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In the present review, the usefulness of aqueous sol-gel processes in the synthesis of garnet crystal structure compounds
is discussed. The processing and characterization of yttrium aluminium garnet (YAG), lanthanide-doped YAG,
lanthanide aluminium and gallium garnet materials, mixed-metal garnets and garnets containing silicon are described.
The synthesis of garnet materials comprising nanoscale architectures is also discussed.
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1. INTRODUCTION

Yttrium aluminium garnet (Y3;AlsO;, YAG) based
materials adopt the cubic garnet structure and are widely
used in advanced optical technologies since YAG doped
with a transition metal or lanthanide element exhibits
outstanding luminescence properties [1]. Namely, YAG
can withstand harsh conditions implied by high energy
excitations due to an important damage threshold and show
emissions of wavelength lying near infrared range to the
UV range of the electromagnetic spectrum. These features
have made YAG a relevant material as window for a
variety of lamps, for fiber-optic telecommunication
systems, for cathode-ray tubes, field emission displays,
plasma  display  panel, light-emitting diodes,
electroluminescent and medical applications [1—4].

All mentioned properties of YAG based oxide
ceramics are highly sensitive not only to the changes in
dopant composition or host stoichiometry, but also to the
processing conditions, which are very much responsible
for the crystallinity, crystal shape, crystal size, crystal size
distribution and phase purity of the resulting powders. In
order to prepare these oxides, the solid state reaction
method is still utilized because of its lower manufacturing
cost and simpler preparation process. However, this
method, in general, requires the calcination temperature
higher than 1000°C to eliminate the unreacted starting
oxides and to obtain the final product of a single phase. In
order to overcome these inevitable disadvantages arising
from the solid state reaction, some other methods have
been also suggested. Over the last few decades, the sol-gel
techniques have been used to prepare a variety of mixed-
metal oxides, nanomaterials and nanoscale architectures,
nanoporous oxides, organic-inorganic hybrids [5—7].

Electronic materials now represent one of the largest
manufacturing sectors in the world. One challenge for the
high end of the market is the development of alternative
synthesis technologies that are not just “greener” but
provide environmentally benign processes [8, 9]. In this
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paper we present results of a systematic study of
environmentally friendly an aqueous sol-gel synthetic
approach to micro- and nanosized selected garnet crystal
structure compounds. The results are presented herein.

2. YTTRIUM ALUMINIUM GARNET (YAG)

The first sol-gel syntheses of yttrium aluminium garnet
using a water based routes were described by Vaqueiro and
Lopez-Quintela [10] and Veith et al. [11]. In the citrate sol-
gel process [10] metal nitrates were selected as starting
materials. However, in the glycolate sol-gel route [11] the
metal acetates were used. It has been demonstrated that
using the citrate and glycolate sol-gel processes the pure
polycrystalline YAG samples were obtained at 1000 °C,
which is much lower temperature than using the solid state
reaction method. The sol-gel process offers considerable
advantages such as better mixing of the starting materials
and excellent chemical homogeneity in the final product.
Moreover, the molecular level mixing and the tendency of
partially hydrolyzed species to form extended networks
facilitate the structure evolution thereby lowering the
crystallization temperature. The evaluated synthetic
technique to YAG using acetate-glycolate intermediate
illustrates the simplicity and superior potential of proposed
method. This innovative approach offers a feasible way to
obtain a new nanoscaled ceramic materials having garnet
structure with well-established application as laser hosts.

The influence of nineteen sol-gel processing variables
on the formation of YAG has been investigated. Effects of
different fabrication parameters on the phase purity and
morphological properties of the compounds were studied
by energy-dispersive spectrometry (EDS), X-ray powder
diffraction (XRD) analysis and scanning electron
microscopy (SEM). The parameters of the sol-gel
processing such as pH of starting solution, concentration
and nature of complexing ligand, temperature and duration
of gelation, powder rehomogenization during annealing,
duration and temperature of the final heat treatment were
found to be the most significant. For the evaluation and
verification of the experimental results the Brandon’s
model of a multiple regression was successfully used [12].



