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Abstract—The synthesis of hydrolytically active heteroligand coordination compounds [M(C5H7O2)3 – x(C5H11Oi)x]
(where M = Al3+ and Y3+) using aluminum and yttrium acetylacetonates has been studied. The gel forma-
tion kinetics in their solutions upon hydrolysis and polycondensation has also been studied. Thin films of
a solution of these precursors have been applied to polished sapphire substrates by dip coating. The crys-
tallization of nanostructured yttrium aluminum garnet (Y3Al5O12) films during heat treatment of xerogel
coatings under various conditions has been studied. How the phase composition, microstructure, and par-
ticle size depend on the synthesis parameters has been recognized.
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The rapid growth of industries in the world makes
the design of new materials that would satisfy contem-
porary performance requirements increasingly topi-
cal. In the field of electronics and optics, for example,
the production of thin film materials of complex com-
position, specifically that comprise yttrium aluminum
garnet (Y3Al5O12), becomes topical. The scientific
community pays much attention to studies into auto-
located excitons, luminescence, and photoelectron
emission in the context of a potential scintillation use
of similar films produced by liquid-phase epitaxy [1–
4]. Cerium-doped yttrium aluminum garnet can also
be deposited as coatings by sedimentation [5]; in some
cases, particles are coated with silica for enhancing
luminescence [6]. Rare-earth dopants such as ter-
bium, europium, and neodymium are also used, and
coatings are applied by pulsed laser deposition or sol—
gel technology using alkoxides, acetates, and inor-
ganic salts of metals [7–10]. In spite of the merits of
the above-described methods, there is now need in new
technologies that would make it possible to tailor the
characteristics of the films such as thickness, phase com-
position, and microstructure. One such strategy is sol–
gel technology where the precursors are hydrolytically
active heteroligand complexes [M(C5H7O2)x(OR)y],
which are prepared via controlled partial destructive
substitution of alkoxy moieties for β-diketonate
ligands. An alteration of composition in the coordina-
tion sphere of the precursor determines its reactivity
and, accordingly, the kinetics of rheology of its solu-
tions upon hydrolysis and polycondensation, which is
of special importance for thin film formation. This
strategy makes it possible to prepare both highly

disperse metal oxides in powders [11–13], thin nano-
structured films [14, 15], microtubes [16], or compos-
ite matrices [17], and refractory carbides [18–20].

Therefore, our study was directed to the specifics of
synthesis of hydrolytically active heteroligand com-
plexes [M(C5H7O2)3 – x(C5H11Oi)x] (where M = Al3+

and Y3+) and to use them in the manufacture of thin
nanostructured films of yttrium aluminum garnet
(Y3Al5O12) on sapphire substrates.

EXPERIMENTAL
Metal acetylacetonates were prepared from

Y(NO3)3 · 6H2O (chemically pure grade), Al(NO3)3 ·
9H2O (pure grade), C5H8O2 (pure), and 5% aqueous
solution of NH3 · H2O (high purity grade). The solvent
used for the prepared chelates and the source of alkoxy
groups in the synthesis of heteroligand complexes was
isoamyl alcohol iC5H11OH (pure for analysis grade).

The precursors [M(C5H7O2)3 – x(C5H11Oi)x] (where
M = Al3+ and Y3+) were prepared by the heat treat-
ment of a solution of aluminum and yttrium acetylac-
etonates in isoamyl alcohol in a round-bottomed flask
equipped with a refluxer on a sand bath.

Films of solution of heteroligand complexes were
applied to polished polycrystalline sapphire substrates
by the dip-coating method.

Electronic (UV–Vis) spectra of solutions of coor-
dination compounds before and after C5H7O2 ligands
were substituted were recorded on an SF-56 UV–Vis
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spectrophotometer once the solutions were diluted
with butanol (to с = 4 × 10–4 mol/L).

IR transmission spectra of solutions before and
after C5H7O2 ligands were substituted were recorded
on an FT-08 Infralum FT-IR spectrometer (KBr
glasses; wavenumber window: 350–4000 cm–1). For
recording IR reflection spectra of oxide films, a PIKE
EasiDiff diffuse reflection unit was used.

The evolution of rheology of the solution of heter-
oligand precursor during hydrolysis and polyconden-
sation was studied with a Fungilab Smart L rotational
viscometer (shear speed: 100 rpm; L2 spindle; tem-
perature: 22 ± 2°С).

X-ray diffraction patterns from the surface of oxide
films were recorded on a D8 Advance (Bruker) X-ray
diffractometer in the range 28°–35° 2θ with 0.02° reso-
lution and a signal accumulation time per point of 2 s.

