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Pure and Tb3*-doped Y3Als0,, materials have been successfully synthesized from sol-gel
based alkoxide precursors. Their formation process, structure and microstructure were
examined by means of X-ray diffraction (XRD), thermal analysis combined with infrared
spectroscopy (TG-IR / TDA), infrared spectroscopy (IR), scanning electron microscopy (SEM)
and solid-state NMR study (2’ Al MAS NMR). Pure highly crystalline YAG powders were
obtained from 900°C. Laser induced luminescence spectra as well as decay times versus Tb3+t
concentration were also studied. The well known °D3 — °D, cross-relaxation and concentration
quenching phenomena were observed. Decay times of the green emission (Aem = 544 nm) were
mainly found to be exponential with time constant lower than 5 ms. Finally, the optimal
terbium concentration for the luminescence efficiency of YAG:Tb3+ powders was determined.
© 2006 Springer Science + Business Media, Inc.

1. Introduction

Rare-earth doped Y3 AlsO;, (YAG) materials are currently
attracting attention due to their high luminescence effi-
ciency under several types of radiations. Besides, with
activators such as Nd, Sm, Eu, Ce and Gd, yttrium alu-
minum garnet matrix shows emissions which spread from
the near infra-red range to the UV range of the electro-
magnetic spectrum. Furthermore, YAG presents an im-
portant damage threshold, leading it to withstand harsh
conditions.

Such peculiarities have suggested the use of this mate-
rial as radiation densimeter, scintillator, as well as phos-
phor for a new generation of television screens (field
emission display—FED, plasma display panels—PDP,
electroluminescent devices—ELD,...) and a new gen-
eration of free Hg lamps [1-8].

Since numerous of these applications need materials
in shape of films or powders with a high degree of pu-
rity, several synthesis routes have been investigated based
essentially on solid-state reaction [1, 3, 9]. However,
theses processes require constraining annealing proce-
dures to obtain pure phases. Therefore, a simple and
economical method for making high quality materials
is desirable. Several soft chemical processes have been
developped for such purpose, including co-precipitation
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[10-12], spray pyrolysis [13], hydrothermal synthesis
[14, 15], sol-gel [7, 16] or citrate-nitrate gel combustion
[17-19].

Among these methods, the sol-gel route is one of
the most important since it presents a lot of advan-
tages : low-temperature synthesis, possible formation of
powders with uniform grain morphology and achieve-
ment of homogeneous multicomponent films. Such tech-
nique has been succesfully used to obtain undoped
[16, 20-26] and rare-eath activated YAG phosphors
[7,26-32].

YAG:Tb** has been studied extensively due to its well-
known green emission which can be efficiently sensitized
by means of several sources such as cathode-ray, VUV,
UV and low-voltage excitations. In what follows, we de-
scribe the obtention of YAG and Tb**-doped YAG pow-
ders using an alkoxide route [28, 29]. Their crystallization
temperature, phase evolution and morphology were inves-
tigated by X-ray diffraction (XRD), infrared spectroscopy
(IR), infrared-spectroscopy combined to thermal analysis
(DTA/ TG-IR) and scanning electron microscopy (SEM).
In addition, 2’ Al solid-state NMR spectra were recorded
to characterize the local environment. Photolumines-
cence properties were evaluated through UV and blue
excitations.
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2. Experimental procedure

2.1. Modus operandi

Y3Als0y; and terbium activated Y3 AlsO;, powders were
prepared by hydrolysis, condensation and gelation of alu-
minum isopropoxide mixed with yttrium and terbium
chlorides in isopropanol. This procedure is close to those
used by Yamaguchi et al. [24, 25] and Ravichandran et al.
[7].

