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Trivalent cerium-doped yttrium aluminum garnet (YAG:Ce3+) phosphors are synthesized by solid-state reaction
method through using (Y;_,Cey),03 solid solutions as precursors. Solid solubility limits of Ce3t replacing Y3t in
Y,03 and YAG are determined to be 40% and 7.5%, respectively, based on the relationship between the lattice param-
eter and chemical composition. Using (Y|_,Cey),03 as precursors we synthesize YAG:Ce>*single phase at 1450 °C and
N, atmosphere. However, under the same conditions using CeO, there exists a second phase YAIO3 as impurity. The
photoluminescence intensity of YAG:Ce>* increases monotonically with the increase of Ce concentration until it reaches a

maximum at solid solubility limits of Ce?* in YAG.
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1. Introduction

The white light emitting diodes (WLEDs) are prolifer-
ating all over the world and are increasingly replacing con-
ventional light sources, such as incandescent or fluorescent
lamps, because of their energy-saving, long lifetime, com-
pactness, and environmental friendliness.['! A typical com-
mercially available WLED features a combination of blue
InGaN chips with yttrium aluminum garnet Y3AlsOy,:Ce*
(YAG:Ce) phosphor, in which the phosphor strongly absorbs
blue light from the LED chip and efficiently re-emits in the
yellow part of the visible spectrum.!®®! The combination
of the yellow YAG:Ce emission and blue radiation bleeding
through the phosphor coating (on top of a blue LED) gives
white light. Since the quality of phosphors is vital to the per-
formance of a WLED device, the quest for further improving
properties of YAG:Ce phosphor is very important and a signif-
icant challenge.

YAG, i.e., {Y}3[Al]2(AD)30;2, has a garnet-type struc-
ture, generally denoted as {A}3[Cla(D)30;2, where the
{A} cations are eight-coordinated in dodecahedra, the [C]
cations are octahedrally coordinated, and the (D) tetrahedrally
coordinated.”! The luminescence of cerium-doped YAG was
first reported in 1967, which shows a yellow emission band
from the allowed 5d—4f transition (to the spin—orbit split
?F7), and ?Fs ), levels).'*!!) Gd**substitution for the {Y}
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sites can move the YAG:Ce emission band to red region, while
Ga** replacement for [Al] or (Al) sites or Lu substitution on
{Y} sites can cause a blue shift.[1>~14]

Besides the qualified spectral properties, the commercial
YAG:Ce phosphor for WLED requires other qualities, such
as high luminescent intensity, good powder mobility, well-
shaped crystal form, and uniform size distribution, which
are dependent on the synthesis approach. Several meth-
ods have been reported to synthesize YAG:Ce phosphors.
High-temperature solid-state reaction is the most common
method to synthesize YAG:Ce phosphors. Other prepara-
tions, such as solvothermal synthesis,!!>! sol-gel method, ']

18]

co-precipitation method,!'”! sol-gel combustion,!!8) metal—

organic chemical vapor deposition (MOCVD), ]

s, [20

and spark-
plasma synthesis,!?%! are also used to synthesize nano YAG:Ce
phosphors. Generally nano particles are poorly crystallized
and have huge specific surface areas, which results in low lu-
minescent intensity and severe agglomeration even after cal-
cination. Ball shaped particles can be obtained by spray
pyrolysis method.?!) Moreover, YAG has been successfully
manufactured by some modified methods like a liquid-to-
particle conversion process, usually known as the gel sup-
ported precipitation (GSP) method!??! and a modified sol-gel
method using poly (ethylene glycol) (PEG) and urea.!?*! High-
temperature solid-state reaction with the help of using appro-

priate flux can fabricate good YAG:Ce phosphor with high lu-
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minescent intensity and well-shaped crystal form and uniform
size distribution.?*]

Ce3" ions have a limited solid solubility in YAG, depend-
ing on the synthesis conditions. Since Tien et al.''*! reported
that only 2 mole percent of Ce3* can be dissolved in YAG
in air while almost 6% Ce>*enters into the lattice when be-
ing fired at 1450 °C under a hydrogen atmosphere, few studies
have reported on the Ce solid solubility in YAG. Generally,
luminescence intensity of YAG:Ce is related to Ce concentra-
tion, uniformity of Ce distribution in lattice, and crystalline
quality of YAG:Ce. Usually, CeO, is used as Ce source to
synthesize the YAG:Ce through the solid state reaction, where
Ce** ions in CeO; are needed to reduce Ce>* ions in YAG:Ce.
In this work, we first prepare a series of (Y_,Ce,)203 solid
solutions (x = 0.05-0.6) containing Ce3t, then we use them as
precursors to synthesize YAG:Ce phosphors in order to guar-
antee that valence of Ce ions is +3 and increase their solid sol-
ubility in YAG. Furthermore, we determine the Ce solid solu-

bility in YAG and investigate its luminescence.