The microstructure of oxide films was studied with
an NVision 40 (Carl Zeiss) three-beam workstation
equipped with an EDX Oxford Instruments energy-
dispersive analysis unit, and with a Solver Pro-M
scanning probe microscope.

The adhesion of films was studied by a standard
V-notch test using an Elcometer 107 adhesion meter.

RESULTS AND DISCUSSION
Synthesis of Heteroligand Precursors

A solution of the as-synthesized complexes
[Y(C5H7O2)3] and [Al(C5H7O2)3] in isoamyl alcohol
with the metal ratio set by the stoichiometry of the tar-

get oxide Y3Al5O12, was prepared in a round-bottomed
flask equipped with a refluxer. The solution was heat
treated at the boiling temperature (131 ± 2°С) on a sand
bath for 5 h (the total metal concentration was 0.2 mol/L).
As a result, there was partial destructive substitution of
C5H11Oi groups for C5H7O2 ligands, which was veri-
fied by a reduction in intensity of IR absorption bands
of the solution in the range 1500–1700 cm–1 (these
bands relate to the stretching vibrations of С=С and
С=О in coordinated chelate moieties) and the appear-
ance of a new double absorption band in the range
1700–1760 cm—1 (this band arises from the ν(С=О)
mode of side reaction products, namely acetone and
ester). In the UV–Vis spectrum of the solution of het-
eroligand precursors diluted to a metal concentration
of 4 × 10–4 mol/L, absorption bands were also reduced
in intensity in the range 250–320 nm (this range is
characteristic of coordinated acetylacetonate ligands).
The degree of substitution of alkoxy moieties for
C5H7O2 groups was 93% as estimated from the Bou-
guer–Lambert–Beer law.

How the rheology of the solution of heteroligand
precursors changed upon hydrolysis and polyconden-
sation was studied by rotational viscometry. Addition
of a hydrolyzing component (ethanolic solution of
water: 0.42 mL, φ(H2O) = 0.3) to the solution of
[M(C5H7O2)3 – x(C5H11Oi)x] (14 mL) induced hydro-
lysis and subsequent polycondensation, with an
attendant increase in dynamic viscosity over time and
the formation of a transparent gel (Fig. 1). Figure 1
makes it clear that the dynamic viscosity of the sys-

Fig. 1. (a) Dynamic viscosity of solution of aluminum and yttrium alkoxyacetylacetonates during hydrolysis and (b) its derivative
curve.
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tem increased by a factor of more than 40 (from 7 to
300 cP) in 18.5 min, and the derivative curve in this
figure shows that the peak gel formation rate, equal to
27 cP/min, was attained in 10 min since the hydrolysis
was initiated. The run of the derivative curve also
manifests the two-step character of the process, whose
rate decreases in the range 10–14 min (to 19 cP) and
then increases again. Thus, the heteroligand precur-
sors synthesized are shown to actively react with water
with an attendant strong change in rheology of their
solutions, and this should be taken into account in the
manufacture of thin films of tailored thickness and tai-
lored microstructure.

Application of Thin Films of Precursor Solutions to 
Polished Sapphire Substrates

As we showed earlier [15], when a thin film of a solution
of heteroligand complexes [M(C5H7O2)3 – x(C5H11O)x] is
applied to the substrate surface at 22°С, acetone and
ester are consecutively evaporated from the film bulk
(in 5 min), followed by the isoamyl alcohol solvent (in
30 min). The hydrolysis of the precursor by atmo-
spheric moisture ends in 60 min. Relying on these
results, we coated the surface of polished polycrystal-
line sapphire substrates with a thin film of the as-pre-
pared solution of aluminum and yttrium alkoxyacety-
lacetonates by dip coating (withdrawal rate: 1 mm/s);
afterwards, the samples were kept in air for 60 min for
the completion of formation of a thin xerogel film.

Crystallization of Y3Al5O12 Thin Films
The sapphire substrate samples coated with thin

xerogel films were then heat-treated under various
conditions in order to study the crystallization of
yttrium aluminum garnet.

Heating was performed to 800, 1000, and 1200°С at
a rate of ~20 K/min without exposure and was fol-
lowed by cooling. The surfaces of the thus-prepared
films were then studied by IR spectroscopy. The IR
reflection spectra (Fig. 2) show strong absorption
bands characteristic of yttrium aluminum garnet that
appeared after the xerogel film was heated above
1000°С.

