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Abstract

Au–Al2O3 nanocomposite films are prepared with different Au contents on quartz

substrates by radio frequency co-sputtering technique and annealed at different temperatures.

The interactions between the Au nanoparticles and alumina matrix have been studied using

X-ray photoelectron spectroscopy (XPS) and infrared spectroscopy (IR). XPS analysis reveals

that both the Al and O atoms of the matrix are affected by the presence of Au nanoparticles

and also by annealing the samples. For the as-grown example, the Al 2p peak shifts towards

higher energy upon metal incorporation, whereas O 1s peak shifts towards lower binding

energy. The shift of the binding energies could be due to the redistribution of electronic charge

in Al2O3 caused by the incorporation of the Au nanoparticles. Due to the high

electronegativity, the incorporated Au does not form any oxide in alumina. On the other

hand, Al of the alumina matrix forms Al2Au alloy at the metal–oxide interface at room

temperature. Annealing the composites at temperatures higher than 200�C breaks the Al2Au

alloy leaving the Au in its elemental state. Infrared absorption measurements reveal the

formation of Au3 clusters in alumina due to Au incorporation. Evolutions of the metal–oxide

interface state and IR absorption peak with the variation of annealing temperature of the films

has been studied.
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1. Introduction

Most of the properties of metal–oxide materials are governed from the
interface phenomena like the formation of new compounds, electron transfer and
electrostatic interaction. Surface analysis methods like Auger electron
spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS) are the useful
techniques for the study of metal–oxide interactions like electronic structure
of the substrate and electronegativity of the deposited metal [1,2] along
with the estimation of charge variation of metal atoms in oxide atmosphere [3,4].
Several works have been published on the determination of Auger parameters to
study the above-mentioned effects in metal–oxide composite systems [5–8].
However, most of them deal with the metal deposited surfaces of oxide
substrates. For example, evolution of metal–oxide interface has been studied by
Ealet and Gillet [8] for metals of different electronegativities on alumina surface by
AES technique. The electronegativity of the deposited metals determines the
possibility of formation of their oxides or new compounds when they are
incorporated in an oxide environment.

Where the study of metal–oxide interface on metal deposited oxide substrates is
very important for acquiring the basic knowledge on the mechanism of interaction, a
similar study/evaluation in a bulk metal–oxide composite is very important for its
technological applications.

There has been a great interest on the growth and characterization of
metal nano-cluster composites in recent years due to their large non-linear
optical susceptibility [9–11], potential applications in chemical catalysis,
electronics and photonic materials [12–15]. In case of metal–oxide
composites, SiO2 is the mostly used host material. On the other hand, incorporation
of metal clusters in functional matrices like ZnO, TiO2, MgO and Al2O3 is
relatively recent [16–20]. Incorporation of metal clusters in such functional
matrices has some special advantage for their applications in catalysis and
electrolysis. However, for their applications, the study of metal–oxide interface is
very important.

In the present work we present the evolution of metal–oxide interface
in the Au–Al2O3 nanocomposite films prepared by r.f. co-sputtering
technique. Effect of annealing temperature on the chemical state of Au
in the alumina matrix environment has been studied by XPS technique.
Fourier Transform Infrared (FTIR) absorption technique has been used
to study the chemical and vibrational states of the Au atoms beyond the
interface. It has been observed that due to the high electronegativity of Au,
it does not form any oxide on incorporation in alumina matrix; whereas it
forms an alloy with the Al of the alumina matrix. Annealing the composite
films at temperatures above 200�C causes the dissociation of the latter alloy
due to the reduction of the solubility of Au in alumina matrix. Beyond the
interface, the incorporated Au in the alumina matrix remains in its trimmer Au3
cluster form.
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2. Experimental

Au–Al2O3 composite films were prepared on quartz glass substrates by co-
sputtering of Au and Al2O3 using an r.f. sputtering apparatus. Three pieces of Au
wires (0.5mm diameter, 99.999% Purity) of different lengths (1, 3, and 6mm) were
placed symmetrically on a 50mm diameter Al2O3 target (99.99% Purity) and
sputtered with 150W r.f. power at 15mTorr Ar gas pressure. The content of Au in
the samples was varied by varying the length of Au wires on the Al2O3 target. The as-
deposited films were annealed at 200�C, 400�C and 600�C for 2 h in argon
atmosphere. For the TEM observations, the composite films were deposited on
carbon-coated NaCl substrates and transferred subsequently to the copper grids.
The microstructure of the composite was observed by a JOEL-2010 transmission
electron microscope. The composition and chemical states of the elements in the
films were studied by a Perkin-Elmer (PHI 5600ci) XPS system. For XPS
measurements the AlKa line (1486.6 eV) was used. A Nicollet Magna 750 FTIR
spectrometer was used to record the diffuse reflectance spectra of the composite
films.

3. Results and discussion

3.1. Transmission electron microscopy

Fig. 1 shows the typical TEM microphotographs of as-deposited Au–Al2O3

composite films prepared with different Au contents. Formation of Au nanoparticles
in the films is evident, which are dispersed uniformly in the matrix. In the
films prepared with three pieces of Au wires of 1mm length, the average size
of the Au particles was 3.2 nm. The increment of Au content in the composite
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Fig. 1. Typical TEM micrographs of: (a) the matrix Al2O3 and of as-deposited Au–Al2O3 composite thin

films prepared with three pieces of Au wires of: (b) 1mm; and (c) 3mm length.
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films caused a small increment in the average size of the particles. For the films
prepared with Au wires of 3mm length, the average size of the nanoparticles was
5.1 nm.
Fig. 2 presents the typical micrographs of Au–Al2O3 composite films annealed at

different temperatures. When the films were annealed at 200�C, the dimension of the
particles did not increase noticeably. However, when the annealing temperature of
the samples increased to 400�C and 600�C, the small Au particles aggregated to form
bigger particles, with an average size of 25 and 46 nm, respectively. In general, the
average particle size depends on the annealing temperature. The results suggest that
the size of the Au particles in the Al2O3 matrix can be controlled by adjusting the
annealing temperature.