Fig. 1 shows the XRD spectra of the YAG samples
synthesized using different pH values in the sol-gel
process.
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Fig. 1. XRD patterns of the YAG samples synthesized using
different pH values in the sol-gel process: a—5.5; b —7.0;
¢ — 3.5. The impurity phases are marked: YAP (*) and
YAM (%)

Monophasic garnet samples were obtained when the
pH value of the sols was maintained between 5.5 and 6.5.
The X-ray diffraction pattern of the sample synthesized at
pH=7.0 (Fig. 1,b) looks similar to the previous one;
however, the formation of a significant amount of
perovskite yttrium aluminate (YAIO;, YAP) as an impurity
phase was also identified (marked with asterisks). So, if the
pH of solutions in the sol-gel process is not optimized
possibly precipitates are formed during the condensation
reactions instead of a homogeneous gel network are
formed. The eight most significant parameters in the sol-
gel preparation of YAG were found to be pH,
concentration and nature of complexing ligand,
temperature and duration of the hydrolysis-condensation
reactions during gelation, powder rehomogenization during
annealing, duration and temperature of the final heat
treatment. The influence of most significant parameters
was evaluated using this mathematical model. For this
purpose the initial data set has been split up into three
regions, and the models for each of those regions were
built. The results obtained from each model were found to
be in a good agreement with experimental ones. The
computational model has been constructed that provides
quantitative agreement of YAG formation reaction
mechanisms with the experimental data of process
parameters and desired structural, morphological and
physical properties of the final ceramic material [13—15].

Nanocrystalline YAG was synthesized by means of a
modified glycolate sol-gel method in an aqueous media
[16]. The monophasic YAG having the crystallites size of
26 nm was obtained at 800 °C. YAG fibres have been also
produced from an aqueous sol-gel route, using a
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commercially available alumina sol combined with yttria
sol containing nitrate counterions [17].

3. LANTHANIDE-DOPED YAG

In the study [18] the synthesis of polycrystalline
holmium- and neodymium-doped (5 mol %) yttrium
aluminium garnet (YAG) by the glycolate sol-gel process
was described. The sensitivity of the magic angle spinning
(MAS) >’ Al NMR chemical shifts towards the coordination
state of Al (III) was used for identifying the different
phases and coordination states of Al centres in Y-Al-Ho-O
and Y-AI-Nd-O precursor gels (Fig. 2).
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Fig. 2. ”7A1 MAS NMR spectra of the Y-Al-Ho-O (1) and
Y-Al-Nd-O (2) precursor gels

It is known, that the solid-state structure of Y3;Al;0,
consists of a network of four- and six-fold coordinated
aluminium atoms. The yttrium atoms reside in the
dodecahedral interstices formed by the corner-sharing
arrangement of the AlO, and AlOg polyhedra. As seen, the
major resonance in the >’Al NMR spectra of the unheated
gels (6 0.937 for the Y-Al-Ho-O gel and & —2.576 for the
Y-AIl-Nd-O gel) occurs in the position of octahedrally
coordinated Al. Much smaller features at ca. 96 ppm-—
108 ppm indicate a small proportion of the Al in the initial
gels is located in tetrahedral sites. Moreover, a comparison
of the intensity of the signals due to AlO4 and AlOg units
in the gels obtained, suggests the initial gel structures to be
very similar.

The lattice parameters of the doped YAG samples
were obtained (Table 1). As seen, from the refined lattice
parameters, the particles of oxides do not exhibit a lattice
expansion with incorporation of certain amount of dopant
in YAG ceramics. Consequently, the unit cell volume
remains nearly constant as well. Later on, the Ce- and Er-
doped YAG samples were also synthesized using the same
aqueous sol-gel technique and investigated [19, 20].



Table 1. Lattice parameters of rare-earth doped Y3Al;04,

Lattice parameters
Dopant
a (A) Volume (A%)
- 12.009 1731.9
Ho™ 12.015 1734.5
Nd** 12.013 1733.6

In the practical applications as luminescence activator
Nd** plays very important role. Therefore, several success-
ful attempts to prepare Nd-doped YAG using aqueous sol-
gel technique were reported by several groups [21—24].
The evident influence of the grain size on the luminescence
of Nd** ions has been observed by Hreniak et al. [21, 22].
High-resolution absorption spectra of the powders [24]
showed that a higher absorption cross-section of glycolate-
derived powders is due to Nd*~Nd** ion pairing, which
leads to the quenching of photoluminescence.

