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Preparation of transparent Ce:YSAG ceramic and its optical properties
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Abstract

Fine Ce:YSAG (Y3ScxAl(5−x)O12) powders have been prepared by a chemical combustion method, and Ce:YSAG transparent ceramics was obtained
by sintering the powders in hydrogen atmosphere. As Sc2O3 was introduced into the Ce:YAG crystal lattice to partially replace Al, the lattice of
YSAG expanded and the optical properties of Ce:YSAG transparent ceramics has greatly changed from that of Ce:YAG ceramics. In Ce:YSAG
transparent ceramics, the concentration quenching effect is greatly reduced, and the emission intensity is remarkably enhanced in Ce:YSAG as

compared to Ce:YAG ceramics.
© 2008 Published by Elsevier Ltd.
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. Introduction

Ce3+ ions have two UV laser channels which are connected
ith their 4fN−1–4fN(5d1–4f1) electric dipole allowed transi-

ions (band emission). To achieve this stimulated emission (SE)
eneration, the radiations of either KrF and ArF excimer lasers
r quadrupled pulsed laser (λp ≈ 0.266 �m) of Y3Al5O12:Nd3+

ere used as pumping sources. The high-gain UV band asso-
iated with 5d1 → 2f5/2,7/2 channels allows the tuning of the
aser frequency up to 4000 cm−1, which enables several modern
mportant applications ranging from the nanotechnology, med-
cal fields to LIDAR atmospheric sensing.1 Currently, people
sually use the fluoride crystals as the base media for Ce3+ SE
aser, but Ce3+-doped oxides are also promising materials for
btaining 5d1–4f1 UV laser action. It is quite possible that in
ome oxide crystals doped with Ce3+ ions featuring high trans-
arency in the 4.5–6 �m spectral range, mid-IR SE generation
an be excited at the wavelengths of inter-stark transitions in
he laser scheme using UV pumping in 2f7/2 → 2f5/2 channel by
he cascade generation principle, or excited within the possible

d1 → 2f7/2 → 2f5/2 laser scheme using 4f1 → 5d1 absorption
ands.
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Yttrium aluminum garnet (YAG) Y3Al5O12 is a stable refrac-
ory material with good thermal–mechanical properties. It can
esist high temperature and thermal-shock, and it is transpar-
nt over a wide spectral range (0.18–6 �m) which makes it a
rivileged host for luminescent applications. YAG crystal has a
ubic phase within the Ia-3d space group. The oxygen ions form
three-dimensional structure in which three kinds of sites for
etal ions exist: dodecahedral, octahedral and tetrahedral ones.
ttrium cations are located at dodecahedral site, and aluminum

ations are at octahedral and tetrahedral sites. After being incor-
orated into the lattice, lanthanide dopants will be located at
odecahedral site. Other small dopants are located at the octa-
edral and tetrahedral sites depending on the ionic radius of the
oped cations. Lanthanide-doped YAG can be used as solid-state
aser material.

But there are still some difficulties in the fabrication of Ce-
oped YAG single crystals. Monchamp2 has reported that the
ffective segregation coefficient of Pr3+ ions in YAG single crys-
als fabricated by Czochralski method is near zero, which means
hat Pr3+ ions are almost impossible to dissolve into the lattice
f YAG single crystals. Since the ionic radius of Ce3+ is larger
han that of Pr3+ ions, so it will be even more difficult to fabri-
ate Ce3+-doped YAG single crystals, especially at high doping

evel.

At present the Ce:YAG single crystals are obtained mainly
rom the boules grown via the traditional RF-heated Czochralki
ethod using an iridium crucible3,4, however, like growing
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Al3.5O12 transparent ceramics. From this figure, we can see that
the materials are dense without evident pores in the sintered
sample, and the microstructure is quite uniform. Most grains in
the microstructure are around 10–20 �m.
540 T. Feng et al. / Journal of the Europe

d-doped YAG there may be some limitations for growing high-
uality and large-sized Ce:YAG crystals using the CZ method.
hao et al.5 fabricated Ce:YAG single crystals by temperature
radient technique (TGT), in this way they fabricated 3 in. high
e:YAG single crystals with a cerium content of 0.8 at.%. How-
ver, the Ce3+ concentration along the growth direction was
arying and became higher and higher toward the crystal bot-
om, resulting in the uneven distribution of Ce3+ ions, which
ill, inevitably, affect its optical properties.
Zych6–8 has investigated the optical properties of Ce3+-doped

AG transparent ceramic materials. Solid-reaction method was
sed for the preparation of the YAG powders, and transparent
e:YAG ceramics were fabricated by a vacuum-hot-pressing
pproach. However, similar to the situation for single crystal,
he Ce3+ doping concentration in the ceramics is also not higher
han 0.8 at.%, and such a doping level has been found the highest
n literatures so far reported in YAG.

