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ABSTRACT: A combinatorial chemistry method was employed
to screen the yellow phosphors of (Lu1-xGdx)3Al5O12:Ce3y as
luminescenet materials. An array of 81 compositions was synthe-
sized by inkjetting nitrate solutions into microreactor wells and
sintering at high temperature. The candidate formulations were
evaluated by luminescence pictures, and the optimal composition
was determined to be Lu2.7Gd0.3Al5O12:Ce0.045 after scale-up and
detailed characterization. Lu2.7Gd0.3Al5O12:Ce0.045 was also
found to have a short decay time (e53.97 ns). These results
demonstrate the great potential of the Lu2.7Gd0.3Al5O12:Ce0.045
as a component of ceramic scintillators.
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’ INTRODUCTION

Yttrium aluminum garnet (YAG, Y3Al5O12) is a well-known
inorganic compound which has excellent chemical, physical, and
optical properties.1 YAG has been widely utilized for various ap-
plications in many fields.2 In the scintillator family, Ce-doped
YAG, that is, YAG:Ce3þ, shows an extremely high luminescence
efficiency and a short decay time.3 Unfortunately, YAG is defi-
cient in stopping power due to its low density (4.56 g/cm3),3 so
isostructural LuAG:Ce (Lu3Al5O12:Ce), which has a much
higher density (6.695 g/cm3),4 is under development.4,5 How-
ever, high-purity Lu2O3 powder, which is one of the starting
materials of LuAG:Ce, is very expensive. It would therefore be
advantageous if lower-cost elements could be found to replace Lu
without sacrificing density or luminescent performance. Since
the price of pure Gd2O3 powder is only 1/200 to 1/300 of the
price of Lu2O3, Gd is an obvious candidate. Here, we describe a
combinatorial exploration of both Gd-for-Lu replacement and
Ce doping in the identification of new candidate ceramic scin-
tillators of the general composition (Lu1-xGdx)3Al5O12:Ce3y
(LuGdAG:Ce).

In analogy to previous surveys of compositions of phosphors
under a variety of processing conditions,6-8 we synthesized a
9�9 library of LuGdAG:Ce candidates using an automatic liquid
injector to accurately dispense the desired components in a block
array of cells. The samples were then sintered to form LuGdAG:Ce

powders and evaluated by screening of luminescence intensity
under UV illumination. The best compositions were synthesized
on a larger scale by nitrate pyrogenation under the same
experimental conditions as were used for the library preparation.
The resulting powder samples were analyzed in detail to obtain
their morphology, microstructure, and photoluminescence char-
acteristics. To the best of our knowledge, this is the first report of
the replacement of Gd3þ and the doping of Ce3þ ions in LuAG
hosts by a combinatorial method.

’EXPERIMENTAL PROCEDURES

The LuGdAG:Ce material libraries were prepared using a
drop-on-demand inkjet delivery system (model CIJ fabricated by
the University of Science and Technology of China (USTC),
Hefei, China), as shown in the Supporting Information (text sec-
tion and Figure S1).6,7,9,10 Solutions of Al(NO3)3 3 9H2O (1.67 M
in deionized water), Ce(NO3)3 3 6H2O (0.05 M in deionized
water), Lu2O3 (4 N in 3 M aqueous HNO3), and Gd2O3 (4 N in
3 M aqueous HNO3) were used. Before ejection, all of the solu-
tions were infused with argon gas for 2-3 h to expel any air
dissolved in the solutions because the gas bubbles tend to

Received: October 2, 2010
Revised: October 18, 2010



80 dx.doi.org/10.1021/co100025n |ACS Comb. Sci. 2011, 13, 79–83

ACS Combinatorial Science RESEARCH ARTICLE

agglomerate and block the nozzle. The correct amount of each
solution was deposited in each cell of an Al2O3 substrate ac-
cording to the composition map. The substrate containing the
liquid precursors was agitated in an ultrasonic bath for 6 h to mix
each solution evenly and then dried at 80 �C for 24 h in an oven.
The samples were then calcined at 600 �C for 4 h in a furnace at a
heating rate of 4-5 �Cmin-1. Finally, the samples were pulveri-
zed in the wells and heat-treated at various temperatures between
900 and 1400 �C in a weak reducing atmosphere produced by in-
complete oxidation of activated carbon. Each plate of 81 samples
was illuminated under a Hg lamp with a 365 nm broadband filter.
Luminescence pictures were recorded using a 5.0 megapixel
digital camera (model DiMAGE 7i, Minolta, Japan).