A new sol-gel pyrolysis method for the preparation of
large-scale nanocrystalline Y3Al5012:Ce3+ has been
suggested by Taiwanese scientists [25]. By using metal
nitrates and oxides as the starting materials, YAG:Re>
(Re =Ce, Sm, Tb) powder phosphors were prepared by
solid-state, coprecipitation and citrate sol-gel methods
[26, 27]. Although the citrate sol-gel method can produce
relatively homogeneous phosphor particles at lower
temperature, its emission intensity is not as high as those
from the solid-state- and coprecipitation-derived
phosphors, possibly due to the contamination of carbon
impurities introduced by the citric acid from the starting
materials in the citrate sol-gel method. Single-phase
Ce-doped yttrium aluminium garnet samples have been
synthesized by an aqueous sol-gel method at 1000 °C in the
whole doping range (from 0 mol % up to 10 mol % of Ce).
However, it was determined that with increasing synthesis
temperature up to 1300 °C the phase purity of synthesis
products depends on the concentration of dopant. At low
concentration of cerium the YAG samples were found to
be monophasic, but starting from 4 mol % of Ce the XRD
patterns of YAG:Ce annecaled at 1300°C contained
additional diffraction lines attributable to the CeO, phase
[28,29]. Interestingly, almost identical surface
microstructure and particle size were observed for all
Ce-doped YAG samples independently on the
concentration of dopant and annealing temperature. The
transmission  electron microscope image of the

representative YAG sample is shown in Fig. 3.

T — 100 nm

Fig. 3. TEM micrograph of Y;Al50,,:Ce sample with 5 mol % of
Ce and prepared at 1000 °C. Magnification x75000
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The formation of aggregates of primary particles is
evident. Fig. 4 shows the emission spectra of Y;Al;0,,:Ce
nanocrystallites.
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Fig. 4. Emission (A =450nm) spectra of Y3Al;0,,:Ce
nanocrystallites synthesized by sol-gel technique and
annealed at 1300 °C

As depicted, the position of the broad emission band is
almost independent of the Ce concentration and shows as
full width at half maximum of about 70 nm. This quite
symmetric photoluminescence peak at around 530 nm is
assigned to the 5d! (2A1g) — 4f (2F5/2 and 2F7/2) transitions
of Ce®". Evidently the highest emission intensity possesses
the YAG samples containing 5 mol % and 6 mol % of Ce.
Eu’* doped YAG nanophosphors and thin films also have
potential for application in field emission devices.
Europium-ion doped YAG samples were prepared by
citrate sol-gel and sol-gel pyrolysis methods [30, 31].
Interestingly, the emission intensity of well dispersed
YAG:Eu"" nanoparticles was found to be much stronger
than that of the bulk samples. The properties of YAG:Eu®"
nanoparticles can be rationalized by considering numerous
surface states due to the large surface area to volume ratio
of the nanoparticles.

In view of the improvement of luminescence
properties of YAG phosphors, the way of double activation
in the host lattice could be successfully used [32-34].
Usually, the double incorporation of different lanthanide
ions into host crystalline lattice modifies the luminescence
spectrum due to the formation of new emission centers.

4. LANTHANIDE ALUMINIUM AND
GALLIUM GARNET MATERIALS

To obtain yttrium-gallium garnet (Y;GasO;,, YGG) a
simple “chimie douce” method has also been developed
[35,36]. A schematic diagram of the processing steps
involved in the sol-gel synthesis of the Y;GasO,; is shown
in Fig. 5. This sol-gel method yielded excellent starting gel
precursor for the fabrication of YGG phase, which could
be used as host material for optical applications. The XRD
pattern of Y-Ga-O gel was recorded in the region of
20=20°-60° (Fig. 6). The diffraction pattern of the
powders obtained is broad due to the amorphous character
of the product synthesized. If the conditions of the sol-gel
process are not optimized, partial crystallization of initial
metal salts (acetates, nitrates or tartrates) may occur.
However, no peaks due to insignificant crystallization of
these salts or crystallization of any undesired or
contaminating phase could be identified.
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Fig. 5. Scheme of the steps involved in the sol-gel process used
for the preparation of Y3GasO;, ceramics
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Fig. 6. X-ray diffraction pattern of the Y-Ga-O precursor gel
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The data from XRD analysis clearly show the
individuality of the synthesized precursors. The X-ray
diffraction pattern of the ceramic sample sintered for 10 h
at 1000°C (Fig. 7) shows the formation of monophasic
Y;GasO,, phase.
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Fig. 7. X-ray diffraction pattern of the YGG sample synthesized

at 1000°C

Lutetium gallium garnet (Lu;GasO;,, LUGG) was also
synthesized by the same aqueous sol-gel process [37]. The
X-ray diffraction patterns for the calcined gel powders and
sintered for 10 h at 1000°C and 1200°C are shown in
Fig. 8. According to XRD analysis fully crystallized
single-phase oxides Lu;Gas;O;, with well pronounced
garnet crystal structure have formed.
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Fig. 8. X-ray diffraction patterns of Lu;GasO,, ceramic samples
synthesized at different temperatures

