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a b s t r a c t

Oxonitridosilicate phosphors with compositions of (La1−xCex)5Si3O12N (x = 0–0.1) have been synthesized.
The XRD analyses show that all the compounds are single polycrystalline La5Si3O12N phase. La atoms
occupy two crystallographic sites in the structure. Two groups of photoluminescence spectra have been
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observed and can be ascribed to the excitation and emission of the two types of Ce photolumines-
cence centers (Ce(1)3+ and Ce(2)3+) in the crystallographic sites of La(1) and La(2). The energy transfer
between the two types of photoluminescence centers has been discussed. Schematic energy levels of
Ce3+ ions at the two crystallographic sites are given. Luminescence concentration quenching occurs
when Ce content is more than 3 mol%. The quenching temperature is evaluated to be about 406 K for
the 3 mol% Ce content sample. This study shows these phosphors potential candidates for application in

d wh
uminescence three-phosphor-converte

. Introduction

In recent years, solid state lighting has attracted increasing
ttention by governments and researchers. Compared with incan-
escent and fluorescent lamps, InGaN-based white light-emitting
iodes (WLEDs) show many advantages, such as a long lifetime, a
mall volume, toxic-free and energy-saving materials [1–3]. There
re three different methods that can be used to realize white light
mitting: red–green–blue (RGB) light emitting diode (LED) chips
ombined directly; blue-LED chip combined with yellow (or ‘green
nd red’) wavelength conversion phosphor [4,5]; near-ultraviolet
ED chip combined with RGB wavelength conversion phosphor [6].
he latter two methods are usually adopted because they are eco-
omic and easy for production. In both methods the conversion
hosphors are playing an important role. These phosphors must
ave excellent luminescent features so that they can be efficiently
xcited by the blue-LED chip or near-ultraviolet LED chip and emit
fficiently in blue, green, yellow, or red wavelengths.

Currently large interests have been focused on the Ce3+/Eu2+

oped nitridosilicate and oxonitridosilicate due to their potential

pplication as novel phosphors for WLEDs [7]. The emission and
bsorption spectra of the Ce3+/Eu2+ ion usually consist of broad
ands due to transitions between the ground state of the 4f1/4f7

onfiguration and the lower excited states (the crystal field split-
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ting components of the 5d configuration). The emission varies from
UV to red, depending on the host lattice because of a strong inter-
action of the 5d-electron with the neighboring anion ligand in the
compounds [8].

The structure of nitridosilicate typically consists of SiN4 tetra-
hedra. The nitrogen of SiN4 tetrahedra can be partially replaced
by oxygen to form Si[O/N]4 tetrahedra. SiN4 or Si[O/N]4 units
are stacked together by sharing their corners or edges to form a
condensed framework, resulting in excellent thermal and chemi-
cal stability of nitridosilicate and oxonitridosilicate. Rare-earth or
other metal ions can be accommodated in the voids of the net-
work [9]. These various structures can provide the Ce3+/Eu2+ with
rich and different ligand environments, and adjust the emission
and absorption wavelengths. Some compounds have been exten-
sively studied, such as �-SiAlON [10], �-SiAlON [11], M2Si5N8:Eu2+

(M = Ca, Sr, Ba) [12], SrxCa1−xAlSiN3:Eu2+ [13] and Y4Si2O7N2:Ce3+

[14]. The above luminescent materials combined the unique lumi-
nescence characteristics from 5d to 4f transitions of rare earth ions
and thermal and chemical stability of host materials.

In La–Si–O–N quaternary system some crystalline phases have
been identified and studied, for example La5Si3O12N, La4Si2O7N2,
LaSiO2N and La3Si8O4N11 [15–17]. But up to now only a few
papers have reported the luminescence properties of rare earth
doped La–Si–O–N compounds [18]. The reason may be that these
compounds always need special synthesis conditions, such as
high temperature and high pressure. Moreover, the structures of

La–Si–O–N compounds have not been completely identified and
studied; while limited interest has been paid to the photolumi-
nescence (PL) properties. In this work, we synthesized a series of
Ce doped (La1−xCex)5Si3O12N (x = 0–0.10) compounds by a novel
synthetic route based on a direction reaction among LaSi, CeSi

dx.doi.org/10.1016/j.jallcom.2010.10.148
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:qlliu@ustb.edu.cn
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structure of La5Si3O12N is shown in Fig. 4(a). The lattice parame-
ters a (b), c and V are 9.7082(1) Å, 7.2279(1) Å and 589.939(3) Å3,
respectively. In the structure La atoms occupy two types of crys-
tallographic sites (Wyckoff positions 6h and 4f). The ratio of the
number of La atoms in the two sites is 3:2. La(1) atoms are coor-
Fig. 1. XRD patterns of (La1−xCex)5Si3O12N (x = 0–0.1).

nd La2O3 at high temperature and high nitrogen pressure. We
nvestigated their structures and PL properties, and discussed the
hysical mechanisms for concentration and thermal quenching of
hese phosphors.

