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Abstract A novel Ce’ doped Lu;MgALSiO,, phosphor (Lu,,,Ce,,MgALSIO,,) was successfully synthesized by a
conventional solid-state reaction at 1450°C for 5 h. The crystal structure of the synthesized phosphor powder was characterized
by X-ray diffraction and Rietveld refinement. The prepared phosphor powder showed a broad peak at 550 nm, and the
temperature dependence on photoluminescence properties of the prepared Lu,,,Ce,,MgALSiO,, phosphor was investigated
from 300 to 525 K. The activation energy for thermal quenching was determined by Arrhenius fitting. The experimental
results clearly indicate that prepared Lu,,,Ce,,MgAl;SiO;, phosphor has great potential for a down-conversion yellow

phosphor in white light-emitting diodes.
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1. Introduction

The first commercially available white LED (light
emitting diodes) based on phosphors was produced by
Nichia Co., which was also first to manage to make the
blue LED. Nichia used a blue light emitting gallium
indium nitride (GalnN) chip coated with yellow phos-
phor Y;ALO,,:Ce’", well known as YAG:Ce [l1].
With the perspective of a highly efficient light source,
the LED market will have an enormous growth and the
white LED will be a likely candidate for the replace-
ment of the light bulb. However, the color temperature
of YAG : Ce’" phosphor used for luminescence convert-
ing LED is too high to use in warm white LED applica-
tion because of lacking red component [2]. The color
temperature of warm white, cool white and daylight
white area round 3300 K, 4200 K and 6400 K, respec-
tively. For general indoor lighting application, “warmer”
white light is recommended [3].

To meet the requirements for general illumination
lighting, two major modifications have been developed.
One is the modification of the YAG : Ce system, includ-
ing co-doping rare earths or transition metal ions, which
can increase red component [4]. The problem is the
enhancement of the red component efficiency is not
obvious, and almost all bright and thermal stability of
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modification YAG : Ce are obviously declined. The other
is exploring novel red phosphors which are usually
based on Eu”" doped nitrides phosphors [5]. However,
these phosphors require critical preparation conditions
like high temperature, high pressure and expensive raw
materials. Besides, they have to be blended with YAG :
Ce phosphor to make white lamps, possibly leading to
variations during lamp manufacturing.

It is possible and valid to modify the typical garnet
composition to obtain a significant red-shift emission
spectrum, because the energy position of the lowest Ce’"
5d level could be justified by changing the crystal field
splitting and the covalency of Ce’"-O”". In addition, the
Ce’" doped garnet host lattices are the only oxide phos-
phors that could absorb blue light and emit from yellow
to orange-red light [6]. In a practical sense, phosphors
should not only have redder spectra for lower cor-
related color temperature (CCT) and high color render-
ing index (CRI) but also high quantum efficiency (QE)
and high thermal stability for warm white LED phos-
phors. In this study, we present a solid-state synthesis
inducing Mg”'-Si*" pairs into Lu’" based garnet, and dis-
cuss its crystal structure. Photoluminescence at room
temperature and thermal quenching at high tempera-
tures are investigated.

2. Experimental

The Ce’* doped Lu;MgALSiO,, (Lu,o,Ceo0eMgALSIO,,)
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was synthesized by the conventional solid-state reaction
method. Lu,O; (Kanto Chemical, 99.99 %), CeO, (Kanto
Chemical, 99.99 %), MgO (Kanto Chemical, 99.99 %),
and SiO, (Kanto Chemical, 99.9 %) were used as start-
ing materials. Cerium concentration was fixed at 6.0
mol%. All starting materials were weighted out as the
desired stoichiometry and thoroughly mixed using an
agate mortar with small amount of ethanol. The mix-
ture was first calcined at 800°C for 2 h using alumina
crucible in air then fired at 1450°C for 5 h in N, atmo-
sphere. Finally, the phosphor sample was cooled to room
temperature in the furnace and ground with an agate mor-
tar. The fired phosphor sample (Lu,,,Ce,MgAl;SiO,,)
showed yellow body color.