2. Experiment

Solid solutions (Y;_yCey),03 and Ce,Y|_,O, were pre-
pared via precipitation using ammonium hydrogen carbon-
ate (NH4HCOs;, analytical purity) as the precipitant. The
starting salts were cerium and yttrium nitrate hexahydrates
(RE(NOs3)3-6H,0, RE = Ce and Y) with a purity of higher
than 99.99%. All the chemical materials were used without
further purification. The stock solutions were made by dis-
solving the cerium and yttrium salts into distilled water. To
make sure that Ce3* and Y3+ cations were fully mixed at
the predetermined molar ratio, the final concentration of each
stock solution was 0.015 M for Y>* plus Ce>* cations. Aque-
ous solutions of ammonium hydrogen carbonate with a con-
centration of 0.075 M were used as the precipitant. In a typ-
ical synthetic procedure, the 50-cm® mixed salt solution was
dripped at a speed of 2.5 cm?-min~! into 75 cm? of the precip-
itant solution that was kept at 30° under mild stirring. The re-
sulting suspension, after having been homogenized for 20 min,
was filtered via suction filtration. The precipitate cake was
washed repeatedly with distilled water and finally rinsed with
anhydrous alcohol (except those for chemical analysis) before
drying at 90 °C in an electricity heat drum wind drying oven.
The dried precursor was lightly crushed with a silica mortar
and pestle and then calcined in a box-type furnace at 1200 °C
for 1.5 h to yield oxide powders.

Powder samples of (Y;_.Ce;)3AlsO, were synthe-
sized by conventional high-temperature solid-state reac-

tion. Stoichiometric amounts of raw material y-Al,O3 and

(Y1-xCe,)203 solid solution prepared as above were thor-
Then the
mixture was pressed into pellets and sintered in a vacuum an-
nealing furnace under 10% H/90% N, (V/V) atmosphere at
1550 °C for 2 h. Finally, the samples were cooled down to

oughly mixed and grounded in an agate mortar.

room temperature in the reducing atmosphere. The synthe-
sized phosphors were ground into powder for further study.

The X-ray diffraction (XRD) data were collected on a
Rigarku D max A diffractometer (40 kVx35 mA) with Cu
K1 radiation (A = 0.15406 nm). Continuous scan mode with
a 20 scan range of 15 °~75° was employed. The lattice param-
eter data were taken on XRD data by the Rietveld refinement
method through using program FullProf for (Y;_,Ce,),03
and Ce,Y|_,O;, precursors or by least square method for
(Y-,Ce;)3Al501; based on internal standard method through
using crystalline silicon as internal standard. The photolumi-
nescence (PL) spectra were collected with an Edinburgh In-
struments FLS920 equipped with a continuous (450 W) xenon
lamp. Slit width of 0.3 nm was used on the excitation and
emission monochromators. The step width was 1.0 nm and
the dwell time was 0.20 s. The line intensities and positions
of the measured spectra were corrected by the FLS920 correc-
tion curve. JEOL JSM-6510A microscope was employed to
take SEM photos of samples.

3. Result and discussion

The X-ray diffraction (XRD) patterns of some representa-
tive (Y203)1-,(CeO,), compositions (x = 0.1, 0.4, 0.5, 0.55,
0.6, 0.7, and 0.95) in a range of 15°~75° are shown in Fig. 1.
When 0.0 < x < 0.4, the XRD patterns match well with the
reported pattern of Y,03; phase with the body-centered cu-
bic lattice (ICCD 04-005-5119, space group Ia3), herein rep-
resented as (Y;_,Ce,),03, which reveals that the Ce3* ions
successfully substitute for the Y3+ ions in Y,Oj3 structure. For
the samples with 0.6 < x < 1.0, the XRD patterns represent-
ing a cubic fluorite structure phase CeO, (ICCD 00-004-0593,
space group Fm3m), denoted as Ce,Y|_,O,, are observed.
The compositions with 0.5 < x < 0.55 have two phases, i.e.,
Ce,Y|-xO, phase with fluorite structure and (Y|_xCey)203
phase with body-centered cubic structure. The idealized body-
centered cubic structure of Y,O3 is a fluorite-derived structure
with space group Ia3; its lattice parameter a (~ 10.603 A)
is about twice as long as that of CeO, with fluorite structure
(~5.411 A).12526] Therefore, the fundamental reflections of
the two phases are almost the same, except that there exist
some weak super-structure peaks in addition to the fundamen-
tal reflections for the XRD patterns of CeO, phase.?’! With