. Experimental

The starting materials are metallic La, Ce and Si powder and high purity
a2O3 powder (>99.99%). LaSi and CeSi alloys were firstly prepared by argon arc
elting of an appropriate amount of the starting materials. To ensure the homo-

eneity of the alloys the ingots were turned and melted several times. The raw
aterials, i.e. LaSi, CeSi, and La2O3, were weighed according to the desired compo-

itions, and then mixed, ground and pressed into pellets. Thereafter polycrystalline
La1−xCex)5Si3O12N (x = 0, 0.005, 0.01, 0.015, 0.02, 0.03, 0.05, 0.07 and 0.1) samples
ere prepared by a solid state reaction. The pellets were sintered at about 1823 K

or 3 h under high-purity nitrogen atmosphere (>99.999%) in a graphite furnace. The
tarting nitrogen atmosphere pressure is 0.3 MPa. The samples were cooled down
ith the furnace. These samples were ground and sintered three times in order to

each equilibrium.
The X-ray diffraction (XRD) data for lattice parameter refinements were col-

ected on a Philips X’Pert PW-3040 diffractometer (45 kV × 40 mA) with Cu K�1

adiation (�=0.15406 nm). Continuous scan mode with a 2� scan range of 10–80◦

as employed. The XRD data for atomic position refinements were collected on
Rigaku D/max 2500 diffractometer (40 kV × 200 mA) with Cu K� radiation and
graphite monochromator. Step scan mode was employed with a step width of

� = 0.02◦ and a sampling time of 1 s. The 2� scan range is 10–120◦ . These XRD data
ere analyzed by the Rietveld refinement program FullProf.2k (Version 2.40) based

n the structure model of La5Si3O12N reported by Titeux et al. [15]. A pseudo-Voigt
unction was used for the profile function.

The PL spectra were measured with an Edinburgh Instruments FLS920 spec-
rofluorimeter equipped with a continuous (450 W) Xenon lamp. For low and high
emperature measurements, the samples were mounted on a closed cycle cryostat
10–450K, DE202, Advanced Research Systems). Slit widths of 0.3 nm each were
sed on the excitation and emission monochromators. The step width is 1.0 nm and
he dwell time is 0.20 s. The line intensities and positions of the measured spectra
ere calibrated using the FLS920 correction curve and a standard mercury lamp.

. Results and analyses

.1. X-ray powder diffractions and structure

The powder XRD patterns of (La1−xCex)5Si3O12N (x = 0–0.1) in
he region of 20–52◦ are shown in Fig. 1. The XRD patterns matched
ell with the reported patterns (JCPDS No. 36-0571) and indi-
ate that these compounds are all single polycrystalline La5Si3O12N
hase. With increasing Ce concentration, the XRD patterns shift
lightly to higher angles. Hence the lattice parameters shrink when
ore Ce content is added to the material. The results of Rietveld

efinements for lattice parameters also show this trend. Fig. 2 shows
Fig. 2. Variations of parameters a (b), c and V with increasing Ce concentrations.

the relations of the lattice parameters a (b), c and V with Ce con-
centration. The lattice parameters decrease linearly with increasing
Ce concentration, which is in agreement with Vegard’s law with
a radius of Ce3+ (1.03 Å) smaller than that of La3+ (1.06 Å). The
decreasing linear relation indicates that Ce3+ ions have been sub-
stituted for La3+ ions in the lattice.

As reported by Titeux et al. [15], La5Si3O12N belongs to the
hexagonal system and the space group is P 6 3/m (No. 176). Its
structure has two formula units in a unit cell, i.e. a unit cell contains
10La + 6Si + 24O + 2N atoms. The La, Si, O and N atoms correspond-
ingly occupy 6h + 4f, 6h, 2a + 6h + 6h + 12i and 12i Wyckoff positions
in the structure, respectively. The fitted X-ray profile of the Rietveld
refinements for La5Si3O12N is shown in Fig. 3. In this figure, the
middle vertical bars indicate the expected Bragg reflection posi-
tions, and the lowest curve is the difference between the observed
and calculated patterns. The reliability factors of the Rietveld refine-
ments are Rp = 11.80%, Rwp = 16.10%, Rexp = 11.64%. The equivalent
sites and atomic positions are listed in Table 1. The center projection
Fig. 3. Observed, calculated and difference XRD patterns of La5Si3O12N.
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Table 1
Atom parameters of La5Si3O12N.

