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We have successfully developed high-quality laser-grade yttrium aluminum garnet (YAG), and lutetium oxide (Lu2O3), using
a novel combustion chemical vapor condensation (CCVC) technique based on a proprietary NanoSpray Combustion process.
The purity of the nanopowders was >99%. Nanopowders with different dopants have been synthesized over a 10–200 nm size
range, with low-cost, high-purity precursors that are viable for large-scale production. Great strides have also been made in
developing highly dense (>99% theoretical density) polycrystalline Nd-doped YAG pellets using vacuum sintering and hot isostatic
pressing (HIP). This method is an alternative to the Czochralski method for making single-crystal ceramic bodies, which has
several disadvantages including high cost, size, shape restrictions, and limitations in Nd concentrations (∼1 at %). Nanomaterials
also enable higher percentages of Nd to be incorporated into the YAG lattice which improves laser efficiency and >85% near IR
transmission, thereby reducing scattering losses associated with larger grain-size polycrystalline materials.

1. Introduction

In a little over a decade, ceramic-laser hosts have proven
themselves as being a promising option for enabling high-
power solid-state laser systems at significantly lower costs
compared to single-crystal gain medium. Yttrium aluminum
garnet (YAG) has emerged as the most widely produced laser
gain host and has enjoyed popularity as a substrate material
for optical components. The YAG host is a stable compound,
mechanically robust, physically hard, optically isotropic, and
transparent from below 300 nm to beyond 4 microns. The
industry-standard Czochralski process, while successful for
making single crystal materials like (YAG), is very expensive
and energy intensive as it needs the raw material to be heated
to temperature above the melting point of the material
(typically ≥2000◦C) [1]. The single crystals are also limited
in terms of the size and shape that they can be formed in [2].
In addition, solubility of rare earth dopants in some single
crystals is limited because of segregation of the dopants.
For example, the solubility of Nd is limited to 1 at %
in YAG single crystals during growth [3]. Thus, efficient
absorption of the excitation is limited, and it is difficult to
fabricate a high-efficiency and high-power laser even with the
maximum size of single crystals available [4]. On the other

hand, polycrystalline ceramic laser materials can be fabri-
cated at relatively low temperatures (<1800◦C) and are only
limited in size by the sintering ovens that are used to
densify them. Some optimized sintered laser ceramics even
demonstrated equal or superior optical quality compared
with conventional laser single crystal [5]. Furthermore, the
use of nanopowders with homogenous composition within
each particle allows for uniform distribution of dopants in
the ensuing ceramic body. A YAG-based lasing system made
from nanopowders could be run at higher output energies,
high optical transmission, and have improved thermal
stability.

Recently, Yb-doped crystalline sesquioxides Yb3+:Y2O3,
Yb3+:Sc2O3, and Yb3+:Lu2O3 have proved to be very attrac-
tive gain media for high-power femtosecond lasers since
they have excellent thermal-mechanic properties [6]. For
example, the thermal conductivity for Lu2O3 single crystal
is reported to be 12.5 W/mK. Although the thermal con-
ductivities depend on the concentration of Yb3+ ions, these
sesquioxides are still considered to be of higher thermal
conductivity than that of Yb:YAG with the same doping
level. Among them, Yb3+:Lu2O3 single crystal has the highest
thermal conductivity of 11 W/mK with Yb doping (Yb
concentrations of 2.7 at %), while that value of Yb:YAG at the
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same doping level is about 6.8 W/mK [7]. Due to the high
cation densities in Lu2O3, Yb-ion density in 3% Yb:Lu2O3 is
comparable to that density in 5% Yb:YAG [8].