An alternative approach to dope more Ce3+ is to substitute for
luminum with elements of larger size than Al in YAG without
hanging the crystal structure. The larger ionic size will lead to
he lattice expansion, in this way more Ce3+ ions can be accom-

odated in the lattice, as Ce3+ is apparently larger than Y3+ for
hich Ce3+ substitutes. Sc3+ has larger size than Al3+, and there-

ore is selected to replace Al3+ in YAG. Sc2O3 has been reported
o form a cubic solid solution Y3ScxAl(5−x)O12 (YSAG). The
ormer study shows that Cr4+:Y3ScxAl(5−x)O12 single crys-
als had much decreased quantum efficiency as compared with
r4+:Y3Al5O12.9,10 The fabrication of Nd(Eu):YSAG ceramics
as also been explored.11–14

Here we report the successful fabrication of transparent
e3+-doped yttrium aluminum (scandium) garnet (Ce:YSAG)
eramics by a novel chemical route.

. Experiment

.1. Material preparation

Ce-doped YSAG powders were prepared with a chem-
cal combustion method. Y(NO3)3·H2O, Al(NO3)3·8H2O,
e(NO3)3·6H2O, ammonium triacetic acid (NTA), Sc2O3 was
sed as raw materials. Solutions were obtained by dissolving
(NO3)3·H2O, Al(NO3)3·8H2O and Ce(NO3)3·8H2O in de-

onized water and Sc2O3 in nitrate acid. The mixed solutions
ontaining Y3+, Al3+, Sc3+ and Ce3+ ion were prepared from the
s-prepared solutions with appropriate volumes. A Ce:YSAG
recursor solution with a molar ratio of (Y + Ce):(Al + Sc) = 3:5,
n a glass beaker, was continuously stirred during heating at
5–90 ◦C on a hot plate, and an appropriate amount of NTA
queous solution (NTA to metal ion ratio of 1) was added into
he metal ion solution. The mixed solution slowly became vis-
ous, and turned into gel, then was put into a furnace pre-heated
t 500 ◦C for combustion. A tan-colored powder formed after-
ards. The powder was then calcined at different temperatures
or 2 h for XRD analysis. The size of prepared powder is around
0–100 nm measured by TEM. The prepared powders were
old pressed into disks ≈20 mm in diameter at 70 MPa, then
old isostatically pressed at 200 MPa. Specimens were then pre-
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intered at 1000 ◦C for 2 h in air to remove any residue organics
ntroduced during molding operation. Finally specimens were
intered at 1800 ◦C for 6–12 h with a heating rate of 15 ◦C/min
n dry H2. The annealing process was conducted at 1200 ◦C for
h in air, then cooled down to room temperature in furnace.

Both Ce-doped YAG and YSAG (Y3Sc1.5Al3.5O12) ceramics
ere prepared. The doping levels of Ce in YAG/YSAG varied

rom 0.5–4 at.%.

.2. Characterization of specimens

XRD patterns of the samples were recorded on D/MAX-
550V (Japan RIGAKU) with Cu K�1 radiation. Optical
ransmission spectra and absorption spectra were obtained on

UV 3101 PC spectrophotometer (Japan Shimadzu) in the
avelengths from 200 to 800 nm. The emission spectra and fluo-

escence lifetime were obtained using Fluorolog-3 (Jobin Yvon
merican) with a Hamamatsu R5509-72 (InP/InGaAs) detector,

nd the emission spectra were recorded from 350 to 750 nm.

. Result and discussion

Fig. 1 displays the photographs of the hydrogen-sintered
e:YSAG pellets. The sintered pellets are 10 mm in diameter
nd 1 mm in thickness. The Ce:YSAG powder produced in such
ay is highly sintering active, and it can be sintered to high trans-
arency at 1800 ◦C without SiO2 addition which was used as a
intering additive by Ikesue15–17. As hydrogen atom is small, it
an easily diffuse through the lattice/boundary of the ceramic
intering body, and facilitate the removal of pores. As a result, it
an significantly reduce the porosity which would cause the scat-
ering of light in ceramic body. At the same time, it can reduce
he Ce4+ ions to Ce3+ ions which we need. We have success-
ully fabricated transparent Ce:YSAG ceramics by this method.
t the same time, the colors of samples change from greenish
ellow for Ce3+ 0.5 at.% concentration to yellow at 4 at.% of
e3+ concentration.

Fig. 2 is a SEM microstructure of sintered Ce:Y3Sc1.5
ig. 1. Photographs of transparent Ce:YSAG pellet sintered under hydrogen
tmosphere at 1750 ◦C for 6 h (a) Ce: 1 at.%; (B) Ce: 4 at.%.



T. Feng et al. / Journal of the European Ceramic Society 28 (2008) 2539–2543 2541

F
i

C
c
h
T
o
t
e
F
t
C
f
Y
g
o

I
p

F
c

F
p

p
2
s
h
s

c
t
a
c
s
t
s

c
F

ig. 2. SEM microstructure of sintered Ce:Y3Sc1.5Al3.5O12 transparent ceram-
cs.