Powder X-ray diffraction (XRD) data were collected on
a Bruker D8 powder X-ray diffractometer with Cu Ko
radiation (L=1.54178 A) operating 40kV and 30 mA.
Step scans were performed from 60° to 110° (20) with as
step size of 0.01°. Refined lattice parameters of XRD pat-
terns were fit by Rietveld refinements using FULLPROF
program [7]. Microstructure and surface morphology of
the Lu, ,Ce, (sMgALSiO,, powder were observed by scan-
ning electron microscope (Hitachi S-4800, Japan). Photo-
luminescence excitation (PLE) and emission (PL) spectra
were measured by fluorescence spectrometer (Scinco
FS-2) system in a temperature range of 25 and 275°C
using a 450 W xenon lamp as an excitation source.

3. Results and Discussion

Crystallographic information of the Lu, 4,Ce,,MgALSiO;,
phosphor is one of the important factors affecting the
photoluminescence properties, which closely relates
with the crystal field strength surrounding the ions in
each crystallographic sites. Crystallographic data of the
Lu, 0,Ce, (sMgAlSiO,, was extracted by the Rietveld
refinements of the XRD profile of the Lu, ,,Ce,,MgAl;.
SiO,,, as shown in Fig. 1. Approximate structural
parameters for Lu,,,Ce,,,MgAlSiO,, calculation was
obtained from the data, previously reported for Lu;ALO,,
(LuAG; JCPDS 73-1368) [8]. The LuAG was decided
as the initial structure model for Lu,,,Ce,,,MgAl;SiO,
calculation due to the similarity of the crystal structure;
both of them belong to the garnet structure family
(cubic, space group #230), with the general formula
(A;)[B,]<C;>0,,, where (), [ ] and < > denote dodeca-
hedral, octahedral and tetrahedral coordination, respec-
tively [9]. In the crystal structure of LuAG, Lu’" ions
and AI'" occupy the dodecahedral and octahedral/tetra-
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Fig. 1. Rietveld refinements of XRD patterns of Lu,g,Ce

MgALSiO,, phosphor with positions of all the reflection

(orange) and a difference profile (blue); Measured (black) and
calculated (red).

Table 1
Refined structural parameters for Lu, 4,Ce, ,cMgAl;SiO,, phosphor
Atom  Wyckoff x y z Occupancy
Lu 24c 0.125 0 0.25 277
Ce 24c¢ 0.125 0 0.25 0.22
All 16a 0 0 0 1.01
Mg 16a 0 0 0 1.01
Al2 24d 0.375 0.25 0 1.98
Si 24d 0.375 0.25 0 0.98
(0] 96h -0.033 0.053 0.153  12.00

hedral sites, respectively. On the other hand, in the crys-
tal structure of LCMAS, dodecahedral sites are occupied
by Lu’" and Ce’". Also, Mg™/AI'" and AI’'/Si*" occupy
octahedral and tetragonal sites, respectively.

Refined structure parameters of Lu,,,Ce,cMgALSiO;,
are listed in Table 1. The refinement confirmed that
Lu, 0,Ce, xMgAl;SiO,, is cubic with space group Ilad,
and lattice parameter is refined as 11.942 A. Wyckoff
sites of 24c, 16a, 24d and 96h are occupied by Lu/Ce,
Mg/All, Si/Al2 and O, respectively. As shown in Table
1, the calculated occupancies of ions from XRD pattern
are quite well matched with experimental. The compari-
son of lattice parameters and cell volume between
LuAG and Lu,,,Ce,,,MgAl;SiO,, is shown in the Table
2. The deviation of lattice parameter is 0.0359 A and the
deviation of oxygen atomic coordinates (X, y, z) is
—0.0033, —0.0006 and 0.0023, respectively.

Cell volume and lattice parameters of Lu,q,Cey
MgALSiO,, are larger than that of LuAG (11.9064 A)
because the smaller AI' is partly substituted by larger
Mg™" in the octahedral sites. Also, smaller Lu’" is partly
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Table 2

The lattice parameters and the oxygen atomic coordinates obtained by Rietveld refinement