Atom Wyckoff
position

X Y Z S.O.F.

La(1) 6h 0.2309(3) −0.0128(3) 0.2500 1.0
La(2) 4f 0.3333 0.6667 0.0006 1.0
Si 6h 0.403(1) 0.378(1) 0.2500 1.0
O(1) 2a 0.0000 0.0000 0.2500 1.0
O(2) 6h 0.316(2) 0.482(2) 0.2500 1.0
O(3) 6h 0.604(2) 0.473(2) 0.2500 1.0
O(4) 12i 0.349(1) 0.256(1) 0.078(2) 0.8333
N 12i 0.349(1) 0.256(1) 0.078(2) 0.1667
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Fig. 4. (a) The center projection structure of La5Si3O12N. (

inated by 7 O/N atoms with an average inter-atomic distance of
.53 Å. La(2) atoms are coordinated by 9 O/N atoms with an average

nter-atomic distance of 2.61 Å. The coordinated structures of the
wo La occupied sites are illustrated in Fig. 4(b).

.2. Photoluminescence properties

The excitation and emission spectra of the 0.5 mol% Ce content
ample are shown in Fig. 5. Two groups of excitation and emis-
ion spectra have been observed for this sample. The excitation
avelength (�ex) is 350 nm and the monitor wavelength (�mon) is

61 nm for group 1 (spectra 1 and 2 in Fig. 5). For group 2 �ex is
ocated at 290 nm and �mon is located at 379 nm (spectra 3 and

in Fig. 5). The two groups of PL spectra indicate that there are

wo types of PL centers in the lattice. As discussed in Section 3.1,
a atoms occupy two types of crystallographic sites in the lattice
La(1) and La(2)).When Ce atoms are substituted for La atoms in
he lattice, the two types of ligand environments are generating
wo types of PL centers.

Fig. 5. Emission and excitation spectra of 0.5 mol% Ce content sample.
(c) The coordinated structures of La(1) and La(2) atoms.

In the lattice the Ce3+ 4f05d1 configuration is intensively dis-
turbed by the crystal field and splits to several energy levels with a
maximum of 5. As reported by Dorenbos [19], the intensity of crys-
tal field splitting is inversely proportional to the distance from the
coordinate groups to the central cation. As discussed in Section 3.1,
La(2) has a larger average inter-atomic distance than La(1). So the
5d energy levels of Ce(1) have a larger crystal field splitting than
those of Ce(2). The PL spectra of group 1 belong to the excitation
and emission of PL centers of the Ce(1) site and the PL spectra of
group 2 belong to those of the Ce(2) site.

The excitation spectrum of group 1 consists of two excitation
bands which peak at 350 (P1) and 316 nm (P2). Using �ex of 350 nm
(P1), the emission spectrum shows a structure-less broad band
peaking at 461 nm. Using Gaussian functions this emission band
can be de-convoluted to two broad bands peaking at 453 nm and
503 nm (shown in the insert figure). The energy gap between the
two de-convoluted bands is ∼2194 cm−1. As we know, the energy
gap between the two spin splitting energies of 2F5/2 and 2F7/2 for
free Ce3+ ions is ∼2200 cm−1 [20]. So the emission of group 1 can
be ascribed to the emission of Ce(1) site. Using �ex of 316 nm (P2),
the emission spectrum shows a broad band covering the emissions
of groups 1 and 2, as shown with the dotted line in Fig. 5 (spectrum
5).

Using �mon of 379 nm, the excitation spectrum of group 2 shows
two excitation bands peaking at 311 nm (P3) and 290 nm (P4). We
think the two excitation peaks (P3 and P4) are generated inde-
pendently by Ce(2), because the emission intensity of Ce(1) in the
wavelength range of less than 400 nm is very weak. So P3 and P4
correspond to the Ce(2)3+ transitions from 4f1 ground state 2F5/2 to
the lowest two 5d splitting energies. Using �ex of 290 nm (P4), the
emission spectrum shows a broad band with three emission peaks
peaking at 379, 407 and 456 nm. The energy gap between the emis-
sion peaks of 379 and 407 nm is ∼1815 cm−1 and the two emission
peaks can be ascribed to the emission of Ce(2). The emission peak of
456 nm can be ascribed to the emission of Ce(1) due to the energy

transfer from Ce(2) to Ce(1). Using �ex of P3, the emission spectrum
is similar to that of �ex at P2.

