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The incorporation of neodymium ions or nanoscaled
Nd-based phases in insulating hosts has important
applications as solid-state laser materials, phosphors for
fluorescent lighting, optical amplifiers, etc.1:2 A homo-
geneous distribution of Nd3* ions, in a host matrix, is
difficult to achieve due to their clustering tendency. To
keep the Nd3* ions homogeneously dispersed, alumina
is added as a codopant which eliminates microscopic
segregation by providing Nd3* ions a favorable coordi-
nation state.®> The Nd—Al oxide ceramics are usually
prepared either from solid-state reaction of Nd,O3 and
Al,03% or by the CVD of NdCl3 and AICl3.# Whereas the
first method demands high temperatures (>1600 °C) for
the diffusion of one component into the other, the
limitations of the latter approach are the low vapor
pressures of rare earth halides and the contamination
of chloride ions, in the resulting ceramics. In this
context, the use of a single-source metal—organic pre-
cursor containing preformed Nd—O—Al bonds can be a
better route to nanophase Nd—Al oxide systems. More-
over, a multisource synthesis of Nd—AI—O ceramics
using individual components is hampered by the lack
of suitable Nd precursors with sufficient volatility.
Besides an easy process control, the main advantages
of the molecular precursor approach® are the atomic
level mixing of the components, significantly low de-
composition temperatures, and the absence of contami-
nating halide ions. We report here on the first deposition
of thin films of nanoscaled NdAIO3/Al,O3 composite by
CVD.
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The efficiency of CVD process depends crucially on
the synthesis of high-purity precursors with a high
vapor pressure and gas-phase stability.5>® The mixed-
metal Nd—Al alkoxide, used in this study, was prepared
following the procedure reported by Mehrotra.” Owing
to a large number of conflicting reports® on the identity
of lanthanide—aluminum mixed-metal alkoxides, we
have performed a single-crystal diffraction analysis® to
establish the structure and the heterometal composition
of the precursor. The solid-state structure (Figure 1) of
the molecule [Nd{ AI(OPr'),}3(PriOH)] formally results
from a bidentate ligation of three monoanionic tetra-
isopropoxo aluminate units ({Al(OPri)4} ) to a central
Nd3* cation. The strong chelation of {AI(OR)4} ~ units
(see Al-0O bond distances, Figure 1) imparts a high
stability to the heterometal framework resulting in an
intact vapor transport of 1. The molecule exists as an
alcohol adduct, in the solid state; however, the “alcohol
free” compound [Nd{ AI(OPri),} 5] is also thermally stable
and could be obtained by the distillation of 1 under
vacuum (110—115 °C/1072 mbar).

The gas-phase pyrolysis of [Nd{ AI(OPri)4} 3(PriOH)] (1)
was performed in a low-pressure chemical vapor deposi-
tion (LP CVD) apparatus. The experimental setup was
similar to that described in the other studies from this
group.5¢410 The substrates (steel, copper, silicon) were
heated inductively by a high-frequency generator. The
precursor was directed to hot (500 °C) substrates at low
pressures (1072—10-3 mbar) and the volatile byproducts
formed in the thermolysis were on-line analyzed by a
guadrupole mass spectrometer, coupled to the CVD
assembly. The deposition of thin films was examined
in the temperature range 400—550 °C. The growth rates
were found to be significant (5—7 um/h) at 500 °C and
films of thickness 500 nm to 10 um were deposited on
different substrates, at this temperature. The films
obtained at lower temperature (<500 °C) showed a high
organic contamination (up to 4 at. %), whereas at higher
deposition temperatures (above 550 °C), the adhesion
of the films on the target substrate was poor and a
significant amount of the product decomposed in the gas
phase before reaching the target. The films obtained
were purple colored with a glassy appearance. The SEM
images (Figure 2) revealed smooth surfaces made up of
spherical particles which was complemented by AFM
studies (see later). The mass spectra revealed isopropyl
alcohol, acetone, propene, and hydrogen as the pyrolysis
products; the decomposition mechanism (ionic and/or
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WR; = 0.1271. R indices (all data): R; = 0.0558, wR, = 0.1347.

