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nitride mixtures. For example, the above-mentioned lumi-
nescence sialons and CaAlSiNere synthesized at 1660
1800°C*MSi,O;N, (M = Ca, Sr, Ba) at 11061400°C3
The more active silicon diimide can be used instead of the
very stable silicon nitride (e.g., ’isNg'® and MSpO,N,t

at ~1550-1650°C). Solid—gas reactions at high tempera-
tures, which are widely used for the synthesis of single
nitrides®’ can also be applied to multinary nitride syntheses,
e.g., Ca-sialolt and SpSisNg!® at 1400-1500 °C. The
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Recently, some Eu-doped silicon-containing nitrides and

oxynitrides have shown very attractive luminescence proper-

ties: Ca- and Lie-sialons (yellow); M,SisNg (orange-red?,
MSi,O:N, (M = Ca, Sr, Ba; blue-yellow)? and CaAlSiN
(red)# indicating their promising applications as phosphors
for light-emitting diode (LED) devices. A stable red-light-
emitting phosphor has been intensively sought after for the
fabrication of LED devices emitting a warm white light. Such
devices, because of their high efficiency and long lifetime,

because of the chemical and thermal inertness of the starting
materials and the nonhomogeneity of their mixture. The only
reported low-temperature synthesis of multinary nitrides of
silicon is via reactions with nitrogen in a sodium flux. This
route, known for its ability to grow GaN crystai%)° has
been successful for the synthesis of some multinary nitride
crystals, e.g., MSib (M = Ca, Sr, Ba) crystals at 960
1100°C.* To the best of our knowledge, a solution process
for multinary nitride syntheses has not be reported up to now.

High-temperature products are often partially sintered and
thus post-synthesis grinding is necessary to obtain micrometer-
sized particles. In contrast, low-temperature processes may

are expected to replace the present incandescent and fluoproduce nanostructured materials with a variety of morphol-

rescent lamps. CaAlSi\vas found to be a very promising
material for use as a red phospHqupssessing red light-
emitting properties exceeding MisNg, and may be com-
mercialized in the near future for the fabrication of warm-
white LED devices.

Although there have been a variety of processes for the MPa

bulk synthesis of single nitrides at both high (e.g., hexagonal
SisN4 at 1306-1500°C,° cubic SN, at 2200 K under high
pressuré, GaN at 1008-1100 °C)” and low temperatures
(e.g., SiN4 at 450-600 °C .2 GaN at 286-800 °C),° low-

ogies and may be energy-effective. Low-temperature growth
of some nitrides in a flux is a promising method that avoids
extremely high pressures (up to several gigapascals) required
for high-temperature growth. For example, GaN crystals have

been grown in a sodium flux at 6600 °C in N, (<10
).9b,90

It is a well-known process to synthesize oxide materials
in aqueous solutions at low temperatures. This route, referred
to as soft solution processing, is environmentally benign,
energy-saving, and capable of synthesizing powders, films,

temperature approaches for multinary nitride syntheses areand crystals directly without post-firin§.One example is

rare. Multinary nitrides are generally synthesized via high-

the growth of high-quality quartz single crystals in a water

temperature solid-state reactions of presynthesized singlesp|ution under hydrothermal conditiofsBy comparing the
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water system with the ammonia system (Table 1), one can
expect the synthesis of nitrides in solutions of ammonia, the
analogue of water for oxide synthesis. In the water solution,
hydroxides are converted to oxides by losing water, whereas
in the ammonia solution, amides may convert to nitrides by
losing ammonia. The conversion may proceed via gradual
ammonia loss, first forming imides and then other more
polymerized intermediates. (Hereafter, we refer to metal
amides and their partially polymerized products as ammono-
metallates.) The ammonia solution processing may result in
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Table 1. Comparison of the Water System for Oxide Synthesis and 800
the Ammonia System for Nitride Synthesis. Here, M Represents a . Cu Karadiation
Metal
water system ammonia system 6004 -
acids: e.g., HF, HCI acids: e.g., NH,F, NH,CI1 . v CaAlSiN,
bases: e.g., NaOH, KOH bases: e.g., NaNH,, KNH, z v AN
> v ¢ Ni
hydrolysis forming hydroxide ammonolysis forming amide % 400
e.g., M-Cl + H,O - M-OH + e.g, M-Cl + 2NH; — M-NH, + S
HCl NH,4Cl b5
M + H,0 — M-OH + 0.5H, M + NH; — M-NH; + 0.5H, 200
hydroxide converts to oxide amide converts to nitride
2M-OH — M-O-M + H,0 M
3M-NH, — M-N_ +2NH, 0 N 4
LhARARARARY} T T T T T
M 10 20 30 40 50 60 70 80 90

29/°

. . . . Figure 1. XRD pattern of the product.
a variety of material forms (powders, films, single crystals) g P P

of binary and multinary compounds, analogous to the water
system.