The three brightest luminescent samples on the recorded
image were selected as the preferred compositions. These samples
were independently synthesized on a larger scale by nitrate pyro-
genation under the same conditions as the library's preparation
for further investigation (text section S2 of the Supporting
Information). The crystal structure and phase purity of the
powder samples thus prepared were analyzed by X-ray diffraction
(XRD) with Cu KR radiation (λ=0.1541 nm). Scanning electron
microscope (SEM) images of particle morphology were acquired
on a JEOL JSM-6700F field emission scanning electron micro-
scope. Particle sizes and shapes were observed by transmission
electron microscopy (TEM, JEOL JEM2010). The excitation
and emission spectra of the powders under UV light were re-
corded on a Hitachi F-4600 spectrometer. X-ray excited lumines-
cence (XEL) spectra and the decay time were studied with a
FLS920 fluorescence lifetime and steady state spectrometer. All
measurements were performed at room temperature.

’RESULTS AND DISCUSSION

The composition map and luminescent images of the
(Lu1-xGdx)3Al5O12:Ce3y library under 365 nm excitation are
shown in Figure 1. The 9�9 array consists of 81 compositions
with Gd3þ and Ce3þ contents varied from x = 0.1 to 0.9 and
y = 0.005 to 0.045 (Figure 1a). The images from Figure 1b-g
correspond to identical libraries calcined at different tempera-
tures, from 900 to 1400 �C. With increasing calcination tem-
perature, the luminescence intensities of the powder samples
were enhanced across the entire plate. Greater luminescence was

found in the top left area of the library, with compositions of
x = 0.1 and y=0.005-0.015, corresponding to lower replacement
concentrations of Gd and smaller amounts of Ce doping. No
significant differences in emission intensity were observed for
compositions containing Gd amounts <0.1 (data not shown), so
we concentrated our attention on both the replacement role of
Gd3þ and the powder price, beginning with x=0.1.

On the basis of these combinatorial survey results, a subset of
the optimal compositions were prepared through a nitrate
pyrogenation reaction under the same experimental conditions
as the library's preparation. The LuGdAG:Ce phase formation
usually follows a two-step reaction mechanism, via pyrogenation
and crystallization:

pyrogenation : M NO3ð Þ3 f M2O3 þNOx þO2

M ¼ Lu3þ, Gd3þ, Al3þ, Ce3þ
� �� � ð1Þ

crystallization : Lu2O3 þGd2O3 þAl2O3

þCe2O3 f LuGdAG : Ce ð2Þ
The normalized room temperature excitation and emission

spectra of some (Lu1-xGdx)3Al5O12:Ce3y samples calcined at
1400 �C are depicted in Figure 2. All the emission spectra were
recorded at λex=447 nm, which corresponds to the excitation at
the lowest energy d level of Ce3þ.11 Figure 2a presents the
emission spectra of (Lu1-xGdx)3Al5O12:Ce3y with a fixed Gd
replacement value (x=0.1) and varied Ce3þ content (y=0.005,
0.01, 0.015, 0.02). The emission intensity increased with increas-
ing Ce3þ content until a maximum was reached at x = 0.1 and
y = 0.015. A significant red shift of the emission spectra (from
520 nm for y=0.005 to 535 nm for y=0.02) was also observed
with increasing Ce3þ doping (Figure S2 of the Supporting
Information). This red shift is in good agreement with similar
findings of Bachmann et al.11

The corresponding excitation spectra of (Lu1-xGdx)3Al5O12:
Ce3y (x=0.1) are also shown in Figure 2b, taken for emission at
520 nm (y=0.005), 530 nm (y=0.01), and 535 nm (y=0.015 and
0.02), respectively. Two broad excitation bands were observed: a
weak band at 348 nm and a strong band centered around 447 nm.
The two excitation bands are considered to be related to the
electron transition from the 4f ground state (2F5/2,