© 2000 American Chemical Society

Published on Web 02/02/2000



272 Chem. Mater., Vol. 12, No. 2, 2000

Figure 1. Molecular structure of [Nd{AI(OPr)}3(PriOH)].
Selected bond distances (A) and angles (deg): Nd(1)—0(2),
2.385(4); Nd(1)—0(3), 2.400(4); Nd(1)—0O(1), 2.404(4); Nd(1)—
0O(4), 2.427(4); Nd(1)—O(5), 2.429(4); Nd(1)—O(7), 2.495(4); Nd-
(1)—0(6), 2.553(5); av Al—0 (terminal), 1.690; av Al-0 (bridg-
ing), 1.788 [the dotted line indicates the interaction between
the hydroxy proton of the coordinated alcohol ligand (O(6)) and
the oxygen atom of the terminal —OPr' ligand (O(10)) present
on AI(3)]; O(6)—0(10), 2.819; O(1)—Nd(1)—0O(4), 62.29(13);
O(3)—Nd(1)—0O(7), 61.98(15); O(2)—Nd(1)—0O(5), 121.31(14);
O(4)—Nd(1)—0(6), 79.84(15); O(2)—Nd(1)—0(1), 94.76(15); O(7)—
Nd(1)—0O(6), 70.86(15); O(2)—Nd(1)—0O(3), 174.85(13); O(2)—
Nd(1)—0(3), 174.85(13); O(5)—Nd(1)—0(6), 127.07(15); O(1)—
Nd(1)—0(6), 141.99(15); O(2)—Nd(1)—0(4), 88.95(13); O(4)—
Nd(1)—0O(7), 138.40(14); O(3)—Nd(1)—0O(1), 88.14(15); O(1)—
Nd(1)—O(7), 137.39(14).
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Figure 2. Scanning electron micrograph of the film deposited
at 500 °C on a steel target.

radical) of the —OPri ligand is not being discussed here.
The identification of the gaseous products was achieved
by recording the mass spectrum of the individual
components under similar experimental conditions. A
differential peak analysis performed by stripping se-
guentially the observed fragmentation patterns, of the
standard samples, from the complete mass spectra
recorded during the CVD process conformed to the
decomposition reaction:
[Nd{ AI(OPF'),} ,(HOPr)] 225 NdAIO,/ALO, +
(x+1)Pr'OH + yCH, = CH—CH, + z(CH,),C=0 +
mH, (1)

where xly = 1, x>y, z, mand x +y + z = 12).
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Figure 3. Room-temperature XRD powder trace of the film
material sintered at different temperatures: (O) PDF [29-56]
NdAIO; phase; (B) PDF [10 425] y-Al,O3 phase; (®) PDF [04-
877] 0-Al,03 phase; (O) PDF [04-878] «-Al,O3 phase.
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The average metal ratios determined by energy-
dispersive X-ray analysis in as-obtained and annealed
samples correspond (4+1.5%) to the metal stoichiometry
(Nd:Al = 1:3) present in the precursor and in both the
cases no element segregation was observed on a sub-
micrometer level. The quantification of the results was
achieved by measuring standards and employing the
SEM Quant software with a ZAF correction procedure
which revealed the formal composition to be NdAI;Oe.
The determination of Nd and Al contents by chemical
analysis of the solid deposits corroborated the EDX
analysis. The upper limit of embedded carbon impurities
introduced during the CVD process was ~2 at. %. The
carbon content in the heat treated (800 °C) films was
significantly low (<0.3%).

The films obtained after the CVD (500 °C) were
strongly attached to the substrates; however, solid
product could be obtained on quenching the hot sub-
strates with a cold helium stream. The flakes of pure
deposits were grained and filled in glass capillaries for
X-ray diffraction studies. The deposits obtained at 500
°C are amorphous (XRD, Figure 3) and postannealing
was necessary for the identification of crystalline phases.
The XRD pattern of the CVD deposit sintered at 800
°C shows NdAIO; (JCPDS card no. [29-56])!! to be the
only crystalline phase (Figure 3). The diffraction peaks
were broad, probably due to an incomplete crystalliza-
tion process or very small crystallite size. Together with
the formal chemical composition (NdAI3Og) of films and
the broad XRD features at lower 26 values (typically
observed in aluminates'?2!® with a high amorphous
content) indicates alumina to be the second phase.
Curiously, the alumina, in the obtained composite,
remained amorphous until 1200 °C which is higher than
the temperature normally required for the crystalliza-
tion of y-alumina (~750 °C).1® Nevertheless, the crystal-
lization of transition aluminas (mixture of y, «, and 6
phases, JCPDS card nos. [10-425], [04-878], and [04-
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Figure 4. AFM images of the film obtained at 500 °C on a silicon wafer: (a) topographic (100 x 100 nm?) and (b) 3D representation.

