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Extensive efforts are devoted to the development of metal
nanostructures for applications with far-reaching technolog-
ical impacts. Compelling examples include the enhancement
of photocatalysis!"™ and photoluminescence.”® Thus, silver
nanoparticles provide significant enhancement of the photo-
catalytic performance of TiO,,” and of the photolumines-
cence of InGaN/GaN quantum wells.*! Also, magnetoelectric
nanocomposites were proposed for the fabrication of devices
with magnetically controlled piezoelectricity” and high-
density magnetic data storage.”® The synthesis of functional
oxide thin films with embedded metallic nanoparticles can be
achieved by several approaches, as recently reviewed by
Walters and Parkin.”! The reported processes rely on sol—
gel,l"'®M physical,™ and chemical™' vapor deposition
(CVD). The functionality of the metal-metal-oxide nano-
composite thin films strongly depends on architectural
characteristics, such as the size and density of the metallic
nanoparticles, and on the composition of both phases. Beside
achievements with gold-based nanocomposites, none of the
proposed processes has achieved a reliable and individual
control of all these characteristics.

To reach this objective, which is a prerequisite for the
systematic design of nanocomposite functionality, we dem-
onstrate herein the potential of a new approach that relies on
mild and selective chemistries involving a weak oxidant and a
selective reducer. We have recently reported the growth of
technologically relevant magnetic and plasmonic metals and
alloys, including Fe, Co, Ni, Cu, Ag, Pt, and Ru, by an
approach that is driven by the intrinsic catalytic reactivity of
the corresponding metal cations used as precursors ([f3-
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Ag-ZnO film

Ni-ZnO film

Figure 1. TEM views of the as-grown Ag-ZnO (a—c) and Ni-ZnO (d-g)
nanocomposite thin film. Views of the cross-section of the layers are
given in (a) and (d); b) ZnO matrix area in the Ag-ZnO nanocompo-
site; ¢) an individual Ag nanoparticle in the ZnO matrix, while (e-g)
show nickel nanoparticles in the ZnO oxide matrix.
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diketonate complexes in general).'">'! Cations of these
metals, thereafter referred to as M1 category, are efficient
redox catalysts and we have shown using in-situ mass
spectrometry their ability to convert primary alcohols into
aldehydes, driving their own reduction under CVD condi-
tions. The catalytic dehydrogenation of primary alcohols
occurs above 190°C and makes hydrogen atoms locally
available for the stabilization of the diketonate ligands of
the metal precursor, which evaporate resulting in device-
quality metallic thin films. The overall reaction is highly
selective and non-sensitive to the presence of small fractions
of weak oxidizers, such as water vapor. Interestingly, metals
which do not exhibit enhanced thermally activated redox
catalytic reactivity are insensitive to the presence of primary
alcohols and therefore they are able to react with water vapor
to form the corresponding oxides. This category of metals is
referred to as M2 and includes Zn, Sn, and Ti, the oxide
phases of which exhibit interesting opto-electro-chemical
properties. Therefore, the growth of nanocomposite thin films
formed by embedded M1 metallic nanoparticles in a M2 oxide
matrix can be performed by CVD using alcohol as a selective
reducer and water as a weak oxidizer. This single-pot process
is described in the Supporting Information. Evidence is
provided below regarding the growth of nanocomposites
containing nanoparticles of noble and reactive metals, and an
example is given which demonstrates the systematic tuning of
the plasmonic properties of Au-ZnO-based nanocomposites
by the adjustment of the particle size/density and composition
of both phases.

Ag-ZnO and Ni-ZnO nanocomposite thin films were
grown using the M1/M2 oxide strategy, with TEM cross-

sectional micrographs presented in Figure la—c and Fig-
ure 1d-g. These films were obtained by alternating tailored
pulse sequences of 7,4, =20 min for the deposition of the
oxide phase and t,.,=2min for the deposition of the
metallic nanoparticles. The presence of two phases forming
a dense film can be distinguished in both cases. The micro-
graphs in Figures 1a and 1d show that nanocomposite films
with homogeneously distributed nanoparticles can be grown
to reach thicknesses of several hundred nanometers. The in-
situ formation of the metallic nanoparticles, prevents their
agglomeration and migration to the surface in contrast to
what is found in sol-gel and CVD processes with preformed
metallic nanoparticles.!'*!1:14