As seen, all single lines are indexed, and no unindexed
lines could be observed. The most intensive lines are (024)
— 100 %, (224) — 39.0 %, and (246) — 37.2 %. Thus, the
XRD data confirm Lu;GasO,, to be the only crystalline
component already after annealing at 1000 °C. No further
significant crystallization with increasing annealing
temperature was observed. The lattice parameters of the
synthesized LUGG samples were obtained from the
diffraction spectra by fitting the peaks of identified reflec-
tions. The determined cubic lattice parameters and cell
volume for the Lu;GasO;, samples synthesized at 1000 °C
were found to be a=12.282(3) A and V'=1852.7(5) A°,
respectively.

A sol-gel method based on in-situ generation of
mixed-metal chelates by complexing metal ions with
ethane-1,2-diol or citric acid in an aqueous media has been
elaborated to prepare lanthanide-ion containing garnets,
Gd;Al01, (GDAG), Tb;Al;0,, (TBAG), DysAlsO4;,
(DYAG), Ho;Al;0,, (HOAG), ErAlsOp;; (ERAG),
Tm3A15012 (TMAG), Yb3A15012 (YBAG) and LU3A150]2
(LUAG) [38-42]. However, the XRD patterns also
revealed that during calcination of La-Al-O, Ce-Al-O, Pr-
Al-O and Nd-Al-O precursor gels at 800 °C—1200°C no
formation of garnet structure compounds (La;AlsOy;
(LAAG), C€3A15012 (CEAG), PI'3A150|2 (PRAG),
Nd;Al;0,, (NDAGQG)) were observed [38, 41, 43, 44]. Thus,
rare earth aluminium garnets are thermodynamically stable
with RE = Gd—Lu. Garnet structures with larger rare earth
ions (La—Eu), perhaps, are metastable, in favour of the
competing perovskite type. It is interesting to note that



europium aluminium garnet (EAG) was synthesized for the
first time by an aqueous sol-gel process and subsequent
thermal annealing at 800 °C—850 °C [45]. Fig. 9 shows the
XRD patterns of samples which were prepared at different
temperatures for 30 h from the preheated gel (600 °C).
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Fig. 9. X-ray diffraction patterns of Eu;AlsO;, annealed 825°C
(A), 835°C (B) and 850°C (C). P — perovskite phase;
G — garnet phase; * — reflections from sample holder
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Evidently, the XRD pattern of Eu-Al-O precursor gel
annealed at 835°C contains diffraction lines which could
be assigned to the garnet phase. The results of the Rietveld
refinement are presented in Table 2.

Table 2. Results of the Rietveld refinement for Eu;Al;0;,

Formula Eu;Al;O,,
Molar weight 782.79 g/mol
Crystal system, Z cubic, 16
Space group la 3d
Lattice parameter 12.140(1) A
Wave length 0.7093 A
Angle range 5°<260<60°
Step width 0.01°
Independent reflections 118
Effective reflections 65
Parameters 24

Structure parameters 7

Rprage 6.83 %

R, 7.14 %

Ryp 9.48 %

Rexp 6.61 %

The synthesis of single phase EAG was successfully
performed in the temperature region  around
825°C—835°C. Treatments at higher temperatures yielded
XRD patterns related with perovskite structures. The
structure refinement on EAG revealed the well-known
cubic garnet structure with a = 12.140(1) A.

5. MIXED-METAL GARNETS

Garnets of type Y3;Als,Ga,Op, (0<y<5) (YAGG)
and Y;Scs,Ga,01; (0<y<5) (YSGG) are of special
industrial interest, due to their application as laser hosts.
Recently a few reports have been published on the
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synthesis and characterization of single crystals of YAGG
and YSGG. On the other hand, the sinterability
and microstructal evolution of new mixed-metal
Y;ScAls ,Ga,01, (0<x,y<5) (YSAGG) powders
synthesized by an aqueous sol-gel process were also
investigated [46—55]. The X-ray diffraction pattern for the
Y3Sc,5Gay 501, sample is shown in Fig. 10.