2F7/2) to the

Figure 1. (a) A composition map of (Lu1-xGdx)3Al5O12:Ce3y libraries; (b-g) luminescence pictures of (Lu1-xGdx)3Al5O12:Ce3y libraries under
365 nm UV excitation, recorded by a digital camera, calcined at (b) 900, (c) 1000, (d) 1100, (e) 1200, (f) 1300, and (g) 1400 �C.
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different crystal-field splitting levels of the 5d state of Ce3þ.
Figure 2c presents the emission spectra of (Lu1-xGdx)3Al5O12:
Ce3y powders with a fixed Ce composition (y=0.015) and varied
Gd content (x = 0, 0.05, 0.1, 0.15). The emission intensity de-
creased, and the peak position shifted to the red (517 to 539 nm)
with increasing of Gd3þ content. The red shift and emission
intensity drop may result from a change in Ce3þ energy levels
caused by the enhancement of the crystal field with increasing of
Gd3þ content, which is expected to expand or distort the lattice
cell due to the occupation of Gd3þ in Lu3þ sites (rGd3þ=1.11 Å >
rLu3þ=0.92 Å). Figure 2c also shows that the intensity of emission
decreases quickly at x=0.15, so x=0.1 is a better choice in terms of
both cost and luminescence performance. Figure 2d depicts the
relevant excitation spectra of (Lu1-xGdx)3Al5O12:Ce3y (y =
0.015). The spectra also show two bands with maxima at 348
and 447 nm. Thus, these data on scaled-up samples show
Lu2.7Gd0.3Al5O12:Ce0.045 (x=0.1, y=0.015) to be the optimum
composition among those tested.

It is well-known that calcination temperature of powders is an
important factor affecting crystallization and luminescence
properties.12 For the sample having the optimum composition,
increasing the calcination temperature during independent scale-
up syntheses provided material with greatly increased lumines-
cence intensity, as shown in Figure 3. This indicates that the
crystallization of LuGdAG:Ce powders is improved with the
increase in calcination temperature.

Figure 4 shows the XRD results of samples of Lu2.7Gd0.3-
Al5O12:Ce0.045 (x=0.1, y=0.015), calcined at different tempera-
tures for 2 h in a weak reducing atmosphere. The theoretical
patterns for LuAG and GAG are also shown in Figure 4a and b.
These data show that a pure garnet structure was obtained by
calcinations above 900 �C. No other phase is present by
comparison with standard X-ray diffraction patterns. The fwhm

Figure 2. Excitation and emission spectra of some (Lu1-xGdx)3Al5O12:Ce3y powder samples. (a) Emission spectra: x = 0.1; y = 0.005, 0.01, 0.015, 0.02.
(b) Excitation spectra: x = 0.1; y = 0.005, 0.01, 0.015, 0.02. (c) Emission spectra: x = 0, 0.05, 0.1, 0.15; y = 0.015. (d) Excitation spectra: x = 0, 0.05, 0.1,
0.15; y = 0.015. All powders were calcined at 1400 �C.

Figure 3. Emission spectra of sample Lu2.7Gd0.3Al5O12:Ce0.045
(x = 0.1, y = 0.015), calcined at different temperatures.
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(full width at half-maximum) values of diffraction peaks of the
(420) plane decreased for the powders calcined at higher
temperatures, from 0.369 for 900 �C calcination to 0.131 for
1400 �C calcination (Figure S3 of the Supporting Information),

also supporting the conclusion that crystallization is enhanced by
the increase in temperature. SEM and TEMof Lu2.7Gd0.3Al5O12:
Ce0.045 powder, heat-treated at 1400 �C for 2 h, showed many
large agglomerated particles (200-400 nm in diameter) com-
posed of smaller particles (Figure 5).

XEL analysis of this material is shown in Figure 6 to aid in the
evaluation of scintillation efficiency. No obvious difference was
noted in the peak shape and position of the emission spectra
under X-ray or UV excitation. The photoluminescence decay
time for 5d f 4f transition of Ce3þ in the Lu2.7Gd0.3Al5O12:
Ce0.045 sample at room temperature was also measured (Figure
S4 of Supporting Information). The data were fit to a fast decay
time of ∼17.95 ns, contributed mainly by Ce3þ on the particle
surface and accounting for only 14.35% of the response, and a
slow decay time of ∼53.97 ns caused by Ce3þ in the bulk phase
and playing the dominant role. These scintillation characteriza-
tions suggest that the optimal composition Lu2.7Gd0.3Al5O12:
Ce0.045 could be a good candidate for a starting powder for
scintillators with a shorter decay time, an application that we will
pursue in the future.

’CONCLUSION

In summary, combinatorial libraries of yellow phosphors
(Lu1-xGdx)3Al5O12:Ce3y were synthesized and screened for
luminescence intensity. Scaled-up synthesis and characterization
showed that the optimum composition was Lu2.7Gd0.3Al5O12:
Ce0.045, having a strong yellow emission under either X-ray or
UV excitation. The powders had a fast decay time of 17.95 ns
(14.35%), and a slow decay time of 53.97 ns (85.65%). On the
basis of these results, it is reasonable to believe that a lower-Gd-
replaced LuGdAG:Ce composition could be potentially used for
the application in scintillators in consideration of cost and
luminescence performance.
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