) Volume Oxygen atomic coordinates
Sampl Latt
ample attice ( A3) v . R, R,
LuAG 11.906 1687.5 -0.0294 0.0538 0.1510 0.046 -
Lu, ,,Ce, (cMgAL;SiO,, 11.942 1703.2 -0.0327 0.0532 0.1533 0.104 0.131

replaced by larger Ce’ which results in the increase of the
cell parameters and volume of Lu,,,Ce,,MgAl;SiO,,.
In the same manner, smaller lattice constant of the
Lu, 0,Ce, sMgALSiO,, than Y;ALO,, (YAG; 12.066 A)
is likely due to the smaller ionic size of Lu’ than Y*' in
the dodecahedral sites [10]. The lattice parameters of
Lu, ,Ce; (sMgAlL;SiO,, between those of LUAG and YAG
imply that a solid solution of Lu,,Ce,,,MgAlSiO,,
successfully formed. However, small amount of second-
ary phases was observed as shown in Fig. 1. The forma-
tion of the secondary phases might be possibly due to
the reducing conditions during heating process, which
leads to the local oxygen deficiency for the formation of
the secondary phases.

Fig. 2 displays the crystal structure of Lu,q,Ceqs
MgAl;SiO,, phosphor based on the results of refine-
ments. As explained above, Lu/Ce, Mg/All, Si/Al2, and
O are randomly distributed on the dodecahedral, octahe-
dral, and tetrahedral sites, respectively. Every (Ce/Lu)Oq
dodecahedron is surrounded by four (Ce/Lu)Og dodeca-
hedra, four (Mg/Al1)O, octahedra and six (Si/Al2)O, tet-
rahedra. The result implies that every coordination O°
of Ce’™" is shared by four cations (two Lu’, one Mg/All
and one Si/Al2), which shows that the photoluminescence
properties of Lu, ,Ce, ,sMgAl;SiO,, phosphor is affected
by (Ce/Lu)Oy as well as (Mg/All1)O, and (S/AI2)O, [11].
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Fig. 2. Simulated crystal structure of Lu,,,Ce,,MgAL;SiO,,
phosphor.

For investigation of particle size and morphology,
SEM images of the Lu,,Ce,,,MgAl;SiO,, phosphor is
shown in Fig. 3(a). Fig. 3(a) shows homogeneous and
irregular particle shape with diameter of 1~5 um. The
EDX spectra in Fig. 3(b) obtained from Lu,,Ce
MgAl,SiO,, particles show the presence of Lu, Ce, Mg,
Al, Si and O with an approximately correct stoichiome-
try and the absence of any impurity. It can be seen the
particle surface is not smooth and some pits exist, this is
owing to the agglomerate by lots of small particles to
form a big particle in the calcination process. In addi-
tion, the average particle size is found to be less than 10
um, which is suitable for the practical application.

The room temperature Photoluminescence excitation
(PLE) and emission (PL) spectra of the Lu,4,Ce,,MgAl;
SiO,, phosphor powder heat-treated at 1450°C are
shown in Fig. 4(a). As expected for a garnet host, the

Fig. 3. (a) SEM photograph and (b) EDX profile for the
Lu, ,Cey (xMgAL;SiO,, phosphor powder.
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Fig. 4. (a) The room temperature photoluminescence excitation (PLE) and emission (PL) spectra of the Lu,,,Ce,,MgALSiO,, phos-
phor. The inset figure shows the digital photograph for the Lu,,,Ce,,MgALSiO,, phosphor. (b) Schematic diagram for electronic
energy configuration of Ce’ in the Lu, ,Ce,,MgALSiO,, phosphor.

lowest Ce’* 4f <> 54 absorption transition is in the blue
spectral region, leading to greenish yellow to orange color.
The excitation spectrum of the Lu,,,Ce,,sMgAlSiO,,
phosphor powder is shown in the left of Fig. 4. The
excitation spectrum exhibit two excitation bands of Ce”’,
one 5d band near at 450 nm, and the other 54 band
level near at 330 nm, which correspond to the two low-
est 5d levels of Ce™ [12].

The electronic configuration of rare-earth element Ce’*
is [Xe]4f'5d". The wide absorption band and the emis-
sion peaks of Ce’" originate from the 4f<> 5d transi-
tion. The splitting of the Ce’” energy level is induced by
the covalency effect (nephelauxetic effect) and the crys-
tal field effect, allowing the PL performance of Ce’" to
be tuned. The energy configuration of Ce’" is shown in
Fig. 4(b). The PLE spectra show a broad excitation peak
at 450 nm, which is attributed to the absorption of the
allowed transition from 4f to 54 of Ce’". This makes
Lu, ,,Ce, ,cMgAl;SiO,, phosphor suitable for fabrication
with commercial blue LED chips. The PL spectra show
an asymmetric emission peak at around 550 nm under
excitation at 450 nm. The broad peak is a combination
of two peaks, which derive from the energy transfer of
5d — 2F5,2 and 2F7/2 of Ce™, respectively. The splitting
of the *f ground state of Ce’" into °F, and °F,, is due
to the spin-orbit coupling effect [13].