It was necessary to work under anhydrous conditions
in a dry argon atmosphere since moisture can harm con-
siderably alkoxide stability. The first step consisted in the
synthesis of yttrium and terbium alkoxide: anhydrous yt-
trium chloride YCI® ((3-x) eq., 99.99% pure, Aldrich) and
anhydrous terbium chloride TbCI® (x eq., 99.99% pure,
Aldrich) were dissolved in anhydrous isopropanol ‘PrOH
(Acros Organics) under vigorous stirring for about 45 min
(solution A). Meanwhile, chunks of metallic potassium
(9 eq.) (Aldrich) were carefully cleaned by removing a
superficial crust and then were dissolved in isopropanol
under stirring (solution B).

Subsequently to complete dissolution, solution B was
added with care to solution A with energetic stirring. We
observed an exothermic reaction and KCI precipitated im-
mediately. After 1 hreflux at 85°C, aknown weight (5 eq.)
of aluminum isopropoxide powder Al(O'Pr); (Aldrich)
was added directly to the solution. Under further reflux for
4 h at 85°C, a clear solution of yttrium terbium aluminum
isopropoxide and a precipitate of potassium chloride were
produced.

After cooling, this latter was eliminated by centrifu-
gation and a clear sol was collected. Afterwards the sol
was hydrolyzed by introducing an excess of water, result-
ing in transparent gel which was further dried at 80°C
to yield a white xerogel. Undoped Y3Als01, and Y3(1-
x)AlsO1z: Tbsx with x lying from 0.003 (0.1 mol.%) to
0.9 (30 mol.%) were prepared by this way.

2.2. Characterization techniques
XRD measurements were performed on a Philips Xpert
Pro diffractometer operating with the Cu-K, radiation.
High temperature X-ray diffraction (HTXRD) analyses
were carried out on the same diffractometer equipped with
a high temperature chamber, over a temperature range ly-
ing from 25 to 1200°C in air atmosphere. A sequential
temperature rising rate of 10°C-min~! and 1 h temperature
holding time prior to measurement were used. Tempera-
ture was determined by means of Pt/ Pt-Rd thermocouple
in direct contact with the powdered sample deposited onto
a Pt ribbon.

The infrared spectra were recorded on a Perkin Elmer
2000 FTIR spectrometer using the KBr pellet technique.

Thermal analyses combined with infrared spectroscopy
were undertaken on a Mettler Toledo TGA/SDTAS851e
under a 35 ml-min~! O, flux: gas emitted were checked by
IR analysis on a NEXUS Thermo Nicolet while samples
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were heated from room temperature to 1200°C at a rate
of 10°C/min.

Micrographs were recorded by means of a Cambridge
Scan-360 microscope operating at 20 kV. Specimens were
prepared by sprinkling a small amount of powder on the
surface of an adhesive carbon film. Then, a 20 nm Au
coating was sputtered onto the surface.

27 Al NMR study was performed on a Bruker 300 spec-
trometer at 78.20 MHz. Magic angle spinning (MAS) at
10 kHz was used and a 4 mm diameter size zirconia rotor
was employed as samples chamber. Peaks positions were
referenced to external aqueous AlCl;. Measurements were
carried out under short radio frequency pulses associated
with a recycling time of 500 ms. Chemical shifts are not
corrected from the second order quadrupolar effect which
induces their transference to lower frequencies.

The luminescence spectra were recorded with a
monochromator Jobin-Yvon HR 1000 spectrometer, us-
ing a dye laser (continuum ND62) pumped by a frequency
doubled pulsed YAG:Nd** laser (continuum surelite I).
The dye solution was prepared by mixing Rhodamines
610 and 640. To achieve a resonant pumping in the blue
wavelength range, the output of the dye laser was up-
shifted to 4155 cm~! by stimulated Raman scattering
in a high pressure gaseous Hj cell [33]. Fluorescence
decays were measured with a LeCroy 400 MHz digital
oscilloscope.

3. Results and discussion

3.1. Powder X-ray diffraction

First of all, undoped compounds crystallization was anal-
ysed by means of HTXRD. The resulting patterns (Fig.
1) reveal that the xerogel remains amorphous until 850°C,
since only the diffraction peaks of the platinum rod used
as sample holder are observed up to that sintering temper-
ature. Afterwards, the crystallization process occurs and
becomes much more significant at high temperature since
diffraction peaks are much sharper and well defined. After
cooling (25°C, final), no more change is noticed and all
the diffraction peaks can be assigned to the YAG structure
(JCPDS-file 33-0040).

