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ABSTRACT: The Lu, 43Cey ;Y0 0:1Al50,, and
Y, 00Ce01AlO;, phosphors were synthesized by solid state
reaction at temperature 1623 K and pressure 1.5 X 10’ Pa in
(95% N, + 5% H,) atmosphere. Under the conditions, the
compounds crystallize in the form of isolated euhedral partly
faceted microcrystals ~19 ym in size. The crystal structures of
the Luy 3Ceq o, Y00:ALO 1, and Y, 99Ce,Al;O;, garnets have
been obtained by Rietveld analysis. The photoluminescence
(PL) and X-ray excited luminescence (XL) spectra obtained at
room temperature indicate broad asymmetric bands with
maxima near 519 and 540 nm for Y,4,CeyoAl;O,, and
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Lu, 9sCep1Y001ALsO,, respectively. The light source was fabricated using the powder Lu,g5Ceg,Y(0,AlsO;, phosphor and
commercial blue-emitting n-UV LED chips (4., = 450 nm). It is found that the CIE chromaticity coordinates are (x = 0.388, y =
0.563) with the warm white light emission correlated color temperature (CCT) of 6400 K and good luminous efficiency of 110

Im/W.
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1. INTRODUCTION

Garnet crystals with general composition A;B;O;, (A =Y or
rare-earth element; B = Al, Ga) are of great importance in
modern photonics and laser technology.'™ The garnet-type
materials crystallize in the cubic structure, space group Ia3d,
that excludes the anisotropy of physical properties. As an
example, the Gd;AL;O, structure is shown in Figure 1.%7 The
structure is a symmetrical framework formed by alternating
sequences of AlO, tetrahedra and AlO4 octahedra with Gd**
ions in the cavities. The garnet structure is thermally and
chemically stable, and it can accommodate high doping levels
for rare-earth elements by substitution at the A positions. Due
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to a unique combination of physical and chemical properties,
garnet crystals are classified among the best host materials for
rare-earth dopants.”*~'> However, as it was shown for several
A,0;—B,0; systems, the garnet phases typically form at high
temperatures.>'® For this reason, the efficient garnet crystal
growth by Czochralski method is possible from iridium

crucibles and in a special atmosphere; platinum can be applied
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Figure 1. Gd;AL O, crystal structure. The unit cell is outlined. The Al
and O lone atoms are omitted for clarity.

only on the flux used to decrease the crystallization temper-
ature.'’ %

Presently, garnet-based hosts are widely used for phosphor
preparation and application in white light-emitting diodes
(WLEDs).”"** To provide high quantum efficiency of the
WLED structure, phosphor particles should possess phase and
chemical purity, and narrow size distribution.”® As it is well-
known, such oxide powder products can be prepared by solid
state reaction in the air starting from high-purity initial reagents,
when the final compound is governed by the initial powder
mixture composition and a selected temperature
route.'”'>**73% In this method, the homogeneous cation
distribution is reached through the atom intergrain diffusion
and, at appropriate temperatures, a long annealing time is
typically needed for crystal lattice stabilization. With regard to
the aluminum-garnet-based phosphor formation, the solid state
reaction synthesis is commonly performed at as high temper-
ature as T = 1673—1793 K.'*'**"~** Evidently, it is desirable to
decrease the working temperature needed for garnet-host
phosphor crystallization. Thus, the present study is aimed at the
garnet-type compound synthesis under pressure stimulation
that is a promising way to enhance atom diffusion. The
Y,AL;0,,- and Lu;Al;O;,-based phosphors are selected as the
representative garnet compounds. For high luminescent
efficiency, the phosphor particles should possess high
crystallinity, high phase purity, and a low surface defect level.
Furthermore, to increase the phosphor brightness and
efficiency, sphere-shaped nonaggregated particles are prefera-
ble, as compared to irregular-shaped particles. Thus, the
synthesis conditions should be optimized for spherical garnet
microcrystal preparation.