Thermal quenching property is one of the most import-
ant technological parameters for phosphors applied to
white-LEDs. The temperature dependent PL properties
of the prepared Lu,,,Ce,,MgAl;SiO,, phosphor pow-
der was investigated in a temperature range from 300 to
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Fig. 5. (a) The emission spectra measured with increasing tem-

perature from 300 to 525K for the Lu,o,Ce,,sMgALSIO,, phos-

phor powder. (b) Temperature dependence of emission intensity

in the temperature range. The graph in the inset depicts an

Arrhenius fitting of the emission intensity in the measuring

temperature range with calculated activation energy for thermal
quenching (AE).
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525 K and shown in Fig. 5(a). At 425K, the emission
intensity was 76 % of those measured at room tempera-
ture which was 10 % higher than that of the commer-
cial Y;ALO,,: Ce’" (YAG : Ce, P46-y3) phosphor. Upon
heating the Lu, ,,Ce; ,cMgAl;SiO,, phosphor powder, the
dwindling of emission intensity and broadening of band-
widths (FWHM) are shown clear, which can be explained
by the thermal quenching in the configurational coordi-
nate model [14]. The low potential curve and the high
one represent the total energy of the ground state of 4f
and the excited state of 5d', respectively. The equilib-
rium positions of the two states are different from each
other because of the different spatial distribution of the
electron orbitals. The excited luminescent center is ther-
mally activated through phonon interaction, and then
thermally released through the crossing point between
the excited state and the ground state in the configura-
tional coordinate diagram. This non-radiative transition
induced by thermal activation is strongly dependent on
temperature, which results in the thermal quenching of
the emission intensity. In addition, the electron-phonon
interaction resulted from increased population density of
phonon broadens FWHM of emission spectra at high
temperature [15].

Fig. 5(b) displays decrease of normalized emission
intensity for prepared Lu,,,Ce,,MgAl;SiO,, phosphor
as a function of measuring temperature. In order to fur-
ther understand the temperature dependence of PL inten-
sity and to determine the activation energy for thermal
quenching, the Arrhenius equation was fitted to the ther-
mal quenching data as shown in the inset of Fig. 5(b).
According to the classical theory of thermal quenching,
the temperature-dependent emission peak intensity can
be described by the expression [16],

Iy
I(T)=——"— (1
a2
B

where [ is the initial intensity, I(T) is the intensity at a
given temperature T, A is a constant, AE is the activa-
tion energy for thermal quenching, and k; is Boltz-
mann’s constant. The graph in the inset of Fig. 6(b)
plots In[(I/T)— 1] versus 1/(kzT) and gives a straight
line up to T=525K. The best fit following Eq. (1)
gives activation energy (AE) of 0.238 eV.

4. Summary

In this work, Ce’" doped Lu;MgALSIO,, (Lu,0,Ce, o

MgAl;SiO,,) was successfully synthesized by a conven-
tional solid-state reaction at 1450°C for 5 h. XRD Riet-
veld refinement results show that the Lu,,,Ce,,MgAl,
Si0,, phosphor has a garnet structure, and Ce’’ ions
occupy Lu’" sites on the dodecahderal sites, and Si and
Al2 are randomly distributed on the octahedral sites, Mg
and All are randomly distributed on the tetrahedral sites.
The photoluminescence excitation (PLE) and emission
(PL) spectra showed that this novel garnet phosphor can
be excited efficiently at 450 nm and it can emit yellow
color with high luminescence intensity. Temperature
dependence on PL property of the prepared Lu, 4,Ce
MgAlL;SiO,, phosphor powder was investigated from
300 to 525K and showed better thermal stability than
the commercial YAG : Ce phosphor powder. By fitting
the temperature dependent PL. data based on the classi-
cal thermal quenching theory, the activation energy (AE)
for thermal quenching were determined to be 0.238 eV.
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