the Ce content in Y,0O3 increasing, these super-peaks become
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weaker and weaker until they disappear at x = 0.55.
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Fig. 1. The XRD patterns of some representative (Y203);_, (CeO2)y
compositions (x = 0.1, 0.4, 0.5, 0.55, 0.6, 0.7, and 0.95).
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Fig. 2. Lattice parameters a of (Y;_,Ce,)203 (0 < x < 0.55) and dou-
ble lattice parameters a of Ce,Y;_,0, (0.55 < x < 1) versus Ce3t
content, where solid square (M) represents the lattice parameters of
(Y1-xCey)203 phase with body-centered cubic structure and solid cir-
cle (o) denotes double lattice parameters of Ce,Y_,O; phase with flu-
orite structure for clear comparison (the actual lattice parameters range
from 5.3902 A to 5.4111 A).

Figure 2 shows the relation between the lattice parameters
a of (Y1-xCeyx)203 (0 < x < 0.55) and double lattice param-
eters a of Ce,Y;_,0, (0.55 < x < 1) and Ce3*concentration
(x =0-1.00). For clear comparison, we double the lattice pa-
rameters of CexY|_,O, phase (the actual lattice parameters
range from 5.3902 A to 5.4111 A) since the structures of Y,03
and CeO» both are closely related to the fluorite-type structure.
The lattice parameters of (Y|_,Ce,),03 increase linearly with
the increase of Ce?t concentration when x < 0.4, which is in
reasonable agreement with Vegard’s law with the ionic radius
of Ce’* (r = 0.101 nm, C. N. = 6) larger than that of Y3+

(r =0.090 nm, C. N. = 6). This increasing linear relation con-

firms that it is Ce3* ion not Ce** ion that has successfully sub-
stituted for Y3+ ion in the lattice, since the ionic radius of Ce*+
(r =0.087 nm, C. N. = 6) is smaller than that of Y3*. In the
range of 0.6 <x < 1.0, the lattice parameters increase parabol-
ically (not linearly) with the increase of Ce3* concentration in
Ce, Y1102, because there exist anion (oxygen) vacancies in
CeO; structure for maintaining charge balance where the va-
lence of Ce ion is +4 and the valence of Y ion is +3.1%°) When
0.4 < x < 0.6, there is a discontinuity in the linear relation-
ship between the lattice constant and chemical compositions,
indicating that the two phases (Y|_,Ce,)203 and Ce,Y|_,O,

co-exist.
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Fig. 3. Typical XRD patterns of the sample (Y;_.Ce;)3Als01, with
z=0.05 and 0.10. * denotes CeAlO3 phase.

The typical X-ray diffraction patterns of the sample
(Y1-,Ce;)3Al5012 with z=0.05 and 0.10 are shown in Fig. 3.
With the lower Ce3* concentration, single phase YAG:Ce is
obtained, which accords with the patterns of YAG (ICCD 04-
007-2667, cubic, space group la3d) with a garnet structure.
For the sample with z = 0.1, some impurity phases such as
CeAlO3; (ICCD 00-055-0890) are observed in the phosphors.
In order to obtain the solid solubility of Ce3t in YAG, the lat-
tice constants of (Y|_,Ce;)3Al501, (z = 0-0.2) are calculated
based on the XRD patterns with Si as internal standard and
they are depicted to vary with Ce>* concentration in Fig. 4. As
mentioned above, in (Y|_,Ce,)203 solid solutions (x < 0.4)
the lattice constants are linearly dependent on Ce3* concen-
tration. While in the YAG phases which were synthesized by
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conventional high-temperature solid state reaction through us-
ing raw material y-Al,O3 and (Y;_,Cey)203 solid solutions
as precursors, the lattice constants are linearly increasing with
Ce?t concentration only in the range of 0 < z < 0.075, then
stays at a relatively stable value when z > 0.075. This reveals
that the solid solution limit of Ce3* ions in YAG is about 7.5%,
which is a little larger than that (the solid-solution limit is 6%)
reported by Tien et al.!!?]
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Fig. 4. Curves of the lattice constants of (Y;_.Ce;)3AlsO;> (M)
and (Y;_xCey),03 (o) versus Ce3" concentration. The data of

(Y1-xCey)203 which are the same as those in Fig. 2 are re-plotted here
for better comparison.
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Fig. 5. XRD patterns of (Y.95Ce.05)3AlsO;, prepared by solid-state
reaction (sintered at 1450 °C under N, flow for 2 h) using differ-

ent raw materials: (a) direct mixture Y,03, CeO;, and y-Al,O3; (b)
(Y0.95Cep.05)203 and y-Al,O3. * indicates YAIO3 phase.