2. SYNTHESIS AND CHARACTERIZATION

2.1. Sample Synthesis. High-quality oxides Lu,0; (99.9999%,
Yeemei Share Ltd, Guangdong, China), Y,0; (99.999%, Yeemei
Share), ALO; (99.99%, Guangzhou Jiechuang Trading Co., China),
and CeO, (99.99%, Ganzhou Rare Earth, China) were taken as
starting reagents. Nominal compositions Lu,ggCeqg,Y0,AlsO;, and
Y,.99Ce01AlsO;, were weighed and mixed in a shaker-mixer SHLM-5
(Applied Mechanics Agency Ltd., St. Petersburg, Russia) for 15 min.
Then, the mixed compositions were inserted into alumina crucibles
and annealed in the furnace equipped by graphite heaters working up
to 1800 °C. The powder mixture was inserted into a crucible without
compaction to reduce agglomeration and residual strains in the final
product.®>*® After the sample insertion, the furnace chamber was
evacuated up to the residual pressure of 107> Pa. This stage was
needed for air removal from the chamber and particle surface
degassing. Then, the chamber was filled with gas in the mixture of 95%
N, + 5% H, by pumping up to pressure 10° Pa, and the temperature

was increased. When the temperature reached the level of 1623 K, the
pressure was increased additionally up to 1.5 X 107 Pa, and, at these
conditions, the sample was annealed for 5 h. Under the combination of
the temperature and pressure, in accordance to available experimental
results,’’ the transition from cubic to monoclinic modification may
start in Y,0; sesquioxide, and this induces a drastic atomic disorder
stimulating diffusion process. Then, the pressure was decreased to 10~
Pa, and the heat treatment was continued for an extra § h. As it is well-
known, in solids, the diffusion coeflicients decrease with pressure
increase.>® " For this reason, the finishing stage of the high-
temperature treatment was carried out at low pressure. As it is
believed, this should increase the microcrystal homogeneity. Finally,
the heaters were switched off, and the furnace with the sample was
cooled at the rate of 80—100 grad/h to room temperature. After the
cooling stage, the sample was removed from the chamber. The samples
were annealed individually. The final powder products were of bright
yellow color with a light tint difference. There was no postsynthesis
treatment or cleaning.

2.2. Experimental Methods. The powder diffraction data of
Lu, 95Ce0,Y001ALO}, and Y, 49Ce,AlsO,, for Rietveld analysis were
collected at room temperature with a Bruker D8 ADVANCE powder
diffractometer (Cu Ko radiation) and linear VANTEC detector. The
step size of 26 was 0.016°, and the counting time was 1 s/steg. The
Rietveld refinement was performed using package TOPAS 4.2.*' The
particle morphology was observed using TM-1000 (Hitachi Science
Systems Ltd., Tokyo, Japan). The particle size distribution was carried
out using a Microsizer-210a (Scientific Instruments, St. Petersburg,
Russia) device working at A = 0.6328 um.

The rare-earth-element contents in their oxides and garnet crystals,
as well as other general components of crystals, were determined using
atomic emission spectrometry (AES). The samples were carefully
mixed with a graphite spectrochemical buffer (C + 4% NaCl), and the
mixtures were put into the crater of a graphite electrode (anode) of the
direct-current arc (DCA) working at current I = 13.5 AP The
emission spectra were measured by a diffraction spectrograph PGS-2
(Carl Zeiss, Jena, Germany) with diffraction grating of 650 lines/mm,
the spectral resolution being 0.74 nm/mm. The spectrograph was
equipped with a Pulse Arc supply source Fareball FB-25 and
multichannel analyzer MAES (both from VMK-Optoelektronika,
Novosibirsk, Russia) intended for recording emission spectra, as well
for results processing by computer program ATOM. For the results
confirmation, the mass spectrometric analysis was employed addition-
ally with the use of the double focusing laser mass spectrometer
EMAL-2 (SELMI, Sumy, Ukraine) working in the Mattauch-Herzog
geometry.“’46