The high-resolution TEM micrograph of the Ag-ZnO
nanocomposite in the matrix area (Figure 1b) shows charac-
teristic interplanar spacing of the ZnO hexagonal lattice [A:
(002); B: (100)/PDF#36-1451], whereas the nanoparticles
(Figure 1¢) are faceted, single crystalline, and have the
interplanar spacing of the cubic lattice of metallic silver [A:
(111); B: (200)/PDF#04-0783]. Figure 1c shows a close
contact at the nanoparticle-matrix interface. The mean
crystallite size of 9.7 nm calculated from the X-ray diffraction
(XRD) patterns is slightly larger than the size of 5-7 nm
determined by TEM, which is probably due to the presence of
a small fraction of larger particles.

The metallic nanoparticles in the Ni-ZnO nanocomposite,
Figure 1e-g, are also faceted and at 2-4 nm, slightly smaller
than the silver nanoparticles. The metallic nature of the
embedded nanoparticles was confirmed in the X-ray photo-
emission spectroscopy (XPS) analysis (Figure 2) by the
absence of multiplets and shake-up-related satellites that
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Figure 2. XPS wide scans of the Ni-ZnO, Cu-ZnO, and Cu34Nig¢-ZnO nanocomposite thin films, and high-resolution Ni2p and Cu2p peaks. For
clarity, only selected XPS peaks were assigned, the non-assigned peaks correspond to Auger and minor XPS lines of Zn, O, Ni, or Cu. It is worth
noting that the X-ray source for the analysis of Ni-ZnO and CuNi-ZnO differs from that used for the analysis of the Cu-ZnO to minimize the
Auger peaks overlapping. The bulk composition of the films was obtained after Ar-ion etching of the surface. (BE: binding energy.)
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Figure 3. XRD patterns of the as-grown Ni-ZnO and Cu-ZnO nano-
composite thin films and the pattern of a ZnO thin film. Zinc oxide
diffractogram fits to the reference spectrum PDF no. 36-1451 of the
hexagonal lattice with the group symmetry (SG) P63 mc. The observed
reflexes correspond to (100), (002), (101), (102), and (103) from left to
right. Embedded silver in Ag-ZnO nanocomposite exhibits a character-
istic reflex of the cubic lattice (PDF no. 04-0783, SG: Fm3m), nickel in
Ni-ZnO exhibits characteristic reflexes of the hexagonal structure PDF
no. 45-1027 with the SG: P63 /mmc, while Cu in Cu-ZnO corresponds
to the cubic lattice PDF no. 04-0836 with the SG: Fm3m.

characterize oxidized nickel. The XRD analysis in Figure 3
indicates that nickel nanoparticles embedded in ZnO crys-
tallize in the hexagonal lattice (hcp). Previous studies shows
that nickel deposition from Ni(acac), and ethanol yields the
hep structure at low temperature while the cubic structure is
grown at 290°C or more.'™"l TEM also indicates some
hexagonal faceted nanoparticles with (Figure 1g). The mean
crystallite size of nickel nanoparticles was calculated to be
4.4 nm from the diffraction peaks broadening, in agreement
with the TEM observations. Combining the film’s composi-
tion extracted from XPS analysis and the particle sizes from
XRD, the density of particles in the film was estimated to be
1.9x 10" particlescm ™. Composites containing metallic
nickel nanoparticles can be considered as a basis for the
development of 3D high-density magnetic recording media,
and the association with ZnO is likely to result in magneto-
electric behavior. The magnetism of the nanoparticles can be
adjusted by alloying, whereas their size and density in the
matrix can be adjusted by controlling #,,.; and f,4. succes-
sively.

Figure 2 and Figure 3 also show the results of XPS and
XRD analyses of as-grown Cu-ZnO thin films using the same
deposition conditions. They confirm clearly the metallic
nature of the embedded copper nanoparticles with a mean
crystallite size of 11.6nm and a density of 7x 10" nano-
particlescm >,

The process can be extended to the incorporation of alloy
nanoparticles by simply utilizing an alcohol cocktail of the
targeted metals with the desired ratio. The XPS and XRD
analyses of Cu3Nije-ZnO nanocomposite thin film are
presented in Figure 2 and Figure 3. Both elements, Cu and Ni,
are present in the metallic state forming one alloy crystalline
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phase with a mean crystallite size of 6.6 nm and a density of
2.2 x 10" nanoparticlescm™>. The results in Figures 1-3 dem-
onstrate the versatility of the catalytically driven CVD as a
tool for the controlled synthesis of metal oxide matrices with
embedded reactive or noble metal nanoparticles and their
alloys.