(420)

Intensity

(422)

(400)

50
20 ()

Fig. 10. X-ray diffraction pattern of Y;Sc,sGa,s0;, ceramic
samples synthesized at 1000°C. The vertical lines
represent the XRD pattern of Y3Sc43Ga;z 5704,
[PDF 77-1063]

According to XRD analysis fully crystallized oxide
Y3Sc,5GaysOp, with well pronounced garnet crystal
structure has formed. As seen, almost all single lines are
indexed, and only three unindexed lines at 26~ 21.4, 24.8
and 30.5 could be observed. The most intensive lines are
(420) — 100 %, (422) — 32.2 %, and (640) — 27.4 %. The
morphological properties of synthesized ceramics were
characterized by SEM and TEM measurements. Fig. 11
shows surface features of the representative YSGG sample.
As seen, the synthesis product consists of clustered
nanograins made up of several tiny crystallites with a
defined structure. The SEM micrographs show that the
YSGG solids are composed of spherical grains. Individual
particles seem to be nearly nano-sized crystals with an
average particle size less than 100 nm. Moreover, the SEM
images also show a sinter-neck of few nano-YSGG
particles which have different orientation to each other.
Very well pronounced agglomeration of the nanoparticles
indicates a good connectivity between the grains. The
TEM investigations once again confirmed high quality of
synthesis product. The analogous conclusions from TEM
measurements could be drawn, as was indicated by SEM
investigations. The TEM image of the YSGG sample is
shown in Fig. 12.

As seen from figure, the TEM image of YSGG sample
again revealed agglomerated grains. The clustering
tendency of the particles in the sol-gel synthesis may be
due to the decomposition (>900°C) of yttrium
oxycarbonate or the traces of the unburned' complexing
agents (which may function as binder). Selected-areas
electron diffraction (ED) photographs were also obtained.
No any streakings are visible in the electron diffraction
pattern which indicates that point or planar defects are
absent in the structure of synthesized garnet.



Fig. 11. SEM micrographs of YSGG sample sintered at 1000 °C
at two magnifications: x50000 (at bottom) and 150000

(at top)

Fig. 12. TEM micrograph at magnification x75000 (at top) and
selected-area ED photograph (at bottom) of YSGG
sample sintered at 1000 °C

The evaluated synthetic technique to YSAGG and
YSGG using acetate-nitrate-glycolate  intermediate
illustrates the simplicity and superior potential of proposed
method. This innovative approach offers a feasible way to
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obtain a new nanoscaled ceramic materials having garnet
structure with well-established application as laser hosts.
Lanthanide doped mixed-metal garnets RE:Y;Sc,AlGa,0y,
(RE=Nd, Ho, Er, Tb, Dy, Yb) have been synthesized
using the same aqueous sol-gel synthesis route [56]. The
calcination of RE:Y-Sc-Al-Ga-O acetate-nitrate-glycolate
precursor gel at 1000 °C also produced fully crystalline
RE:Y;Sc,AlGa,0y; garnet phases (see Fig. 13).

Nd:¥ Sc AlGa O,

- ¥, 8¢, Ga, 0 (PDF 77-1062)
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Fig. 13. X-ray diffraction pattern of Nd:YSAGG sample

For comparison, the XRD pattern of known
Y2.97SC1.39G33‘640|2 (PDF 77-1062) is also included in
Fig. 13. Thus, the XRD data confirm Y;Sc,AlGa,0y; to be
the main crystalline component. All single lines are
indexed, and only one unindexed line at around 26~ 30.5°
could be observed. The SEM image of Tb:YSAGG sample
calcined at 1000 °C is shown in Fig. 14. This SEM image
exhibit clustered nanograins made up of several tiny
crystallites with a defined structure. Individual particles
seem to be nearly nano-sized crystals with an average
particle size less than 50 nm.

Fig. 14. SEM micrograph of Tb:YSAGG sample sintered at
1000°C. Magnification x150000

It was demonstrated for the first time low-temperature
synthesis  (900°C) of new mixed-metal garnets
Y;Als (IncOy;, [57]. The formation of Y;Als In,O,, garnets
proceeds only within narrow substitutional range. The
formation of a single-phase material depends on the
chemical stoichiometry in the reaction system. The
increase in the indium content from x =1.75 to x=2.0
destabilizes the garnet phase, presumably due to the large
ionic radius of In*". The critical value of the mean cationic
radius in the octahedral positions at which the
substitutional effects occur was found to be in the range of