In comparison with the conventional solid-state reac-
tion, the route to synthesizing YAG:Ce pure phase by using

(Y0.905Ce0.05)203 solid solutions as precursors needs a lower

temperature. As shown in Fig. 5, the sample synthetized by
using (Yo.95Ce.05)203 as precursor is pure YAG:Ce phase,
while the sample prepared by the conventional method con-
tains YAG:Ce and YAIO3 phases ( at 1450 °C under N, at-
mosphere without any flux). Because we have dispersed Ce
ions fully in the lattice Y,0O3 and the nanoparticle-precursors
prepared by precipitation is in favor of the solid-state reaction,
we can synthesize YAG:Ce pure phase at lower temperature
(1450 °C) and under weakly reduced condition (solely using
N not N>/Hj).

Figure 6 shows representative SEM images of the samples
of (Y1-xCeyx)203 with x = 0.05 and (Y;_.Ce;)3AlsO;, with
7 =0.05. The particles of the solid solution (Y.95Ce0.05)203
synthesized by precipitation method are basically spherical in
shape and dispersed well as shown in Fig. 6(a). The aver-
age size of particles is on a nano scale. This spherical and
nanoscale-sized precursor can provide more contact between
reactants to drive the subsequent solid-state reaction. The
phosphors (Y(.95Ceg.05)3Al501, obtained by the solid-state
reaction method seem to have a tendency to form bigger parti-
cles of around 2 pm in size as shown in Fig. 6(b).

Fig. 6. Representative SEM images of the samples of (Y;_,Cey)203
with x =0.05 (a) and (Y;_,Ce;)3Al50;, with z = 0.05 (b).

The PL spectra of the YAG:Ce phosphors are measured
at room temperature as a function of the activator concentra-
tion. Figures 7(a) and 7(b) show the 450-nm-excited emis-
sion spectra and excitation spectra of the YAG:Ce phosphors
with different Ce concentrations calcined at 1550 °C for 2 h,
respectively. It can be noticed that both the shapes and posi-
tions of the excitation spectra show no obvious changes with
the increase of Ce concentration. The excitation spectra for
Ce3t contain two bands, namely, a weak band with a maxi-
mum at 349 nm and a strong broad band ranging from 400 nm
to 500 nm with a maximum at 450 nm, which is very suit-
able for serving as a color converter in white LED excited by a
commercial InGaN blue LED. These excitation bands are due

to the absorption of the incident radiation by Ce** ion which

048106-4



Chin. Phys. B Vol. 23, No. 4 (2014) 048106

leads to the excitation of electrons from the 4f! ground state
(*Fs 2, 2F;2) to the excited 5d' levels (°D).**] The emission
of Ce’* is ascribed to the electron transition from the low-
est crystal-splitting component of 5d level to the ground state
of Ce** (*Fs)5, 2F;55). It is also noticed that all the emis-
sion peaks have maximum intensity at about 550 nm. The
PL intensities of the YAG:Ce phosphors increase with the Ce
concentration increasing without the concentration quenching
effect until they reach a maximum value 5.448x 10® (integral
intensity) at z = 0.075, which is also the Ce solid-solubility
limit in YAG structure.!”® The luminescent intensity is influ-
enced by the average distance between luminescent centers.
As the doping concentration increases, the separation between
active ions decreases. At short enough separation the inter-
action between active ions will occur and cause concentration
quenching.?%! Therefore, the homogeneous distribution of ac-
tive ions in host is essential in order to acquire highly efficient
phosphors without concentration quenching. Our results that
PL intensities of the YAG:Ce phosphors increase with the Ce
content until solid-solubility limit, indicate that the homoge-
neous distribution of Ce ions in YAG host can be obtained by

using (Y_,Ce,),03 solid solutions as precursors.

(a) — 7.5%

Intensity/arb. units

500 550 600 650 700
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(b)d — 7.5%

— 5%
— 3%
—_ 2%
— 1%

Intensity/arb. units
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Fig. 7. (color online) The PL emission spectra with A¢x = 450 nm (a)

and excitation spectra with Aem = 550 nm (b) of (Y;_.Ce;)3Al5012
phosphors for the cases of various Ce concentrations

4. Conclusion

In this paper, we successfully synthesized YAG:Ce>"
phosphors by solid-state reaction method through using
(Y1-xCey)203 solid solutions as precursors. According to the
relationship between the lattice parameter and chemical com-
position, solid solubility limits of Ce** replacing YT in Y,03
and YAG are determined to be 40% and 7.5%, respectively. It
is easier to synthesize pure YAG:Ce>" phase by solid-state re-
action through using (Y _,Ce,),0j3 as precursors than through
using CeO;. Photoluminescence intensity of YAG:Ce®" in-
creases monotonically with Ce-doped content increasing until
it reaches a maximum at solid solubility limit of Ce>* in YAG,
ie. ~7.5%.
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