The photoluminescence spectra at T = 300 K were measured using
a confocal microRaman spectrometer (Horiba), and, in this case, the
He—Cd laser (4 = 325 nm) was taken as an excitation source. The
powder sample was prepared as a 1 mm thick layer, and excitation was
carried out by a focused laser beam of 10 ym in diameter. Besides, the
emission spectra were measured comparatively at T = 80 and 300 K
under the excitation by the third harmonic of a YAG:Nd laser (4 = 35§
nm). The transmission (absorption) spectra were recorded over the
spectral range of 200—600 nm. A S0 W incandescent and 25 W
deuterium lamps were taken as the light sources, whereas a diffraction
monochromator MDR2 (LOMO Ltd,, St. Petersburg, Russia) and
photomultiplier FEU100 (Moscow Electrolamp Plant, Russia) were
used to detect the transmitted light. The spectral resolution of
monochromator MDR2 was 2 nm. For the transmission measure-
ments, each sample was pressed in a tablet with the diameter of 3 mm
and 0.5 mm in thickness. The spectra of X-ray excited luminescence
(XL) were obtained with a monochromator MDR2 at T = 300 K at
the excitation from a 1 kW table X-ray setup URS 1.0.

3. RESULTS AND DISCUSSION

The XRD patterns are shown in Figure 2. Almost all peaks were
successfully indexed by a cubic cell (space group Ia3d) with cell
parameters close to those of Y3Al;0,,.*” Therefore, the crystal
structure of Y;AlO;, was taken as the starting model for
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Figure 2. Difference profile plot of (a) Lu, ¢sCe,Y(,Als01, and (b)
Y,00Ceo01AliO ,: red dots, experimental pattern (Y,); black line,
calculated pattern (Y,,.); gray line, difference (Yqp, — Yeuo); green
sticks, main Bragg peaks.

Rietveld refinement of both prepared garnet samples. The Y**
ion site was supposed to be occupied by the corresponding
rare-earth-type ions (Lu, Y, Ce) with a fixed occupation
according to the nominal compositions. The refinements were
stable and gave low R-factors, as shown in Table 1 and Figure 2.

Table 1. Main Parameters of Processing and Refinement of
the Samples

compound Y, 99Ce001ALsO1 Lu, 95Ce 01 Y001AlO 1
space group Ia3d Ia3d
a A 12.01291(3) 11.91706(4)
v, A3 1733.58(1) 1692.42(2)
V4 8 8
20 interval, deg 5—140 5—-140
no. of reflens 143 141
no. of refined params 33 33
pr: % 11.73 8.23
R, % 9.25 6.51
Rep % 8.74 6.56
7 1.34 125
Ry, % 4.14 321

The refinement results strongly confirm that the final powder
composition is in close relation with the nominal composition
for each sample. The atom coordinates are given in Table 2.
The doping-element content determination by DCA-AES
method yields the Lu, ¢5,Ceg012Y0.000sA150,, and
Y, 057Ce0012AlsO1, compositions, and the values, within

possible error ranges, practically coincide with the nominal
compositions. This is in good relation to the XRD analysis
results.

As it is evident from the bond length comparison, the
transition from (Lu,05Ceqo;Y001) to (Y5990Cego;) in the A-site
content results in a volume decrease of aluminum octahedra
and tetrahedra. Comparatively, the volumes of [AQOg]
polyhedra increase. Thus, the trends are opposite. Before
synthesis, it can be reasonably supposed that the unit cell
volume of Y,49Ce,AlsO;, is to be bigger than that of
L, 05Ce001Y001AL O, because the ionic radius of Y** is higher
than that of Lu*".* It is interesting to compare the cell volumes
of these two doped garnets with the earlier results reported for
other aluminum garnets. The dependence of unit cell volume
on averaged effective ionic radii (IR) of elements in the A site is
shown in Figure 3. The considered aluminum garnet structures
are presented in Supporting Information Table 18.%%*75>
The linear cell volume increase on the IR(A) increase is
evident, and the points obtained in the present study are very
close to the general curve. This additionally confirms the
structural quality of the synthesized samples.