The results of X-ray powder diffraction analysis of
the surface of samples (Fig. 3) imply that the oxide
film remains X-ray amorphous at 800°С. Heating of
the xerogel coating to 1000°С results in the crystalliza-
tion of the target cubic phase (yttrium aluminum gar-
net) with an average crystallite size of 25 nm. The
X-ray diffraction pattern also features a ref lection
from the orthorhombic phase of YAlO3. When tem-
perature rises further to 1200°С, a single-phase
Y3Al5O12 film is formed with an average crystallite size
of 40 nm, which agrees well with the results of IR spec-
troscopy. Thus, we may assume that, in our case, a rise

in temperature from 800 to 1200°С causes the consec-
utive crystallization of a highly disperse oxide film:
YAlO3 → Y3Al5O12.

From the results of microstructure analysis by
scanning electron microscopy (SEM), we may infer
that coatings become more textured and more porous
as temperature rises (Fig. 4). For the yttrium alumi-
num garnet film prepared at 1200°С, we observe self-
organization of elongated particles (200–300 nm long,
~100 nm in diameter), likely, in the direction of crys-
tallization centers, which are at distances of 3–5 μm
from one another. Microscopy also helped us to deter-
mine the factors that are responsible for the appear-
ance of damages in coatings. The micrographs show

Fig. 2. IR reflection spectra of Y3Al5O12 films on sapphire
substrates prepared at (1) 800, (2) 1000, and (3) 1200°С.
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that, regardless of heat-treatment parameters, film
exfoliation in some regions is caused by an excessive
thickness of the precursor solution layer (>200 nm).
Further, defects with large height difference on the
substrate surface also result in coating breaks because
of locally uncompensated surface tension at the syner-
esis stage of the gel film.

The energy dispersive elemental analysis of surface
microregions of the films verified the set metal ratio
and the formation of the oxide Y3Al5O12.

The results of scanning probe microscopy (SPM)
support the character of film microstructure derived
from SEM images. The average size of constituent
particles of the coating increases from 30 to 50 nm as
temperature rises from 800 to 1000°С; the maximal
height difference across the 25 μm2 surface area
increases from 14 to 18 nm (Fig. 5). The ordered
microstructure of the yttrium aluminum garnet film
formed at 1200°С is also verified by this method: par-
ticles of elongated shapes are directed toward crystal-

lization centers, and the maximal height difference
across the 25 μm2 surface area is 60 nm. The regions of
directional organization of particles have sizes of ~3 μm,
and there are rather distinct boundaries between them.
The separation between crystallization centers is 3–5 μm
(Fig. 6), as by SEM data.

The adhesion of oxide films was evaluated by a
standard V-notch test. The nanostructured coatings
were found to refer to maximal adhesion classes of the
ISO (0) and ASTM (5B) international standards, and
the coating technology may be recommended to the
manufacturers of relevant structures.

Thus, we have studied the synthesis specifics of
hydrolytically active heteroligand coordination com-
pounds [M(C5H7O2)3 – x(C5H11Oi)x] (where M = Al3+

and Y3+) with a ~93% degree of substitution of alkoxy
moieties for chelating ligands, and studied the gel-for-
mation kinetics of their solutions upon hydrolysis and
polycondensation. We have used the precursor solu-

Fig. 3. X-ray diffraction patterns of Y3Al5O12 films prepared at various temperatures.
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tion to apply nanostructured thin films of yttrium alumi-
num garnet to sapphire substrates using the dip coating
method. Heating of the xerogel coating from 800 to
1200°С has been found to induce consecutive crystalliza-
tion of a highly disperse oxide film: YAlO3 → Y3Al5O12.
Heating to 1200°С gives rise to the self-organization of
a single-phase nanocrystalline thin Y3Al5O12 film that

consists of elongated particles (200–300 nm long,
~100 nm in diameter) ordered in the direction of crys-
tallization centers, which are separated at 3–5 μm
from each other.

Scanning probe microscopy helped us to discover
that the roughness of Y3Al5O12 films increases from 14
to 60 nm as the synthesis temperature rises; the films

Fig. 4. Microstructure of Y3Al5O12 films prepared at (a, b) 800, (c, d) 1000, and (e, f) 1200°С; defects are exfoliations and breaks
at (g) 800, (h) 1000, and (i) 1200°С (SEM).
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Fig. 5. Microstructure of Y3Al5O12 films prepared at (a, b) 800, (c, d) 1000, and (e, f) 1200°С (SPM).
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have the maximal adhesion classes according to inter-
national standards: ISO (0) and ASTM (5B).
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Fig. 6. Ordered microstructure of a Y3Al5O12 film pre-
pared at 1200°С (SPM).
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