3.2. X-ray photoelectron spectroscopy

The metal–matrix interaction in the Au–Al2O3 nanocomposite films was studied
using XPS. Fig. 3 shows the core level XPS spectra in the Al 2p, Au 4f and O 1s
regions for Au–Al2O3 nanocomposites annealed at different temperatures. We can
observe that the peak with a binding energy ofB74 eV (associated to Al 2p emission)
shifts towards higher energy with the increase of annealing temperature. Whereas,
the O 1s peak (located at about 531 eV) shifts towards lower binding energy. The
position of XPS Au 4f peaks depends strongly on the chemical/electronic
environment surrounding it. The peaks located at around 83.5 and 87 eV were
assigned to the spin–orbit splitted components of the Au-4f level in the pure Au
metal [21]. Whereas, the remaining peaks (above 90.0 eV) represent the emissions
from the Au-4f within a different chemical environment. It is well established that
the binding energy shifts are characteristic of physical or chemical change in the
environment of the analyzed species. On the other hand, it has been observed that
the electronegativity of the incorporated metal plays a decisive role on the type of
interaction between the metal and alumina [8]. When the incorporated atoms have a
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Fig. 2. Typical TEM micrographs of Au–Al2O3 composite films prepared with 3 pieces of Au wires of

3mm length and annealed at: (a) 200�C; (b) 400�C; and (c) 600�C.
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higher electronegativity, the interaction is characterized by an electron transfer from
the oxide to the metal [8]. In our case, as the electronegativity of Au (2.2 in the
Pauling scale) is very high, a transfer of electrons from oxide (Al2O3) to the metal is
possible. From Fig. 3C, we can observe that the Au 4f5/2 peak position shifted to
lower energy with respect to that of pure gold (88.0 eV) for the annealed samples. As
the transfer of electrons from the matrix to gold particles is equivalent to the
reduction process of gold, the lower energy shift of the Au 4f band is expected. Due
to the same reason, the formation of gold oxide is less probable. It is to be noted that
in none of the samples we could detect the formation of gold oxide. However for the
untreated sample and 200�C annealed samples, there appeared a peak at about 90.40
and 90.20 eV, respectively. The peak positions did not suggest the formation of any
oxide species of gold. We assigned the peak as the Au 4f5/2 emission band of Al2Au
alloy formed in the as-grown composites. The position of the peak shifted a bit
towards higher energy in comparison with the reported value (89.5 eV) by Piao and
McIntyre [22] in thin film gold–aluminum alloy, due to the partial oxidation of the
alloy. On annealing the samples at 200�C, the alloy oxide reduces, causing a shift of
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Fig. 3. X-ray photoelectron spectra of Au–Al2O3 composite films prepared with three pieces of Au wires

of 3mm length: (a) as-grown; (b), (c) and (d) annealed at 200�C, 400�C and 600�C, respectively. The figure

shows the chemical shift in the Al 2p, O 1s and Au 4f regions.
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the peak position towards lower energy (90.20 eV). However, on annealing the
samples at higher temperatures, apart from the reduction of the alloy oxide, due to
the reduction of solubility of Au in alumina, the alloy dissociates to form pure gold.
The formation of bigger aggregates of Au in the samples annealed at temperatures
above 200�C supports the above argument.

3.3. Infrared spectroscopy

IR absorption of the Au–Al2O3 nanocomposite films have been studied for the
100–2500 cm�1 spectral range. For the spectral range 400–2500 cm�1 there appeared
only the absorption bands corresponding to the quartz substrates except a small
peak at about 530 cm�1 related to the alumina matrix (Fig. 4). There appeared no
absorption band related to the oxide state of gold for any sample. In Fig. 5, the IR
absorption spectra of the composite films for the 100–400 cm�1 spectral range are
presented. For all the composite films, the IR spectra revealed only one absorption
peak located at around 151 cm�1, intensity of which increases gradually depending
on their Au content and annealing temperature. This absorption peak is tentatively
assigned to the stretching symmetric (SS) vibrational mode of gold trimer (Au3). The
position of our experimental peak is very close to the calculated vibrational
frequency [23] for Au3 clusters. With the increase of the annealing temperature, there
was no significant change in the peak position.
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Fig. 4. FTIR diffuse reflectance spectra in the region of 400–1340 cm�1 of: (a) quartz; (b) Al2O3 matrix;

and (c); (d); (e) as-grown Au–Al2O3 nanocomposite films prepared with Au wires of 1, 3 and 6mm length,

respectively.
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4. Conclusions

The incorporation of Au in alumina matrix by sputtering produces Au
nanoparticles, the size of which depends mainly on the temperature of annealing
due to the strong temperature dependence of Au solubility in alumina. Due to the
high the electronegativity of Au, the incorporated Au remains in elemental state
without forming any oxide species. However, a part of incorporated Au in alumina
forms the Al2Au alloy at the metal–alumina interface at room temperature. On
annealing the samples at temperatures higher than 200�C, the alloy dissociates. The
incorporated Au remains in the Au3 cluster form inside the metal particles. On
increasing the annealing temperature, due to the breaking of Al2Au alloy and hence
availability of more elemental Au in the composites, the intensity of the Au3 IR
absorption band increases.
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