Many techniques have been used to synthesize nanopow-
ders, including coprecipitation, gel entrapment, hydrother-
mal, and spray pyrolysis [9–13]. The enabling NanoSpray
Combustion process used to make the nanopowders dis-
cussed in this publication is proprietary to nGimat. It
is an outbranch of nGimat’s combustion chemical vapor
deposition (CCVD) process which has been demonstrated
to create thin films of many different compositions at a
high rate for low cost [14, 15]. While CCVD process can
be used to form nanostructured thin films, the version of
this process that is used to make nanopowders is referred
to as combustion chemical vapor condensation (CCVC).
Both processes make use of inexpensive precursor chemicals
in solution, without having to resort to costly and bulky
furnaces, vacuum equipment, and reaction chambers. More
often than not, as-made films or nanopowders are suitable
for the application, thereby minimizing the need for time-
consuming postdeposition or postcollection treatments.
These compelling advantages of the nGimat NanoSpray
Combustion technique offer great potential to manufacture
better and lower cost nanopowders than competing methods
such as solution-precipitation, spray-pyrolysis, traditional
CVD, and plasma-arc techniques. By controlling the homo-
geneous nucleation/condensation of vapor emitted from the
NanoSpray Combustion flame, we are able to produce high-
quality nanopowders.

2. Synthesis of Nanopowders

When used in CCVC mode, the NanoSpray Combustion
synthesis method (Figure 1) can be summarized in the fol-
lowing four steps: (1) metering of the precursor solution and
process gases into the Nanomiser Device, (2) atomization
of the precursor solution to produce submicron droplets,
(3) combustion processing of the resulting vapors to form
nanopowder, and (4) collection of the nanopowder in dry
form or as a colloidal dispersion.

During the initial steps, chemical precursors such as
metal nitrates or metal carboxylates are dissolved in suitable
solvents, which also act as a fuel for combustion. Water-
soluble precursors may also be dissolved in water and then
mixed with a suitable liquid or vapor fuel. The chemical
precursor solution is atomized to a submicron level with the
proprietary Nanomiser Device, and the atomized droplets
are then mixed with the oxidizer and ignited to generate
a flame. The flame flash vaporizes the solvent and the
precursors then decompose and condense to form the
nanoparticles as shown in Figure 2. The number and the size
of nuclei formed in the flame are a function of the solution
density, viscosity, surface tension, and concentration. The
synthesized nanoparticles are then captured in dry (powder)
or wet (dispersion) product form. In contrast to conven-
tional spray flame pyrolysis, nGimat’s CCVC process is able
to produce nanopowders with grain sizes less than 10 nm
or controlled to be larger up to about 150 nm. By adjusting
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Figure 1: Schematic representation of NanoSpray combustion
System as used in CCVC mode.
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Figure 2: Schematic of nanoparticle production via the NanoSpray
Combustion process.

precursor solution concentrations and constituents, a wide
range of nanopowder stoichiometries and compositions can
be achieved. This flexibility is especially valuable for gen-
erating the complex multimetal compositions with unique
nanopowder characteristics. Furthermore, surface composi-
tion of the nanopowders can also be tailored by judicious
selection of precursor composition and process conditions.

During the flame synthesis, controlled thermal decom-
position of the precursor results in the formation of metal
and/or oxide vapors that consist of gaseous atoms, ions,
and molecular-oxide species (e.g., M–O “monomers,” <5 Å
in size), which react to form atomic clusters (e.g., (M–O)x,
where x ∼ 10 and the cluster is <5 nm in size) that
then may condense (coalesce) to form particles with a
size distribution in any range from 2 to 150 nm [15, 16].
Depending on the flame temperature and the position in the
flame where powder is collected, nonagglomerated particles
can be readily produced. The maximum flame temperature
is in the range of 1600–2000◦C, depending on the solvent,
precursor loading, and the Nanomiser Device atomization
power. By using a reducing atmosphere, a number of metal
nanopowders can be produced. The precursor composition
and process conditions influence the nanopowder composi-
tion, as well as the nanopowder size and morphology. More
than 100 nanopowder compositions have been fabricated
by the NanoSpray Combustion method, including ceria
(CeO2), Ba0.5-Sr0.5-TiO3 (BST), platinum, palladium, and
silver nanopowders.