The morphologies of Y, ¢9Cey ;Al5O,, and
Lu, 95Ce1Y001ALsO1, products are shown in Figure 4. Under
the synthesis conditions, the garnets crystallize as isolated
microsized euhedral partly faceted crystals. The size distribu-
tions are narrow with a maximum at ~19 um. For
Lu, 95Ce 1 Y0.01AlsO 5, however, lower size components are
significant. Thus, it can be concluded, that the synthesis
conditions are well-reproducible and the final particle
morphology is practically independent of heavy cation selection
for the A sites.

The appearance of the faceted shapes indicates that the atom
diffusion was active enough to achieve the equilibrium
microcrystal shapes for a relatively short annealing time.
Previously, a similar effect was detected for several complex
molybdates and tungstates where the atom diffusion process is
supported by MoO; or WO, gas phase transport.”>>”**™>° In
the garnets, however, the volatile components are absent and
another mechanism for atom exchange activation should be
proposed. As it seems, the key factor is the combination of high
temperature and pressure. Indeed, cubic rare-earth sesquioxides
undergo phase transition to the low symmetry state at a high
temperature or pressure, and the cubic phase boundary greatly
decreases when the temperature and pressure are applied in
combination.”” ™ Besides, similar effects are observed for the
ALO; high-temperature phase transformations.”’~®” Thus, the
conditions of the garnet synthesis implemented in the present
study may cover the phase transition regions of all of the basic
initial oxides. In the vicinity of the phase transition, the atom
lattice order is unstable and this drastically enhances the garnet
composition homogenization by diffusion.

The photoluminescence (PL) spectra of Y,g9CeyAl;O,
and Lu,¢5Ce(,Y(01AlsO, obtained at room temperature
under photoexcitation by a 325 nm laser beam are shown in
Figure 5. The dominating features are broad asymmetric bands
with the maximums near 519 and 540 nm for Y, ¢9Ce,;AlsO,
and Lu,g3CeY(01AlsO1,, respectively. Besides, two orders
weaker components were observed near 406 nm. The PL
intensity in the main emission band estimated from the area
under the PL curves, is approximately 1.96 times higher for
Lu, 95Ceq 1 Y0.01AlsO1,. The difference in the maximum position
is consistent for the unit cell parameters difference of the
Y,99Ceq01AlsO 1, and Lu, g5Ceg;Yo,01AlsOy, crystals, as shown
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Table 2. Fractional Atomic Coordinates and Isotropic Displacement Parameters (A”) of the Samples

x y z B, occ.
Y299Ce001ALO1,
Y 0 0.25 0.125 0.47 (4) 0.9967
Ce 0 025 0.12§ 047 (4) 0.0033
All 0 0.25 0375 0.77 (4) 1
A2 0 0 0 043 (5) 1
(0] —0.0323 (2) 0.0521 (2) 0.1497 (2) 0.70 (7) 1
Lu, 94Ceg 01 Y001AL 01,

Lu 0 0.25 0.125 0.58 (3) 0.9934
Ce 0 0.25 0.125 0.58 (3) 0.0033
Y 0 025 0.125 0.58 (3) 0.0033
All 0 025 0.375 1.05 (6) 1
A2 0 0 0 0.53 (7) 1
(0] —0.0338 (3) 0.0563 (3) 0.1514 (3) 0.52 (9) 1

1800
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Figure 3. Cell volume dependence on averaged effective rare-earth ion
radius in aluminum garnet structures.

in Supporting Information Table 1S. The maximum positions
are in the spectral ranges typically observed in the
Y,ALO,:Ce® and Lu;AliO,,:Ce®" phosphors prepared by
different methods."'>*"3%37%¢ It is known that, in garnet-
based phosphors, the increase of structural disorder induces the
shift of emission band maximum to longer wavelengths.”’
However, the spectral position of the maximum measured for
Y,.09Ce001Al;O, is at comparatively short wavelength, within
the possible range in Y;Al;0,,:Ce** solid solutions, and this
indicates that pressure application during annealing provides a
high atom ordering in the garnet lattice.

