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Abstract Yttrium aluminum garnet (YAG) and neo-
dymium-doped yttrium aluminum garnet (Nd-YAG) nano-
crystalline powders were successfully grown using cost
effective sol spray process without the addition of any
chelating agent or organic templates. Thermal decompo-
sition behavior was studied by thermogravimetry (TG) and
differential thermal analysis (DTA). Results revealed that
crystallization of YAG started around 920 °C. The
shrinkage/expansion behavior of synthesized powder was
examined by dilatometer and revealing that sintering
kinetics of these materials can be related to the evaporation
of binder and formation of crystalline phases. Nano-crys-
tallinity and garnet structure of YAG and Nd-YAG speci-
mens were analyzed by Raman, fourier transform infra red
(FTIR), and X-ray diffraction (XRD) techniques. XRD
patterns were indexed using Rietveld refinement method.
Smaller lattice parameter and a small change in atomic
position of oxygen were found in Nd-YAG when compared
with YAG structure. Scanning electron microscope (SEM)
results indicated that particle size of Nd-YAG was
<150 nm. The morphology of Nd-YAG nanosized powder
was rounded in shape.
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Introduction

The oxide system Y,03-Al,05 is promising material for
optical, electronic, and structural applications. These oxi-
des are attractive host materials for the development of
advanced phosphors with their general chemical stability
and resist saturation at high current excitation. The com-
pound Y3AlsO;, commonly called an yttrium aluminum
garnet (YAG) adopts the cubic garnet structure. When this
is doped with a transition metal or lanthanide element, it
becomes an important material for solid state laser which is
widely used in luminescence systems, window materials
for a variety of lamps and for fiber-optics telecommuni-
cation systems [1-3]. Single crystal neodymium-doped
yttrium aluminum garnet Nd-Y3AlsO0;, (Nd-YAG) lasers
are extensively and widely utilized for various applications
in optical field and solid state lasers [4—6]. There are sev-
eral methods available in literature to produce YAG
nanopowder with good chemical, physical, and optical
characteristics. Such methods include conventional mixed
oxide [7], combustion method [8, 9], co-precipitation [10,
11], hydrothermal synthesis [12, 13], and sol gel method
[14, 15]. Recent investigations [16—18] indicated that sol
gel processes using metal alkoxides enable the preparation
of YAG phosphor ceramic materials with better physico-
chemical properties but it is not an economical process due
to high cost of precursors. However, sol spray process is an
area of recent research work for rapid and controlled syn-
thesis of homogeneous nano-sized powders which have
low sintering temperature, high density and improved
microstructure for the fabrication of ceramics [19]. In sol
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spray process, the sol solutions are dehydrated directly into
single phase nano-crystalline ceramic powders by spraying
into a preheated temperature controlled Pyrex glass column
by means of compressed air atomization without addition
of any organic chelating agent or organic templates. Such
process is likely to produce less agglomerated powders. In
present study, the Nd-YAG oxide materials were prepared
by sol spray process with an aim to determine the feasi-
bility of process for the growth of nanosized YAG and
Nd-YAG powders.

Experimental
Synthesis of powders

Highly pure neodymium oxide Nd,Oz (99.9% Merck),
yttrium nitrate  Y(NOj)3 - 6H,O and aluminum nitrate
AI(NO3)3 - 9H,0 (99.9% Fluka) were used as starting
materials. Nitrate solutions with molar cationic ratio of
Y:Al of 3:5 were prepared by dissolving the desired
amount of Y(NO3); - 6H,0 and AI(NOs); - 9H,0 in CO,-
free distilled water and stirred for 2 h at room temperature.
Aqueous solution of 1.1 at% neodymium was prepared by
dissolving 1.28 g of Nd,O3 in minimum quantity of nitric
acid and CO,-free distilled water. After complete stirring,
nitrate solutions were de-nitrated with anion exchange
resin to get the desired sol. The sol was dehydrated directly
into powder by spraying it into a preheated temperature
controlled Pyrex glass column using compressed air
atomization as described elsewhere [19]. The aqueous feed
sol of sample was sprayed into upper end of vertical Pyrex
glass column at a rate of 40 mL/h. The operating temper-
ature of column was maintained at 155-165 °C. The
powder was deposited on the inner walls of Pyrex glass
column and finally the dried powder was collected in a
glass collector placed at the lower open end of column
using abrasive glass stick. Before grinding, some of the
powder specimens of Nd-YAG (1.1 at.%) were first heated
at 180 °C in static air oven, calcined at 600 °C for 5 h and
then subjected to 900 °C for 12 h using box furnace. The
calcined specimens were furnace-cooled and ground to fine
powder.