ISRN Nanotechnology 3

Precursor solutions for YAG and Lu2O3 (LO) nanopow-
ders were formulated by dissolving metal-nitrate, metal-
alkoxide, or metal-carboxylate compounds of the appro-
priate metals (and dopants) into nonaqueous solvents. For
Y and Al, a high-purity yttrium carboxylate and a high-
purity Aluminum alkoxide were dissolved in an organic
solvent at the desired stoichiometry. The Yttrium carboxylate
was synthesized in-house from high-purity Y-carbonate
purchased from Metall Rare Earth Lt. (China). Metall Rare
Earth also supplied us with >99.99% lutetium carbonate
for Lu-carboxylate synthesis and >99.99% lutetium nitrate
which could be directly dissolved into solution solvent
for nanopowder production. In order to obtain a high-
purity neodymium precursor, Nd2O3 (99.997%, Alfa Aesar),
was refluxed in a carboxylic acid to make Nd-carboxylate.
Thermal analysis was performed using thermogravimetric
analysis (TGA) to determine the quantity of various surface
species on the precursor powders, water in particular. The
water content of the Lu and Yb nitrates were particularly
useful in determining precursor solution compositions for
producing doped Yb-LO nanopowders of the desired stoi-
chiometry. The concentration of neodymium was obtained
by TGA of the solution, to first evaporate the 2-ethylhexanoic
acid and subsequently ash the Nd(2eh)2 residue. The wt%
Nd was then calculated based on the weight of Nd2O3 ash
remaining. XRF of the ash was compared to XRF of the
standard impure ash and confirmed the absence of any
unwanted impurities. In particular, the Nd precursor was
tested for purity using XRF to detect presence of impurities
like Fe and Ce.

Using the above-mentioned precursors in nCCVC, we
have successfully synthesized several different compositions
of YAG and Lu2O3 nanopowders in doped and undoped
form. The analysis of these nanopowders and their conver-
sion to dense ceramics is discussed below.

3. Analysis of Nanopowders
The X-ray diffraction scans (XRD) scan for a Lu-carboxylate-
derived nanopowder in Figure 3 shows that the target Lu2O3

phase (ICDD-JCPDS no. 12-0728) was achieved, even in
as-synthesized (before further processing) form. The BET
(Brunauer, Emmett, and Teller) method was used to find
the surface area for this sample, and it was found to be
19.6 m2/g. This corresponds to an average particle size of
33 nm, assuming a density of 9.42 g/cc for Lu2O3. The X-
ray fluorescence (XRF) technique was primarily used for
purity testing, and it showed no detectable impurity peaks so
>99% pure material was made. Heat treatment or sintering
is done to enhance density, and in some cases it needed to get
the required phase of the nanopowders, and it also helps in
obtaining ceramic bodies.

Figure 4 demonstrates that as-made YAG is dominantly
amorphous but turns crystalline upon sintering. The XRD
of the sintered ceramic sample showed YAG phase (ICDD-
JCPDS no. 33-0040) with no secondary phases. The promi-
nent peaks are labeled with their respective Miller indices.

The TEM image in Figure 5 shows the particle size of
sintered YAG nanopowder to be in the range of 20–100 nm.

The BET method was used to find particle size and in turn
verified using TEM. Various particle sizes were made, but the
smaller sizes (<25 nm) were more difficult to densify during
the studies conducted.

4. Pellet Fabrication and Characterization

A slip-casting technique was used in order to make YAG pre-
forms (green-bodies) for sintering studies. YAG nanopowder
was dispersed in aqueous medium. The dispersion was
then slip cast into a 1-square-inch pellet by using a CaSO4

sulfate mold. The pellet surfaces were smoothed with sand
paper before sintering. The samples were placed in the
furnace for 24 hours at 1600◦C to make dense ceramic
ready for final hot isostatic pressing (HIP), in order to
make transparent pellet with high transmission. This sample
showed a modest increase in transparency but developed
a black cloud caused by oxygen deficiency in the center
slightly off to one side. The YAG samples were “HIPed” at
1700◦C for eight hours under a pressure of 200 MPa of argon.
This color disappeared during thermal etching at 1450◦C in
air. Defects that were visible as black spots in the vacuum-
sintered sample disappeared during HIPing. Figure 6 shows
the YAG-nanopowder pellet before and after HIP, with the
“HIPed” sample looking transparent and clear compared to
the sample before treatment. Typical weight loss on heat
treatment is less than 2%. Figure 7(a) shows the SEM image
of the microstructure of the resulting polycrystal following
pressing and sintering, indicating that the YAG pellet is
uniformly sintered with smooth texture. Similarly the YAG
nanopowder is pressed, sintered, and polished to form pellet
as shown in Figure 7(b). Polishing can lead to removal of the
surface defects that may contribute to decreased transmission
or even lower density.