Metallic nanoparticles show a strong optical absorption in
the visible spectral range due to the localized surface plasmon
(SP) resonance, which is a collective oscillation of the
conduction electrons that is described by the Mie theory.!
It is accepted that surface plasmons can excite semiconduc-
tors and semiconductors can excite surface plasmons.”! As a
result of this energy transfer, SPs can increase the density of
states and the spontaneous emission rate in the semiconduc-
tor, leading to an enhancement of light emission in, for
example, light-emitting diodes (LEDs), SPs can also focus
and trap light in thin films, which is useful for the improve-
ment of the efficiency of photovoltaic devices.'”) Coupling of
spontaneous emission or light absorption from the semi-
conductor material into the SPs of the metallic nanoparticles
requires short distances since the SP is, in nature, an
evanescent wave that exponentially decays with the dis-
tance.”! This criterion is best achieved when the metallic
nanoparticles are embedded into the functional semiconduc-
tor. A second requirement is the occurrence of resonant
energy transfer, which is achieved when the oscillator
frequencies of SP and semiconductor overlap. Several param-
eters might be controlled to adjust the SP resonance
frequency, and the CVD process described herein is very
suitable for fine-tuning these parameters.

Au-ZnO nanocomposite films were deposited with
increased .- The recorded spectra show a linear red shift
of the surface plasmon resonance (SPR) from 478 nm with
Lo =2 min 30 s to 570 nm with ¢, =45 min as shown in
Figure 4(1a,1b). The size of Au nanoparticles increases
linearly with #,., to reach 25nm at f,., =60 min. This
change in the particle size is insufficient to explain the large
effect on the SPR frequency. It is however worth mentioning
that the spill-out effect dominates for sub-10 nm Au-parti-
cles”® and is expected to blue-shift the SPR frequency at short
tmetar; While the plasmon coupling effect for close-lying Au
particles®®! induces a red-shift at long ... These two effects
add to the particle size effect to enable the plasmon frequency
tuning in a wide spectral range. As a metallic overlayer® or
in solution,! a linear trend of the SPR band maximum with
the particle size was also observed, but no systematic study
was reported for embedded metal particles in thin film
matrices.

An independent parameter for the control of the SPR
frequency, in addition to the variation of the dielectric
function of the metallic nanoparticles (see Supporting Infor-
mation), is the alteration of the refractive index of the host
oxide matrix, which can be increased in ZnO by titanium
doping. According to Mie’s theory, the SPR band maximum
depends on the medium’s refractive index (), as described by
Equation (1), where m, and e are the electron’s mass and
charge, ¢, is the high-frequency dielectric constant of the
metal, and N, is the density of free electrons on the metal
nanoparticles.””
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Figure 4. Schematic presentation of the Au-ZnO-based nanocomposite
thin films, their normalized visible absorption (a) and the surface
plasmon resonance (SPR) (b) as influenced by the particle size/
density (1) and the composition of the oxide matrix (2). The size/
density of Au nanoparticles were adjusted by the time in which the
metallic phase was grown (t,...), whereas the composition of the
oxide matrix was controlled by adjusting the composition of the liquid
feedstock used in the CVD process.

2o nc’m, (g, + 2n°)
max T

1)

Figure 4 (2a) shows the variation of the normalized visible
absorption spectra of the films obtained with varied compo-
sition of the feedstock of the oxide phase, while 7, was kept
constant at 20 min. The SPR, Figure 4 (2b), shows a linear
increase with the fraction of titanium precursor in the CVD
feedstock of the oxide phase. This linear dependency is in line
with the calculated and experimental results reported by Cao
et al.® and Medda et al.™"!

The proposed approach in this study exhibits an enormous
potential for the synthesis of immobilized M1 nanoparticles of
reactive and noble transition metals within the bulk of M2
functional oxide thin films. An accurate control of the
nanoparticle size and of the composition of the nanoparticles
and the host matrix was demonstrated. This highly flexible
synthesis approach enables the rational design of metal-
metal-oxide nanocomposite thin films and paves the way
towards the development of multifunctional magnetic-optical
and electrical devices, by using CVD which is a standard
industrial micro-fabrication technique.
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