On the basis of this study, a 4h heat-treatment at 1100°C
was chosen to anneal all the samples since it corresponds
to the best conditions so as to provide suitable-crystallized
YAG to perform optical analyses. The related XRD pat-
terns for various terbium concentrations, gathered in Fig.
2, exhibit a single crystallized phase consistent with YAG
compound unlike Mc Kittrick et al. [20] who reported the
presence of unreacted Y,03 and 0-Al,0s.

YAG ant TAG (Tb3zAl501;) crystallize with the same
garnet structure and additionnally Y3+ and Tb** ionic
radii are very close (ry>" = 1.02 and rp,** = 1.04 in
coordination VIII). Consequently, XRD patterns are not
strongly affected and show slightly shifted diffraction
peaks even for the 30% Tb doped sample.
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Figure 2 XRD patterns recorded for Y3_yAlsO12:Tb, samples for different terbium amounts.

3.2. Thermal behaviour

In order to study the thermal decomposition of undoped
xerogels, thermal gravimetry analysis (TGA) combined
with infrared (IR) spectroscopy were used.

TG and DTA results are presented in Fig. 3 [26, 28].
Fig. 4 shows cinetics of emitted gases during TG analy-
sis, determined through the intensity evolution of the in-
frared main characteristic bands of each species. The total
weight loss remains between -35 and -40% whatever the
Tb** concentration is and occurs in three steps as shown
in Fig. 3. The first one (25-200°C) corresponds to the
departure of adsorbed moisture and chemically bonded
alcohol molecules, in agreement with Fig. 4. This stage
leads to a wide endothermic peak.

The second and main weight loss (—19%) lying from
200 to 600°C is associated with an exothermic phe-
nomenon. This stage can be assigned to the pyrolysis
of the organic parts of the alkoxide groups and likely to
more strongly adsorbed alcohol molecules. It is in good
agreement with IR measurements which show that most
of the residual organic groups are removed before 600°C.

Above 600°C, only a weak weight loss takes place, as-
cribed to the withdrawal of the last residual alkoxy groups
embedded in YAG matrix. Furthermore, a sharp exother-
mic peak at about 894°C indicates the onset of YAG crys-
tallization [26, 28, 34-35]. This is consistent with the
XRD results which showed that YAG sample begins to
crystallize between 850 and 900°C. No significant weight
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Figure 4 Cinetics of gases emitted during TG analysis.

loss appears thereafter, assuming the formation of the final
product Y3Al504;.

3.3. Infrared spectroscopy

Fig. 5 shows the FTIR spectra of xerogel and undoped
YAG sintered for 4 h at 1100°C. In the xerogel spectrum
(Fig. 5a), the presence of the characteristic organic bands
is noticed [26, 28]. The broad band ranging from 2600
cm~! t0 3800 cm ! is ascribed to “CHj3 and ~OH stretch-
ing in the isopropanol and alkoxy groups. This latter also
involves ~“OH stretching resulting from water added in
excess for hydrolysis and adsorbed from air moisture. A
peak of weak intensity at about 2350 cm™~! is attributed
to the adsorbed carbon dioxide from the atmosphere. The
bands lying from 1200 to 1600 cm ™~ are attributed to C-O
and -CHj stretches bonds of organic groups whereas the
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peaks at about 1638 cm™! is likely due to water added in
excess to hydrolyze the heterometallic isopropoxide sol.
Moreover, the several broad bands observed whithin the
400-850 cm™~! region of the IR spectrum correspond to
M-O bonds (M=Y or Al) vibrations in YAG lattice [28].

After sintering (Fig. 5b), specific bands related to the
solvent and alkoxy groups significantly decrease or dis-
appear. The carbon dioxide peak remains. Specific Al-O
and Y-O vibrations peaks below 800 cm~! are clearly
identified as YAG ones [36, 37].