Here, we demonstrate the synthesis of a silicon-containing
quaternary nitride, CaAlISijin the ammonia system under
supercritical conditions. This nitride was previously produced
via solid-state reactions of presynthesized, expensiyBlLa

(very moisture-sensitive), AIN, ar_1d315l4 at 160&18.0 0°C.* complete the conversion of the metals into ammonometalates.
We have been able to synthesize for the first time, to the Subsequently, it was further slowly heated (0.1 K/min) to
best of our knowled_ge, at temperatures up to 800 Eu- 800°C, during which the ammonometalates decomposed and
dopeq, weII—.cr.ystalllzed products showmg a _strong. Ted the CaAlISIN crystallized. The nitride product was isolated
emission. This is also the first synthesis of a multinary nitride after first washing with ethanol and then with dilute
via a solution process, to the best of our knowledge. hydrochloride acid (0.1 M).

To realize the synthesis, we first need to obtain ammono-
metallates of Ca, Al, and Si. The reactions of ammonia or
alkali metal amides with halides or some organometallics
can be used to obtain many ammonometallatéslowever,
the halide-containing system is not preferred for the synthesis
of nitrides containing alkaline earth metals, because the
halides of the alkaline earth metals are very stable according
to our preliminary experiments. On the other hand, the use
of organometallics would lead to carbon contamination. Thus,
we considered synthesizing them from pure metals. It was
found early last century that in a basic alkaline metal amide
melt or its ammonia solution, many metals are reactive,
forming alkaline metal ammonometallaté®mong calcium,
aluminum, and silicon, silicon is the most inactive, but it
also slowly reacts with molten sodium amide and potassium
amide at 356-400°C 182 Alloys may have a higher activity
than the constituent elements, e.g., during the nitridation o
alkaline earth metaisilicon alloys* We now describe the
successful synthesis of our targeted multinary nitride from
a Ca—Eu—AI-Si alloy. This metaammonometallate
nitride route can be a general “one-pot” method for the
synthesis of many multinary nitrides.

alloy powder 50um) was mixed with sodium amide (95%)

at a molar ratio of Na/Ca 5. The sample was loaded in a
nickel tube in a high-pressure autoclave. The synthesis was
performed in 100 MPa supercritical ammonia (see the
Supporting Information for details). The sample was first
allowed to react at 400C for a sufficient time (20 h) to

At 400 °C, the black alloy powder changed to a white
product of ammonometallates. It was extremely sensitive to
moisture, releasing ammonia gas and some times sparkling
when it was carefully removed from the nickel tube in air.
Upon being first washed with ethanol and then with dilute
hydrochloride acid, the sample was completely dissolved in
the acid. X-ray diffraction (XRD) indicated that the ethanol-
washed sample was amorphous. Our present analysis condi-
tions, however, do not allow a detailed analysis of the
ammonometalate product without being exposed to air. The
alloy—ammonometallates conversion was found to be com-
plete within 20 h even at 30TC, but the lowest temperature
that allows this conversion was not determined.

Upon a further increase in temperature to 8@ the
ammonometallates decomposed and were converted to
¢ CaAlSiNs. The XRD pattern indicated that the final obtained
product at 800°C was crystalline CaAISip(Figure 1). A
tiny amount of AIN was also detected. Also shown in the
XRD pattern is the presence of some nickel metal, which
was from the sample container (nickel tube). The lattice
parameters of our CaAlSgNorthorhombicCma1, No. 36)

In our synthesis, an alloy with the compositon Werea=?9.7813(3) Ab= 5.6626(3) A ant= 5.0570(2)
Cav.soEl0oAISi was made by melting the constituent metals A Which were estimated by applying the program UnitCell.
(Ca >99.5%, Eu>99.0%, Al 99.999%, Si 99.999%) These parameters are close to those of the high-temperature
followed by subsequent quenching in argon. The ground Product &= 9.8020(4) Ab = 5.6506(2) A, and = 5.0633-