877], respectively)!! was observed at 1400 °C (Figure
2). The slow crystallization of alumina and the steady
growth of the NdAIO; crystallites illustrates how the
coexistence of one phase can influence the crystallization
behavior of the other in nanocomposites formed by a
single precursor.

The films are nonconducting and since their rough-
ness lies in nanometer scale, the surface morphology
and microstructure of the films were examined by
atomic force microscopy, using silicon or silicon nitride
tips, on a Nanoscope Il microscope of Digital Instru-
ments. The AFM images, in friction (contact mode) and
3D (tapping mode) modes of a film deposited (500 °C)
on a silicon target, are shown in Figure 4a and b,
respectively. The friction image shows an even globular
topology with particles of an average diameter of 30—
40 nm while the 3D image exhibits the elevation
(roughness) ranging from 20 to 50 nm.

The depth-resolved compositional homogeneity, with
respect to the elemental distribution in the films, was
obtained by glow discharge mass spectromeric analysis
(GDMS) on a GLOQUAD spectrometer (VG Elemental)
working with a low-pressure argon plasma. A typical
GDMS depth profile obtained for Nd—AI—-0O system is
shown in Figure 5. The graph shows the data after
applying RSF (relative sensitivity factor) correction
which is related to the emission intensity of a specific
element.?* The RSF values were determined by analyz-
ing standard mixtures of pure aluminum and neody-
mium oxides in 3:1 molar ratio with known sputtering
rates. The RSF corrected depth profile (Figure 5) shows
three distinct regions: (i) the first minor part (scans
0—10) corresponds to adsorbants film (surfacial con-
tamination); (ii) the second and the major part (scans
10—-75) represents the film material and reveals the
consistency level of element ratios in the solid film; (iii)
the coating—substrate interface shows up in the third
part as indicated by a reduced level of signal corre-
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Figure 5. GDMS profile of a Nd—AI-0 film deposited on

steel, after applying the RSF correction.

sponding to the film compostion and the dominance of
the substrate material (Fe) at higher scan numbers
(scans above 75). The results illustrate that the Nd:Al
ratio in the films corresponds to that present in the
molecular precursor (Nd:Al = 1:3). The molar ratio of
expected elements (Nd, Al, and O) obtained by plotting
the element ratios against the number of scans gave the
O:Al ratio of 2:1 which corresponds to the expected value
in NdAI;O. These observations confirm the CVD de-
posits to be pure oxidic films of formal composition
NdAI;Og, a fact also borne out by the EDX and elemen-
tal analyses.

In the TEM studies, the film material sintered below
800 °C, shows a homogeneous distribution of particles
with nearly equal sizes; however, they differed in the
morphology and composition. The EDX analysis re-
vealed the composition to be NdAIO3; and Al,O3 while
the selective-area electron diffraction (SAED) pattern
exhibited a high amount of diffuse scattering, indicating
the ceramic to be largely amorphous. The alumina
content remained X-ray amorphous until 1200 °C; how-
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Figure 6. TEM image of the CVD deposit after sintering at 1400 °C.

ever, well-faceted grains with Al,O3 composition (EDX)
were observed in the TEM images of powders sintered
at 1000 °C. The sintering at higher temperature (1400
°C) gave a bimodal grain size distribution (Figure 6) of
two nanocrystalline phases as confirmed by the XRD
measurements. The characteristic grain sizes are 20—
40 (Al,03) and 200—300 (NdAIO3) nm. The composition
of larger grains, determined by spot EDX analysis,
corresponds to NdAIOs; whereas the smaller particles
forming the matrix are of alumina. In summary, the
present work demonstrates the use of heterometal
alkoxides, generally used for producing high-homogene-
ity in the single-phase ceramics, to obtain a ceramic—
ceramic composite of two distinct nanocrystalline phases
(nanoheterogeneity).
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