3.4. Scanning electron microscopy

It is known that luminescent properties of a phosphor de-
pend on its particles shape and size [13]. On this account,
the morphology of Tb**-activated YAG samples has been
studied by scanning electron microscopy (SEM).
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Figure 7 %’ Al MAS NMR spectra of YAG precursor gel (a) and powder
annealed at 1100°C for 4 h (b).

SEM micrographs of YAG:Tb**(5%) powder recorded
at 800x magnification are shown in Fig. 6. From the
first picture related to the as-prepared xerogel (Fig. 6a), it
can be seen irregular size blocks. Voids and pores are also
observed. The micrograph of heat-treated sample (Fig. 6b)

exhibits a denser network with fewer voids and narrow
size distribution. For the two samples, the largest particles
can reach several tens of micrometers.

3.5. NMR ?’Al

Y3AlsOyp, generally adopts a cubic garnet structure with
lattice parameter of 12 A(space group Ia3d) [38]. Its struc-
ture consists of a network where aluminum atoms reside
both in octahedral and tetrahedral interstices whereas yt-
trium atoms occupy dodecahedral sites [26, 38]. Since the
chemical shift of 2’ A1 NMR is sensitive to the local co-
ordination, this technique is largely applied for checking
the different phases and coordination states of Al cen-
ters in aluminates [26, 35, 38]. As a result, MAS NMR
27 Al study has been undertaken on YAG samples in order
to apprehend what kind of interatomic movements occur
during sol-gel process.

Fig. 7 shows the 2’ Al NMR spectra of undoped YAG
samples before (a) and after (b) heat-treatment. Ac-
cording to several studies [39, 40 e.g.], chemical shifts
of different coordination states of Al atoms are well
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Figure 9 Concentration dependence of Tb>t 3D, emission intensity after YAG:Nd>+ 485 nm excitation.

recognizable: octahedral AlOg sites resonate between 15
and —30 ppm, the much less common AlOjs sites between
40 and 25 ppm and tetrahedral AlO4 between 80 and 50
ppm. On this account, the 2.6 ppm major resonance in the
spectrum of the uncalcined xerogel (Fig. 7a) corresponds
to six-coordinate aluminum. Besides, two other distinct
peaks located at about 35.4 and 61 ppm can be assigned
to five and four-fold coordinated aluminum atoms. It can
be noticed that the resonance at 35.4 ppm can also be con-
sistent with a tetrahedral site distorted due to the presence
of oxygen defects [35, 39].

27 AINMR spectral features of the sintered YAG powder
(Fig. 7b) reveal three signals at 0.426, 23.6 and 62.7 ppm,
which can be imputed to the three types of coordination.
The octahedral band has shrinked into the sharp signal at
0.426 ppm. Furthermore, since it has been demonstrated
that Al atoms can only occupy tetrahedral and octahedral
sites in crystallized YAG [26, 38], we can deduce that
the 35.4 and 23.6 ppm signals respectively in xerogel and
crystallized powder correspond to distorted tetrahedral
site and not to five-fold coordinated one.
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Besides, by integrating peak areas, the >’Al tetrahe-
dral/octahedral ratio has been determined. Contrary to
other studies, such as McKenzie and Kemmitt’s one [35],
it remains the same after calcination, even if the resonance
relative to “distorted tetrahedral” sites has weakened in
favour of tetrahedral one.