The PL spectra of Y, 49Cey o;Al5O;, and
Lu, 95Ce 1 Y001 AlO, powders, recorded at 355 nm at 300
and 80 K, and the X-ray excited luminescence (XL) spectra are
given in Figure 6. Here, at 300 K, the broad bands in XR and
PL spectra in Figure 6 are very similar to those in Figure S.
Some shift in the peak position is due to the use of different
monochromators. At 80 K, one can distinguish two
components in the main emission band for both powders.
The results of decomposition into Gaussian components are
given in Table 3, where the peak maximum position and the full
width at half-maximum level (fwhm) are indicated. The
distance between the components is 0.218 and 0.220 eV for
Y, 00Ce01ALO 1, and Lu, g3Ce o, Y0,01ALs0 5, respectively. The
comparison of spectra 1 and 2 in Figure 6¢,d shows that the
doublet components become more intense and narrower on
temperature decreases. However, the integral PL intensity does
not change. Thus, there is no PL quenching in the temperature
range of 80-300 K in Y, 49Cey;Al5O;, and
Lu, 93Ce0,Y001AlsO,. Indeed, PL quenching onset was

Figure 4. SEM patterns obtained from (a) Y, 9Ce,Al;O}, and (b)
Lu, 95Ceq 01 Yo01AL O

observed at the temperature of about 600 and 700 K for
Y99Ceq01AlsO 1, and Lu, g5Cep ;Y0 01Al O respectively.68
The transmission and luminescence excitation spectra for
Y,99Ce001AlsO 1, and Lu, g5Ce g, Y0,01AlsOy, powders, prepared
as translucent tablets, are given in Figure 7. One can see that
the powders become transparent at a wavelength above 500
nm, whereas, at shorter wavelengths, it is possible to distinguish
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Figure S. PL spectra of (1) Y,4,Cepq,AlsOy, and (2)
Lu, 93Ceg0,Y001AlsO,, recorded under 325 nm excitation by a He—
Cd laser at 300 K.

two intense absorption bands at about 340 and 450 nm. The
PLE spectra were measured for 530 and 570 nm emissions.
These spectra are similar, and we show only the PLE spectra for
570 nm PL. There are three main bands in the PLE spectra. For
Y, 40Ce0,AlsO,, they are located near 230, 340, and 444 nm,
whereas the later band is shifted about 15 nm to longer
wavelengths in the case of Lu,ggCeq,Y0;AlsOy,. There is a
good correlation between the absorption and PLE spectra for
Y, 99Ce001ALsO 1, and Lu, ggCeq g, Y01 AlsO 5. Since the bandga

is 6.96 eV for pure YAG” and about 8 eV for pure LuAG,”’
both powders should be transparent in the spectral range under
examination. Thus, all spectroscopic features in the trans-

Table 3. Results of the Low-Temperature PL Spectra
Decomposition into Gaussian Components for
Y5.90Ce001AL01, and Lu, g5Ceq 01 Yp.0:ALO1, (T = 80 K)

Y509Ce001ALO 1, Lu, 95Ce01Y001ALO1,

peak max position peak max position

nm eV fwhm, eV nm eV fwhm, eV
1 499.8 2.480 0.169 523.0 2.370 0.182
2 547.9 2.262 0.234 576.5 2.150 0.225

mission and PLE spectra may be associated with Ce* in the
garnet lattice.”>*

Cerium is an n-type dopant in YAG as the cerium 4f donor
state lies about 1.5 eV above the valence band and the empty
cerium 5d state is about 2.5 eV higher.7O’71 However, in an
oxidized crystal, ceritum may appear in its 4+ valence state
making the Fermi energy fall below the cerium band creating a
p-type environment in the crystal.”' A simplistic energy level
diagram of cerium in YAG is shown in Figure 8. The dominant
emission band is attributed to the Sd — 4f optical transition in
the Ce* ions.”""*> A doublet structure of the main band is due
to the splitting of the *F ground state to *Fs/, and °F,, states
by spin—orbit (SO) coupling. The lower ground state is *F; .
The typical SO splitting of 2000 cm™ is observed in the
emission spectrum due to transitions from the lowest 5d, state
to both ZFJ states. For Y, 49Ceq ¢;Al5O,, and
Lu, g5Ceq . Y001AlsOp,, the SO splittings are 1761 and 1774
cm™' (Table 3), respectively. As to the 340 nm band in the
absorption/PLE spectra, it was associated with a transition from
the ground ’F state to the conduction band (Figure 8), whereas
emission in the 380—400 nm band corresponds to reverse
radiative transition from the conduction band bottom to the *F
ground state. At 340 nm illumination, the Ce’* center is ionized