Compaction and sintering

The oxide powder of Nd-YAG was used for pellet
fabrication. The pellets were compacted using uniaxil
hydraulic press of load capacity 10 ton/in® (I ton/in® =
15.444 MPa). In order to obtain the crystalline Nd-YAG
phase, the green pellets were sintered in tube furnace (static
air) at 900, 1,100 and 1,600 °C for different durations
(2-5 h).
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Instrumentation

For TG/DTA analysis, the samples were heated at a con-
stant rate of 10 °C/min to 1,000 °C using Netzsch STA-
409 simultaneous thermal analyzer. Shrinkage/expansion
behavior was observed by dilatometer (Netzsch, DIL, 409)
with heating rate of 10 °C/min up to 1,100 °C in static air.
Fourier transform infrared (FTIR) spectra were measured
using a FTIR spectrophotometer (Nicolet 7600, Thermo-
Fisher, USA). The powders were dispersed in KBr and
were studied at room temperature. The garnet structure of
YAG and Nd-YAG was characterized by Raman spec-
troscopy (RS). The Raman spectra were recorded on micro
Raman spectrometer (MST-1000A, DongWoo Optron
Co.). Crystallinity of YAG specimens was determined by
X-ray diffraction on a Rigaku Geiger flux instrument using
Cu K, radiation. The specimens were scanned for 20 range
from 15 to 80° keeping a step-size of 0.05. For Rietveld
refinement analysis, the Nd-YAG specimen was slow-
scanned maintaining step-size of 0.02 for 5 s. Microstruc-
tural features of synthesized materials and sintered pellets
were observed by scanning electron microscope (LEO
4401). The powder samples for SEM observation were
prepared by ultrasonic dispersion of a small amount of
sample in ethanol for 10 min. A drop of the solution was
put onto aluminum stud, dried in air and then coated via
gold sputtering. The elemental composition of the oxide
materials was measured by electron probe micro-analyzer
(EPMA) attached with SEM. The unit cell content was
calculated according to the procedure [15, 20].

Results and discussion
Thermal decomposition of YAG and Nd-YAG powders

The representative TG/DTA thermograms of powder
specimen Nd-YAG prepared by sol spray process is shown
in Fig. 1. The TG curve shows an overall mass loss of
approximately 30.26% which occurs up to ~700 °C. This
mass loss can be attributed to the evolution of water mol-
ecules and partial decomposition of carbonates. Above
700 °C there is almost no mass loss. Both exothermic and
endothermic peaks were observed in DTA thermograms.
The endothermic peak at 200 °C may be assigned to the
removal of bound water. The DTA curve shows a small
exothermic peak at ~920 °C which may be related to
crystallization and crystal growth of YAG [21, 22].

Shrinkage and expansion

Figure 2 displays the dilatometry curve of the YAG pow-
der which was calcined at 600 °C. The curve shows the
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Fig. 2 Dilatometry curve of YAG powder

change in length during sintering of pressed pellets. There
was no change in length on heating up to temperature of
275 °C. However, a large shrinkage occurred as a result of
evolution of decomposed species between 300 and 400 °C.
The temperature between 400 and 600 °C shows the
expansion in the material. This expansion is due to the
decomposition/expulsion of organic binder (PVA). Above
600 °C, there is gradual increase in dimensional changes
(lattice parameters) which are due to the development of
YAG phase. On the basis of dilatometry results, sintering
was conducted between 900 and 1100 °C in order to obtain
the full crystalline YAG phase.

FTIR and raman spectroscopy
Figure 3 presents FTIR spectrum of Nd-YAG powder

calcined at 900 °C. There are strong metal oxygen vibra-
tions at 793, 727, 686 cm~! which are characteristics of

Fig. 3 FTIR spectra of Nd-YAG powder calcined at 900 °C

Y-O stretching vibrations band in tetrahedral arrange-
ments. Absorption peaks at 565, 476, and 438 cm ™' are
associated with stretching of Al-O bond in octahedral
arrangements of garnet structure. The vibration modes for
these bands are shown in Table 1. The peaks matched with
the reported data of YAG [23, 24].

The Raman spectra of Nd-YAG (1.1 at.%) calcined at
900 °C and sintered at 1,100 °C for 2 h are presented in
Fig. 4a, b. These spectra consisted of a series of bands
located between 200 and 800 cm™'. Both Raman absorp-
tion bands are similar, however, in case of sintered speci-
men, there is a slight shifting of peaks. The Raman band
(Fig. 4b) at 775 cm ™', bands with medium intensity loca-
ted at 404 and 343 cm ™' and two weak intensity bands at
217 and 285 cm™! are in good agreement with those
reported in literature for bulk crystalline YAG [25]. The
Raman bands around 540 and 691 cm™' not observed in
the spectra of Nd-YAG (1.1 at.%) are believed to have
disappeared due to the multiple lattice distortions induced
by the nano-crystalline character of the powders. The Nd*>™
replaces the Y>T of the Y-O dodecahedron in Nd-YAG
crystal hence, new Raman peaks arise due to the symmetric
bending vibration of the Nd—O bond. However, the Nd**
concentration in present Nd-YAG crystal is only 1.1 at.%
and therefore the intensity of Raman peaks is too weak to
be observed.