3.6. Optical properties of YAG:Tb3+

The photoluminescence of the YAG:Tb** annealed pow-
ders was recorded at room temperature for several terbium
concentrations. Emission spectra recorded upon UV
excitation are shown in Fig. 8a The spectral distribution is
greatly dependent on terbium amount, which is consistent
with other investigations [31, 32, 41, 42] in regards with
different kinds of YAG:Tb** specimens (monocrystals,
powders and films). Indeed, for the lowest concentrations
of Tb**, spectra can readily be divided into two groups
of lines: the blue emission below 480 nm is related to
>D; — ’FJ transitions whereas the green emission arises
from D, — 'F; (J=6 to 0) transitions [42—45]. As
the terbium concentration increases, the blue emission
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Figure 11 Luminescence decay curves of the 5Dy — 7Fs emission of Tb3t in Y3Al5012:Tb3* for different terbium concentrations at 300 K upon SDy

excitation.

weakens then dissappears: from x = 0.15 (5% Tb>*), only
>D4—F; transitions are recorded. Such observation cor-
responds to the well-known cross relaxation phenomenon
[41-42] which can be illustrated by the following
equation [46]:

T CDs) 4+ Tb*+('Fg) —> T T(Dy) + T T ('Fy).

As a result, the higher energy level emission (°D3) is
quenched in favour of the lower energy level emission
(°Dy) giving rise to the strong green emission at about
544 nm.

This phenomenon can also be emphasized by the Fig.
8b where the peaks area ratio between Dy — ’Fs and
>D; — ’Fg transition is studied upon UV excitation as

a function of terbium concentration. Indeed, this ratio
clearly increases when doping rate becomes higher than
0.4%Tb** . This study can not be achieved above 5% Tb>*+
because emission arising from °D; level vanishes.

In addition to the cross-relaxation phenomenon, a con-
centration quenching is also involved in the concentration
dependence of YAG:Tb luminescence and hence greatly
affects the emission properties. These two processes re-
sult in the existence of an optimal concentration for which
luminescent properties are the most efficient [41, 47].
Relative yields, determined by integrating the area of the
>D,—Fs emission peak, are gathered in Fig. 9. The op-
timal Tb>* concentration was estimated to be 20% (x =
0.6). Above it, concentration quenching dominates and
emission intensity decreases.
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Fig. 10 shows excitation spectra of the Dy — ’Fs
emission of Tb>* (544 nm) in Y?APP0'2:0.4%Tb>* (a),
Y3Al5012:5%Tb** (b) and Y3Als01,:20%Tb** (c). Sev-
eral bands between 484 and 488 nm are discerned which
may be assigned to the "F¢ — sDy transition [48]. As the
terbium concentration increases, a slight shift of the peak
positions to higher energies is observed, due to the higher
ionic radii of Tb>* with respect to that of Y3, ions. It is
well known that the splittings decrease while increasing
the ligand distance [49].

Decay time of the Dy level was also examined by
monitoring the D, — ’Fs emission located at 544 nm
upon excitation at 485 nm. For all the samples investigated
(Fig. 11), a single exponential decay is observed with a
time constant mainly lying between 3 and 5 ms. Small
increase of the °Dy lifetime is observed between x = 0.012
and x = 0.3, concentration for which the time constant
reaches 4.5 ms. For higher concentrations, the shortening
of the >Dy luminescence decay can be ascribed to energy
tranfer between Tb3* followed by partial trapping of the
luminescence by unwanted impurities or defects. These
results are in good agreement with previous studies on
YAG:Tb [8, 50, 51].

4. Conclusion

Sol-gel route have been successfully used to prepare
pure and Tb** doped-YAG powders. The crystalliza-
tion temperature of the derived materials is much lower
than that used in the conventional solid-state reaction,
around 900°C instead 1500-1600°C, as indicated by
XRD, TG/TDA and IR spectra. SEM results and 2’ Al-
NMR measurements allowed to characterize the powders
morphology, which consists of large particles of narrow-
size distribution, and the AI** local environment expected
for YAG compounds.

For low Tb3* contents, YAG material exhibit blue and
green emission arising from D3 and 5D, levels. Increase
in the concentration leads to the extinction of that orig-
inating from D3 by cross-relaxation mechanism, giving
rise to strong fluorescence from >Dy. The highest photo-
luminescence intensity from this level was observed with
20%Tb>*.

Further work will be devoted to optical analysis upon
VUYV excitation since this material satisfies all the require-
ments to be an efficient VUV phosphor.
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