a b
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3 .
@ 3
— ©
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x 50
x 50
00 1 T T T v T T T 00 “- T T T T T
200 300 400 50 600 700 200 300 400 500 600 700
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C 2 d 2
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3 3
© ©
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Figure 6. (a3, b) The XL and (c, d) PL spectra carried out from (a, ¢) Y;,49Ce(01Al;O}, and (b, d) Lu, 05Ceq0;Y001Al;O 1, phosphors. The XL spectra
are shown also at the X50 magnification. PL was excited by a 355 nm laser beam. PL spectra 1 and 2 were recorded at 300 and 80 K, respectively.

The dotted lines show maximum positions at 300 K in XL and PL spectra.
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Figure 7. (1) Transmission spectra and (2) PLE spectra recorded for the tablets prepared from (a) Y, 9oCe(0;Al;O}, and (b) Lu, 05Ceq01Y0,01AL01,
powders. The transmission spectra are shown also with the X15 magnification. The PLE spectra were recorded for the 570 nm emission, T = 300 K.
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Figure 8. Simplified energy level diagram of Ce* in garnets.

and it transforms to the Ce*" state.”””> The appearance of Ce**
ions in YAG is usually associated with thermal processing.
During high-temperature annealing in an oxidizing atmosphere,
transformation Ce** — Ce** is possible.”””* A broad band near
230 nm is supposed to be a result of electron transition to the
higher lying 5d states of Ce®" located deeper in the conduction
band (Figure 8).

To evaluate the potential of the garnet-based phosphors
prepared under pressure-stimulated annealing, the light source
is fabricated using powder Lu, 93Ceq o, Y0;AlsO;, phosphor and
commercial blue-emitting n-UV LED chips (4., = 450 nm).
The device fabrication technique can be found elsewhere.”"’*”
The fabricated w-LEDs lamp and their emission spectrum are
shown in Figure 9. The blue sharp band (4, = 450 nm)
appeared due to LED emission, and the greenish-yellow wide
band (1, = 510 nm) is induced by Lu,eCeqq;Y001AlO1,
phosphor. The turned on w-LEDs lamp is shown in the inset of

26240
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Figure 9. (a) Photograph of the w-LED lamp package and (b)
emission spectrum of the w-LED lamp based on
Lu, 95Ce0,01Y001AlO1, phosphor.
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Figure 9b. It is found that the CIE chromaticity coordinates are
(x = 0.388, y = 0.563) with the warm white light emission
correlated color temperature (CCT) of 6400 K and good
luminous efficiency of 110 Im/W. For comparison, the CIE
chromaticity coordinates obtained for w-LEDs lamp fabricated
with the Y, oCeq,Al;O;, phosphor are (x = 0.395, y = 0.360)
with the CCT of 5000 K and luminous efficiency of 120 Im/W.
Thus, the Y;90Ce,Al;O;, and Lu, g5Ceq,Y00:1ALO;, phos-
phors are promising for application in w-LEDs.

4. CONCLUSIONS

The results of this study testify that high-quality garnet
phosphors can be prepared by solid state reaction at a
comparatively low temperature under pressure stimulation. The
reaction of the garnet compound formation is finished in a
short time; the final phosphor particles are partly faceted, and
that indicates low surface defect concentration. High structural
quality of the garnet powders is confirmed by XRD analysis.
There is no noticeable chemical composition variation during
high-temperature synthesis. The spectroscopic parameters of
Y,.09Ce0 1Al O, and Lu, g5Ce ;Y001 AL O, garnets are in good
relation to those early reported for the garnet compounds
prepared by traditional methods. Generally, the experiment
reveals that the temperature/pressure combination is a
promising way to stimulate atom interdiffusion, and this
method should be tested for other oxide materials.
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