In the excitation band of group 1, P1 corresponds to Ce(1)3+ tran-
sitions from the 4f1 ground state 2F5/2 to the lowest 5d splitting
energy. P2 is an overlapping spectrum from the excitation of Ce(1)
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With increasing Ce content, concentration quenching occurs.
Concentration quenching usually occurs as a result of non-radiative
energy transfer among luminescence centers. Two mechanisms are
usually adopted to explain the non-radiative energy transfer, i.e.,
Fig. 6. A systematic energy diagram of Ce3+ in t

nd Ce(2). The main proportion is donated by Ce(1) excitation spec-
rum, corresponding to the transitions of Ce(1)3+ 4f1 ground state
F5/2 to the second lowest 5d splitting energy. The remaining pro-
ortion is donated by the Ce(2) excitation spectrum, corresponding
o the transitions of Ce(2)3+ 4f1 ground state 2F5/2 to the lowest 5d
plitting energy (same to P3 of group 2). This is because under �ex

f P2 the emission spectrum (spectrum 5 in Fig. 5) covers the two
roups of emissions of Ce(1) and Ce(2). And because the emission
pectra of �ex at P2 and P3 are nearly the same, we think the second
owest 5d splitting energy of Ce(1) is close to the lowest 5d splitting
nergy of Ce(2).

Based on the analyses mentioned above, a schematic energy dia-
ram of Ce(1)3+ and Ce(2)3+ in the forbidden band of the 0.5 mol%
e content sample is given in Fig. 6.

With increasing Ce content in the material the PL intensity of
roup 2 decreases. For the Ce content x > 0.05 samples only the PL
pectra of group 1 are observed. That is because the increasing Ce
ontent in the lattice leads to an efficient energy transfer from Ce(2)
o Ce(1) site (as illustrated in Fig. 6) and only the emission of Ce(1)
s occurring for higher Ce content samples. With increasing Ce con-
entrations from 0.5 mol% to 10 mol%, the emission peak (group
) red-shifts from 461 to 470 nm (shown in Fig. 7(a)). The exci-
ation peak of P1 also shows red shifts from 350 to 359 nm with
he increasing Ce concentrations (shown in Fig. 7(b)). For compar-
son, in Fig. 8 the PL spectra of group 1 in 0.5 mol%, 3 mol% and
0 mol% Ce samples are drawn together. With increasing Ce con-
ent in the lattice, the crystal splitting is increasing and lowers
he 5d splitting energies. Then the excitation and emission peaks
hift to longer wavelengths. Contrary to P1, the excitation peak
2 shows blue shifts from 316 to 312 nm for Ce concentrations
f 0.5 mol%–10 mol% (shown in Fig. 7(c)). The reason may be that

ith increasing Ce concentration, in the excitation band of P2 the

xcitation energy donated by Ce(2) is becoming stronger (although
he emission of Ce(2) decreased because of energy transfer), and
hen this excitation peak shifts to shorter wavelengths towards the
xcitation peak of P3.
bidden band of the 0.5 mol% Ce content sample.

From Fig. 8 we can see with increasing Ce content the PL inten-
sity ratio of P1 to P2 increases. The ratio varied from ∼1:1 to ∼3:2.
For the lower Ce content samples the Ce atoms preferably occupy
the La(2) site because La(2) has a larger polyhedron than that of
La(1). Hence the intensity ratio of P1 to P2 is lower. With increas-
ing Ce content in the lattice, the Ce atoms tend to be distributed
equally over the La(1) and La(2) sites. The intensity ratio of P1 to
P2 becomes higher. For the 10 mol% Ce content sample, the value
approaches the ratio of the number of La(1) to La(2) atoms in the
lattice.
Fig. 7. Variations of the positions of excitation and emission peaks with increasing
Ce concentrations.
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from Ce to the valence band states [24], were also suggested [25].

F
�

Fig. 8. PL spectra of 0.5 mol%, 3 mol% and 10 mol% Ce content samples.

ultipolar interaction and radiation re-absorption. In the mecha-
ism of multipolar interaction, the probability of energy transfer
etween two activator ions is inversely proportional to the nth
ower of R′ (n = 6, 8, or 10) where R′ is the distance between the
ctivator ions [18,21]. With increasing Ce content in the lattice, the
nter-atomic distance between the two activators becomes smaller,
nd then the probability of energy transfer becomes higher. On one
and the energy transfer between the activators quenches the PL

ntensities. On the other hand Ce(2) transfers the excitation energy
o Ce(1), leading to the disappearance of the PL spectra of group 2
or the higher Ce content samples.