Techniques for producing Lu2O3 ceramic green bodies
were also evaluated, using pellet pressing and electrophoretic
deposition (EPD). This is the simplest and fastest method,
however, it is not known for producing highly dense objects
due to trapped gas inclusions. Nanopowders were pressed
in a mold at a pressure of around 2000 psi for 30 seconds.
Samples, 2–4 mm in thickness and 13 mm in diameter, were
achieved. The vacuum atmosphere was chosen under the
assumption that interparticle pores with air could be mini-
mized by the vacuum atmosphere thereby increasing density
values. The sintering trials in air at 1700◦C lead to density
values ranging from 75% to 98% of full density. Multiple
sintering steps and hot isostatic pressing (HIP) could be used
to attain the high sintered body densities (>99%). In HIP,
isostatic pressures as high as 45,000 psi were used to sinter
the particles together. When carried out at temperatures as
high as 1700◦C, this process is usually done under inert
atmospheres. Achieving high-density sintered bodies out
of Lu2O3 nanopowders is significantly more challenging,
since Lu2O3 has a significantly higher melting temperature
than YAG or Y2O3, which thereby demands higher sintering
temperatures. More work is required to create dense ceramic
lutetium-oxide bodies with transparency numbers similar to
what we have achieved in YAG.
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Figure 3: XRD for lutetium-oxide nanopowder synthesized by nCCVC (a) before and (b) after heat treatment at around 1200◦C. The peaks
indicate pure lutetium phase and the reference PDF database file for Lu2O3 was used to label the larger peaks.
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Figure 4: XRD for yttrium aluminum oxide nanopowder (a) before and (b) after heat treatment at around 1700◦C, leading to the formation
of yttrium aluminum garnet (YAG) phase. The peaks after heat treatment indicate the YAG phase from the reference PDF database file.

Figure 5: TEM image of as-made YAG nanopowder.

The YAG nanopowder used to produce optically trans-
parent pellets was used to collect UV/Vis transmission
spectra showing strong response at 1064 nm. Laser testing

was done and spectra collected using a 3 mm spot-size
laser at 1024 nm. Nd:YAG lasers typically emit light with
a wavelength of 1064 nm, in the infrared [17, 18]. We
performed preliminary optical transparency measurements
using a UV/Vis spectrometer, and we could observe optical
transmission above 84% from 900 to 1450 nm as shown in
Figure 8 from two batches of pellets labeled as 91A-2 and
91B-1. The initial test on slope efficiency is measured to be
0.14, performed at an army research laboratory. More work
needs to be done on further optical testing like scattering loss,
and threshold for YAG and other nanopowder-based pellets.

5. Conclusions

In summary, we have successfully synthesized high-
purity yttrium aluminum garnet (YAG) and lutetium-oxide
(Lu2O3) nanopowders in undoped and doped form (1%
Nd) using novel combustion chemical vapor condensation
(CCVC) technique with purity >99.9%. Precursor selection,
precursor solution formulation, and process conditions
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(a) (b)

Figure 6: The YAG nanopowder pellet before (a) and (b) after HIP.

(a) (b)

Figure 7: Picture showing YAG pellets. (a) SEM micrograph of YAG pellet sintered in air at 1700◦C for 5 hours. (b) Pressed, sintered, and
polished pellet made from YAG nanopowder.
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Figure 8: Optical transmission spectra for two batches of YAG
pallets.

for combustion synthesis all play a critical role in the
formation and characteristics of the nanopowders. Elemental
and particle size analysis was done using XRD, XRF, BET,
and STEM confirmed the targeted phases, purity and size.
We also fabricated pellets from the nanopowders into a
highly dense, >99% ceramic bodies, and achieved translucent

polycrystalline laser host materials with grain size less than
1 µm and >85% transmission at 1064 nm, with a slope
efficiency of 0.144. Formation of these nanomaterials is
desired for production of military and commercial High
Energy Laser (HEL) systems.
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