Phase analysis and crystal structure

Figure 5a, b shows XRD pattern of the Nd-YAG powder
calcined at 900 °C (Fig. 5a) and sintered at 1,600 °C
(Fig. 5b) for 2 h in air. All peaks appearing in both dif-
fractograms show single-phase crystalline Nd-Y3;Al50;,
with a well-pronounced garnet structure. However, crys-
tallinity enhances after sintering at 1,600 °C. The main
peak centers at 20 = 33.35° and corresponds to crystal
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Table 1 FTIR analysis of Nd-Y3Al504,

Wave- Band Vibration mode
numbers/cm ™' assignment
793 Y-O Strong metal oxygen stretching
vibrations band in tetrahedral
arrangement
727 Y-O Asymmetric stretching
686 Y-O Symmetric stretching
565 Al-O Stretching of vAl-O band in
octahedral sites
476 Al-O Scissor and symmetric stretching band
438 Al-O Stretching band
11600 1 %
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= 10800'_
= b
5 4
£ 10400
= j
= 2 _3 o (b) sintered
IS ~ F =
10000 = e
9600 =
9400 =
L} i L) . L) L L) . L) L] I L L] v L 4 L}

100 200 300 400 500 600 700 800

Raman shift/cm™

900 1000

Fig. 4 a, b Raman spectra of Nd-YAG (a) calcined at 900 °C and (b)
sintered at 1,100 °C for 2 h

Intensity/a.u.

Fig. 5 a, b XRD patterns of Nd-YAG (a) calcined at 900 °C and (b)
sintered at 1,600 °C
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plane with Miller indices of 420, which is characteristic of
YAG [23]. The sharp peaks in XRD patterns may be
ascribed to cubic Y3Al;0¢,. The XRD peaks were indexed
in terms of garnet structure according to standard JCPDS
33-0040.

In order to obtain structural parameters, the Rietveld
refinement method [26, 27] was performed for Y;Al50:,
and Nd-Y3Al50,,. Figure 6 shows the Rietveld refinement
XRD pattern of Nd-YAG. The Y3Al50, crystallizes in a
body centered cubic structure, space group la—3d, lattice
parameter a = 12.023 A and Wyckoff position: Y at 24c
(0.125, 0, 0.25), Al (1) at 16a (0, 0, 0), Al (2) at 24d
(0.375, 0, 0.25) and O at 96h (x = —0.04, y = 0.055,
z = 0.14). After refinement, the lattice parameters of
Y;Als0p, a = 12.024(4) A and oxygen position x =
—0.02944, y = 0.04492, 7z =0.1325 were found. The
reliability factors of R, = 10.00%, Ry, = 13.72%, Rexp, =
6.48%, and X*> = 4.47 were achieved. Cell parameters
and cell volume were calculated by least square Rietveld
method and found to be 12.024 A and 1738.56 (A)® for
the Nd-YAG, indicating partial substitution of Y>" sites
with Nd>* cations, Tables 2 and 3. The cell parameters
were comparable with reported values of YAG (cubic)
crystals [28]. It was observed that sol spray process
provided well-developed Nd-YAG at low temperature
900 °C. There are no diffraction trace peaks of dopant
oxide (Nd,O3) in XRD pattern. The formation of single
phase YAG with a homogeneous distribution of dopant at
900 °C suggested that this synthesis temperature is rather
low for such kinds of ceramics. The average size of nano-
crystallites was determined from the broad diffraction
lines of X-ray patterns according to Scherrer’s formula
[29]. The grain size of YAG sintered at 900 °C is about
150 nm. The average increases with the increase of sin-
tering temperature. When sintered at 1,100 °C, the grain
size was found quite uniform, with an average grain size
of about 200 nm.