(2) A).4 A volume-average particle size of 66(3) nm for our
(17) (a) Brown, G. M.; Maya, LJ. Am. Ceram. Socl988 71, 78. (b) sample was estimated using the Scherrer equation.
2a)it-e2>£i<i\é';|cglschhﬂm' mét';-ril%ggﬁg, 1Gé 232~: '(DC')SE?SIJ Yb;&e*:ekgtoﬂ Scanning electron microscopy (SEM) obgervanons (Figure
D.; Zer, A.; Fasel, C.; Zhou, Y.. Riedel, . Anorg. Allg. chem.  2) indicated that the particles of our CaAlSiproduct were

2005 631, 1449. bar-like, of which the length was up tol um and the
(18) (a) Levine, R.; Fernelius, W. GChem. Re. 1954 54, 449. (b)
Bergstrom, F. W.; Fernelius, W. @Chem. Re. 1937, 20, 413. (c)
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Figure 4. Photo of the sample with the illumination of a UV lamp €
365 nm).

. ) : , Our present synthesis is, nevertheless, far from optimized.
Figure 2. SEM images of the product showing an overview at low . .
magnification (a) and the crystal facets and habits at high magnifi- We have found from the XRD analysis that some calcium
cation (b). oxide was present in the sample before it was washed with
: : : : acid, indicating considerable oxygen contamination during
600 | . the synthesis. Oxygen contamination could deteriorate the
hexc=460 nm product via two mechanisms. First, because oxygen is much
] more affinitive to calcium than to aluminum and silicon, it
could extract calcium from the product, resulting in a calcium
deficiency, and consequently, a lower crystallinity of the
nitride. Second, Eu could enter into the oxide, leading to a
lower Eu concentration in the nitride. Either a low crystal-
linity or low Eu concentratiohcould result in a low emission
from the nitride. It has been reported that the emission
wavelength increases with the increasing Eu concentrétion.
0Lt AR ammam Eamm The emission peak wavelength of our sample, 644 nm

500 60(\)N | 7th/ 800 (Figure 3), is shorter than the high-temperature product
avelength /nm (Mitsubishi Chemical) with the same nominal Eu concentra-
tion (655 nm), suggesting a lower dopant level of Eu in our

) . ) nitride. Further work is now in progress to reduce the oxygen
thickness was~50—100 nm, consistent with the value of  contamination and to improve the quality of the products.

the size estimated from the XRD pattern. The particles

showed clear crystal facets and habits, suggesting that they In conclus_|on, a solution process for_multmary nitride
: syntheses via a metahmmonometallatenitride route has
were single crystals.

Eu-doped CaAlSiNis a red phosphor having a broad been proposed and demonstrated for the synthesis of Eu-

excitation band ranging from the UV region to 590 nm, with doped nanocrystalline CaAIS@Nn supercritical ammonia
. o at temperatures up to 80C, i.e., 1000°C lower than the

the most prominent excitation peak at 450 nm and another . thod. Th duct sh dast d emissi
peak at 335 nm.lts ability to be excited by both blue (460 grhe."'ous tr;]‘et. 0d. X € pro EC Sblowte aséong re er."'fs"’]?'
nm) and violet (405 nm) LEDs makes it very promising for f IS syn %'C rofl.JI € may Ie a etz IO prfo u<|:t§ a Vaf;e.g 0
the fabrication of warm-white LED devices. A strong red forms (powt er?, |mts, Ismg € cryts ?S)Tﬁ mu |'r]1ary E' rI' €s
emission of our sample was observed during the photo- trom nantos ructl.JI'resdq ?rr]ge crytsr,]ads. esnlgnltlﬁan ytcﬁlwe.r
luminescence analysis. An emission spectrum recorded with emperatures utiiized In this method may allow the Synthesis

the excitation of a blue light (460 nm) is presented in Figure of other various nitrides that are magces&ble via h'g.h'
3. Direct visual observation of the red emission was temperature processes because of their low decomposition
performed with the illumination of a UV lamp (365 nm), temperatures.

and the photo is shown in Figure 4. The intensity of the o _
emission reached one-third of that of a high-temperature Acknowledgment. We are thankful for the parual financial
(1800 °C) product (Mitsubishi Chemical, with the same support from NEDO_(NQW Energy and Industrial Technology
nominal Eu concentration) under the same measurement2€V€lopment Organization), Japan.

conditions. This result is significant if one considers that our

sample was synthesized up to only 80D, i.e., 1000°C Supporting Information Available: Experimental details for
lower than the high-temperature process. Further more ourthe synthesis and characterization of the nitride (PDF). This material
sample is nanocrystalline, which is not accessible by the high-is available free of charge via the Internet at http://pubs.acs.org.
temperature process. CM070994T
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Figure 3. Emission spectrum of the product with the excitation of a blue
light (1 = 460 nm).