0.631 A—0.644 A, which corresponds to the chemical
Compositions of Y3A13_251H] '750 12 and Y3Al3In20 125
respectively.

Since their discovery the iron-containing oxide phases
with A;B;s0,, cubic garnet structure have been the subject
of extensive investigations. These oxides possess unique
magnetic, magneto-optical, thermal, electrical and
mechanical properties such as ferrimagnetizm, excellent
creep and radiation damage resistance, high thermal
conductivity, high electrical resistivity, controllable
saturation magnetization, moderate thermal expansion
coefficients, energy-transfer efficiency, narrow linewidth
in ferromagnetic resonance and others. Sol-gel methods
based on in-situ generation of mixed-metal chelates by
complexing metal ions with citric acid, 1,2-ethanediol or
tartaric acid in an aqueous media have been elaborated to
prepare iron containing garnet Y;FesO;, (YIG) [58-61].
The *"Fe Mossbauer spectrum of the Y;FesO; synthesized
by sol-gel route is shown in Fig. 15.
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Relative transmission
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Fig. 15. Mossbauer  spectrum  of  Y3FesOy,
glycolate route.

synthesized by

This is a typical spectrum of single-phase yttrium iron
garnet Y3;FesOq,. Subspectrum 1 (sextet Fe,) corresponds
to the octahedral position of Fe in the garnet structure
(Byr=48.9 T) and subspectrum 2 (sextet Fe;) corresponds
to the tetrahedral position of Fe in the garnet structure
(Bur=39.6 T). Besides the hyperfine interaction parame-
ters of these two sextets (Fe, and Fe;) could be character-
ized by 0=(0.38 £0.02) mm/s and 6= (0.15 £0.01) mm/s,
A=(0.050 £0.004) mm/s and A= (0.090 £0.003) mm/s,
I'=(0.36 £0.01) mm/s and "= (0.62 £0.02) mm/s,
respectively. Finally, differently substituted yttrium and
gadolinium iron garnets were also obtained by an aqueous
sol-gel route [62 —64].

6. GARNETS CONTAINING SILICON

Sol-gel combustion method employing
tris(hydroxymethyl)-aminomethane as both complexing
agent and fuel can be used for the fabrication of pure and
lanthanide doped Y;_Mg,AlSi,O;, garnet phosphors
[65—70]. The technological approach used and charge-
balanced composition of the phosphor enabled to achieve a
stable single-phase structure of the double-substituted
garnet. The recent articles demonstrated that garnets are
suitable host lattices for investigating the impact of crystal
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field strength, disorder, and covalent interaction on the
luminescence of an incorporated luminescent centre. It
turned out that changing the composition of the garnets
(Y,Ln);(ALLMg,Si)sO,, is a powerful tool to govern the
energy flow from the primarily excited state of the [Xe]4f"
or [Xe]4f'5d" configuration to lower energy levels of the
[Xe]4f configuration. Therefore, the luminescence spectra
of lanthanide doped garnets can be adjusted by tuning the
host lattice to yield solely UV band emission, visible line
emission, or both. These findings revealed that the
incorporation of Mg and Si into (Y,Ln)AG or YAG
reduces the band gap of the obtained host lattice.

The average crystallite size of these phosphors is in
sub-micrometer range and tends to increase at elevated an-
nealing temperatures. The cerium doped Y;_.Mg,AlSi,O,
phosphor exhibited a PL band peaked at about 600 nm
with a record red-shift for cation-substituted YAG:Ce. The
chromaticity coordinates of the YMASG:Ce phosphor are
suitable for generating warm white light (CCT =3000 K)
through blending with a blue component at about 483 nm.
This enables the development of partial conversion dichro-
matic warm-white LEDs with improved colour rendering
characteristics. The emission intensity and the fluorescence
decay characteristics of the YMASG:Ce phosphor are
similar to those of YAG:Ce, what implies that such warm-
white LEDs can have efficiency comparable to that of the
conventional daylight dichromatic LEDs.

7. CONCLUSIONS

For the synthesis of garnet crystal structure
compounds environmentally benign an aqueous sol-gel
processes have been developed. The present study
demonstrates the versatility of the solution method to yield
monophasic garnets at low sintering temperature. In the
design of complex nanoarchitectures, the main advantage
of the sol-gel process is the versatility in the control of
particle size, particle size distribution and arrangement of
nanopores. Technologies that offer distinct technical
advantages and also minimize toxicity in conventional
syntheses are the most likely to be adapted in demanding
fabrication schemes. An aqueous sol-gel technique may
provide both of these advantages. As a result, an aqueous
sol-gel process is likely to continue attracting the attention
of chemists interested in designing advanced functional
nanomaterials.
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