Fig. 3 shows the in-line light transmission curve of
e:Y3Sc1.5Al3.5O12 transparent ceramics and Ce:YAG single
rystal. From this curve, we can see that the transmittance is
igher than 60%, a little lower than that of Ce:YAG single crystal.
his indicates that there is no apparent second phase in the body
f Ce:Y3Sc1.5Al3.5O12 transparent ceramics. It also implies that
he Ce and Sc ions have entered the YAG lattice, and do not
xist as a single phase in the body of the transparent ceramics.
rom this figure, we also can see that the difference of absorp-

ion band between Ce:Y3Sc1.5Al3.5O12 transparent ceramic and
e:YAG single crystal is apparent. It may be caused by the dif-

erent concentrations of Ce doping in the materials (2 at.% in
3Sc1.5Al3.5O12 transparent ceramics and 0.8 at.% in YAG sin-
le crystal, respectively) and the addition of Sc into the lattice
f YAG.
The XRD patterns of sintered samples are presented in Fig. 4.
t is clear that the samples have a pure cubic phase. The XRD
atterns of Ce:Y3Sc1.5Al3.5O12 are almost identical to that of

ig. 3. Light transmission curve of 2 at.% Ce:Y3Sc1.5Al3.5O12 transparent
eramics and 0.8 at.% Ce:YAG single crystal.
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ig. 4. XRD pattern of sintered Ce:Y3Sc1.5Al3.5O12 sample and the standard
attern of YAG.

ure YAG with a little shift of the peak positions towards smaller
θ values (larger lattice constants) due to the substitution of
candium for aluminum, which means that the Ce and Sc ions
ave dissolved into the crystalline lattice and do not exist as a
eparate phase.

Fig. 5 presents the calculated10 and measured YSAG lattice
onstant. We measured the lattice constant from the XRD pat-
erns of samples with different level scandium substitutions for
luminum. It can be seen that the data difference between the
alculated and measured is apparent, though not large. As the
ubstitution level of scandium for aluminum increases, the lat-
ice constant of YSAG become larger and lattice experiences
ignificant expansion.

The transmittance spectra of Ce:Y3Sc1.5Al3.5O12 transparent
eramic with different concentrations of Ce3+ were shown in
ig. 6. In this figure, we can see that as the Ce3+ concentration
ncreases in Ce:Y3Sc1.5Al3.5O12, the absorption peak becomes
ider. When the Ce3+ concentration increases to 4 at.%, almost

ll light at wavelengths below 480 nm can be absorbed, which

ig. 5. The calculated and measured lattice constants of Y3ScxAl5−xO12 as a
unction of x value in Y3ScxAl5−xO12.
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ig. 6. Light transmission curve of Ce:Y3Sc1.5Al3.5O12 transparent ceramics at
ifferent Ce3+ doping levels.

eans that the energy level has been changed by doping Ce3+

ith increased concentrations.
Emission spectra of Ce:Y3Sc1.5Al3.5O12 and Ce:YAG with

ifferent concentrations of Ce3+ are presented in Fig. 7. From
his figure, we see there exist some differences in the emis-
ion spectra between Ce:Y3Sc1.5Al3.5O12 and Ce:YAG. As the
e3+ concentration increases to 4 at.% in Ce:Y3Sc1.5Al3.5O12,

he emission intensity increases to a much higher level than
hose with lower Ce3+ concentration. That is to say, when Ce3+

oncentration is as higher as 4 at.% in YSAG, there is still no
vident concentration quenching. However in Ce:YAG ceram-
cs, the overall emission intensity is much lower than those of
e:YSAG, and moreover, the highest emission intensity was
btained at 0.8 at.% of Ce3+ doping level, and beyond the con-
entration the emission intensity begins to decrease significantly.

his implies that the Sc substitution for Al in YAG ceramics is
ery effective in suppressing the concentration quenching effect
f the radiative rare-earth ions and enhancing the light emission
ntensity due to the lattice expansion effect of YSAG by Sc ions.
ig. 7. Emission spectra of (a) Ce:Y3Sc1.5Al3.5O12 and (b) Ce:YAG ceramics
ith different concentrations of Ce3+(excited at 460 nm).

. Conclusion

We have fabricated Ce:YSAG and Ce:YAG transparent
eramics by sintering the fine powders derived by a chemical
ombustion method in hydrogen atmosphere. The Sc substitu-
ion for Al apparently causes the lattice expansion of YSAG.
s the Ce concentration increases beyond 2 at.%, the Ce:YSAG

hows near complete absorption for lights at wavelengths below
80 nm. The Ce:YSAG transparent ceramics show remarkably
nhanced light emission intensity and much suppressed concen-
ration quenching effect than those of Ce:YAG ceramics at the
ame Ce doping levels.
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