MLCT states. The above behavior explains the
ide emission peak of Sr2CeO4.

In Sr2CeO4:Eu3+phosphor, energy transfer from host to acti-
ator Eu3+ ions has been reported [17,18]. Eu3+–O2− CT band in

r2CeO4:Eu3+ phosphor lies around 4.43 eV. This Eu3+–O2− CT band
s very close to the LS band of host (4.63 eV) from which non-
adiative energy transfer can easily take place to the former energy
evels. Additionally, the HS band of host, which lies at 3.55 eV,

[

[
[
[

pounds 506 (2010) 950–955

causes either emission from MLCT levels or excitation to Eu3+

excited levels through non-radiative process. The energy of MLCT
level is very close to 5D2 higher excited state of Eu3+ ions. This pro-
vides another possibility of energy transfer from host to Eu3+ions.
Fig. 11b shows a schematic illustration of the above energy transfer
process from Sr2CeO4 host to Eu3+, where (I) and (II) represent the
process from the LS band to CT states of Eu3+–O2− and from the
triplet excited state of the MLCT state to the intra-4f excited state
of the Eu3+ ions, respectively. For Sr2CeO4:Eu3+ phosphor, with low
Eu3+ doping concentration, both the process (I) and (II) occur. Thus,
emissions from host and 5Di → 7Fj (i = 1, 2, j = 0, 1, 2, 3) transition
of activator Eu3+ are observed at the same. For Sr2CeO4:Eu3+ phos-
phor, the higher the Eu3+ doping concentration is, the stronger the
CT of Eu3+–O2− becomes. When the doping concentration is higher,
the process (I) dominates. In other words, the energy absorbed by
host transfers from the LS band to CT states of Eu3+–O2−, and then,
emission takes place from5Di (i = 0, 1, 2) levels after non-radiation
phonon interaction from the Eu3+–O2− CT.

4. Conclusions

Pure and Eu3+ doped Sr2CeO4 were prepared by the
polymer-network gel method. The structure and luminescence of
Sr2CeO4:Eu3+ phosphors were investigated. A broad emission band
originating from Sr2CeO4 host and Eu3+ emission lines in the blue,
green, and red regions coexisted. The emissions from the higher
excited state 5Di (i = 1, 2) apart from 5D0 of Eu3+ ions were observed.
Besides, the red emission 5D0–7F2 intensity increased as the Eu3+

ion concentration increased from 1 to 5 mol%. These unusual lumi-
nescent properties are due to the low vibration energy of Sr2CeO4
host-lattice and different energy transfer process from host to
activator. Furthermore, the high efficiency of the energy transfer
suggested that the Sr2CeO4 crystal structure could form the base for
the creation of luminescence materials that are effective in different
spectral ranges.
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