Because there is some overlap between the excitations and
missions (see Fig. 8), the mechanism of radiation re-absorption
ay also be playing an important role for the concentration
uenching in this material. In addition, with increasing Ce concen-
ration the re-absorption reduced the high-energy wing of the Ce3+

mission band and red shifted the emission peaks. In this mate-
ial the concentration-dependent PL intensities are illustrated in

ig. 10. Excitation and emission spectra of 3 mol% Ce content sample measured at 10, 15
ex at P1, the dot-line showed that of �ex at P2.
Fig. 9. Variation of the PL intensity with increasing Ce concentrations.

Fig. 9. The best doping Ce content is 3 mol%, a relative low concen-
tration.

The PL spectra of the 3 mol% Ce content sample in the temper-
ature range of 10–350 K have been measured. Fig. 10 shows the
results at temperatures of 10, 150, 250 and 350 K. As shown in
the figure, the excitation and emission intensities decrease with
increasing temperature, i.e. thermal quenching. Several mecha-
nisms can be used to explain thermal quenching of phosphors. A
widely accepted mechanism is the electronic transition through the
intersection between the ground and excited states, in other words
this mechanism is described as a large displacement between the
ground and excited state in the configuration coordinate diagram
[22]. Other quenching mechanisms, for example thermal excitation
of 5d electrons to conduction band sates [23] or excitation of holes
With increasing temperature the PL intensities of each excitation
and emission decrease because of thermal quenching. Note that, as
shown in Fig. 10, the intensity of P2 decreases more quickly than
that of P1. At 10 K, P2 has a higher intensity than P1. At 350 K, the

0, 200 and 350 K. For the emission spectra, the solid-line showed the emissions of
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ig. 11. Temperature-dependent emission intensities of the 3 mol% Ce content sam-
le.

ntensity of P1 is higher than that of P2. This phenomenon can be
xplained with the mechanism of thermal excitation of 5d electrons
o conduction band sates. Reference to the energy diagram showed
n Fig. 6, the 5d energy levels of Ce(2) are higher than those of Ce(1).
he energy gap between the lowest 5d energy level and the conduc-
ion band (CB) of Ce(2) is smaller than that of Ce(1). Under thermal
xcitation the 5d electrons of Ce(2) are easier to be excited to the CB
han those of Ce(1). So with increasing temperature the intensity
f P2 decreases more quickly than that of P1.

From the temperature of 10–350 K the excitation and emission
ands nearly showed no shift. That is the Stokes shift of this phos-
hor was stable against temperature. This may be because this
aterial has a rigid structure framework of Si[O/N]4 tetrahedra.
ence the chromaticity coordinates of the excitation and emission

pectra of this phosphor are stable with temperature. When the
emperature is higher than 200 K, the emission intensity of �ex at
1 is becoming stronger than that of �ex at P2. In this part, our
iscussion emphasis is focused on the emission spectrum of group
(i.e. �ex at P1). Fig. 11 shows the temperature-dependent emis-

ion intensities of �ex at P1 in the temperature range of 10–350 K.
he data were fitted with a Boltzmann model. For this phosphor,
he quenching temperature, defined as the temperature at which
he emission intensity drops 50% of that measured at 300 K, can be
stimated as 406 K.

. Conclusions

We have synthesized oxonitridosilicate phosphors with com-
osition (La1−xCex)5Si3O12N (x = 0–0.1) by solid-state reaction, and

eported the effects of the activator Ce3+ concentration on the crys-
al structure and luminescent properties. The analyses of the XRD
atterns show that all the compounds are single polycrystalline
a5Si3O12N phase. The lattice parameter refinements show that
ith increasing Ce concentration the lattice parameters a (b), c,

[

[

[

pounds 509 (2011) 2099–2104

and V decrease linearly, i.e. Ce3+ has been substituted for La3+

in the lattice. Two groups of PL spectra have been observed and
can be ascribed to the excitation and emission of the two types
of PL centers in the lattice, in agreement with the crystal struc-
ture in which La atoms occupied two crystallographic sites. When
Ce atoms are substituted for La atoms, the different ligand envi-
ronments generate two types of PL centers. With increasing Ce
concentration the PL spectra of group 2 decrease because of energy
transfer. With Ce content more than 5 mol%, the PL spectra of group
2 disappeared. The optimum Ce content for the (La1−xCex)5Si3O12N
phosphors is 3 mol%. The PL properties of the 3 mol% Ce content
sample at the different temperatures showed that the chromaticity
coordinates of the excitation and emission spectra of this phos-
phor are stable against temperature. For these phosphors the
excitation spectra covered a broad band of 300–400 nm and the
emission of 450–550 nm. These phosphors can efficiently convert
near-ultraviolet to blue light, providing potential candidates for
applications in three-phosphor-converted WLEDs.
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