Microstructure and micro analysis

Figure 7a—c exhibits SEM images of powder specimen of
YAG (Y2.97A15.03011485) calcined at 900 °C for 4 h
(Fig. 7a), pellet specimen of YAG sintered at 1,100 °C for
2 h (Fig. 7b), and pellet specimen of Nd-YAG sintered at
1,100 °C for 2 h (Fig. 7c). Figure 7a revealed that the
powder specimen of YAG has an average grain size of
about 0.2 um (200 nm), whereas a much higher grain size
of 5 pum resulted from pellet specimen sintered at 1,100 °C
for 2 h (Fig. 7b). Figure 7c revealed that the morphology
of sintered specimen of Nd-YAG had somewhat rounded in
shape with grain size of <0.15 pm (<150 nm). It is thought
that Nd has inhibited the grain growth of YAG during
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Fig. 6 Refined X-ray diffraction for Nd-YAG observed (+), and
calculated (—). Bottom curve shows appreciable matching between
observed and calculated pattern. The reflection positions are also
marked

Table 2 X-ray diffraction data of Y3Al50,,

Intensity d spacinglz& Miller indices Identification

11°)/ % ———— of phases
h k 1

30 4.924 2 1 1 Y;Al504,

7 4.259 2 2 0

19 3.225 3 2 1 Y;Al504,

28 3.016 4 0 0 Y;Al504,

100 2.696 4 2 0 Y;Al504,

22 2.456 4 2 2 Y;Als04,

7 2.365 4 3 1

22 2.201 5 2 1 Y;Als04,

6 2.129 4 4 0

24 1.955 5 3 2 Y;Al504,

17 1.737 4 4 4

29 1.669 6 4 0 Y;Al504,

8 1.636 7 21 1

23 1.607 6 4 2 Y;Al504,

10 1.506 8 0 0

12 1.345 8 4 0

28 1.315 8 4 2 Y;Al504,

4 1.281 6 6 4

System Cubic

Symmetry la-3d

Unit cell parameter 12.024 A

Unit cell volume 1738.56 (A)B

sintering, so the grain size has reduced as compared to
YAG sintered under the same conditions.

Figure 8 shows the EPMA spectrum of Nd-YAG spec-
imen sintered at 1,100 °C (SEM, Fig. 7c). The unit cell
formula was estimated using oxide formula method [20]
and the data are presented in Table 4. The result uncovered
that YAG specimen consisted of single Y3 4Al406012
phase with atomic ratio of yttrium, aluminum, and oxygen

Table 3 Refined positional parameters obtained from the Rietveld
refinement of Y3AlsO;, X-ray diffraction data

Atoms Positions  x y z B

Y 24c 0.1250 0.0000 0.2500  0.6000
Al(1) 16a 0.0000 0.0000 0.0000  0.5000
Al(2) 24d 0.3750 0.0000 0.2500  0.3000
(¢} 96h —0.02944  0.04492  0.1325 6.6000
Lattice . Unit cello Ry/% Ryp/%  Rexy/%  GOF/%
parameter/A  volume/A>

12.024 1738.56 10.00 13.72 6.48 447

Fig. 7 a—c SEM images. a YAG powder calcined at 900 °C for 4 h,
b YAG pellet sintered at 1,100 °C for 2 h, and ¢ Nd-YAG pellet
sintered at 1,100 °C for 2 h

close to 3:5:12. Thus, the Y3 p4Al406012 and Ndg g
Y5.06Al40301, oxide powders with nearly single cubic
phase were obtained.
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Fig. 8 EPMA spectra of Nd-YAG

Table 4 Determination number of atoms per unit cell

Elements Composition Mole No. of atoms
- - ratios per unit cell
Atomic Oxides
% %
Aluminum (Al) 8.46 25.04 0.2455 4.93
Yttrium(Y) 57.15 30.30 0.1474 2.96
Neodymium (Nd)  0.92 1.74 0.005 0.10
Oxygen Calculated from 12
empirical formula [15]
Unit cell formula Y3'04A14‘96012 Nd0'10Y2‘96
Aly 93012

Conclusions

The fine and homogeneous crystals of Y3;Al;0;, and Nd-
Y3Al50;, oxide powder have successfully been grown by
sol spray pyrolysis process without using organic tem-
plates. FTIR spectrum of crystals grown at 900 °C unfol-
ded the presence of Al-O and Y-O bands. The presence of
compact water molecule was detected. The results of
Raman spectra indicated that the undoped YAG and Nd-
YAG crystals had similar spectra and doping did not
influence the spectral properties such as lattice vibration.
The XRD and SEM studies confirmed that the sol spray
pyrolysis process produced single-phase garnet structure of
Y3.04A14.96012 and NdO.lO Y2.96A14.93012 pOWdCI'. The syn-
thesized products had composition uniformity, lower resid-
ual oxide, cubic phase with a ratio of yttrium, aluminum, and
oxygen close to 3:5:12 (Y,.97Al5,03011 g5) and smaller par-
ticle size. Single-phase Y3 04Als06012 and Ndg10Y2.06
Aly 9301, powders with grain size (~10-15 pm) were
obtained from the pellet specimen sintered at 1,100 °C
for 2 h.
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