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Silica (SiO,)-metal oxide composites have a wide range of
potential applications in many fields such as catalysis, sensors,
optics, magnetism, and electronics. For example, SiO, or
mesoporous SiO, are often used as insulating matrices or
supports for metal oxide nanoparticles for catalytic and
sensor applications.'*! The addition of SiO, can enhance the
coercivity of CoFe,0, (CFO) in SiO,-CFO powders or CFO
thin films grown on silicon or silica substrates." Further-
more, SiO, can enhance the magnetoresistance in SiO,—
La,,;St,;MnO; composites.'! SiO, not only affects the
magnetic properties of magnetic materials but also modifies
the electrical properties of oxides. For instance, SiO, has been
used to enhance the dielectric constants of ZrSiO, and
HfSiO0,.™ In addition, SiO,~ZrO,, SiO,~HfO,, and SiO,—
SrTiO; (STO) composites have been investigated as possible
replacements for SiO, as the gate dielectric materials in
standard complementary metal-oxide-semiconductor
(CMOS) transistors."** Tt should be noted that most efforts
in this field have involved incorporating SiO, into metal oxide
powders or metal oxide polycrystalline films. The composites
are commonly prepared by the sol-gel method using tetra-
ethoxysilane (TEOS, Si(OC,Hs),) as the silica source.
Herein we report SiO, nanoparticles with grain sizes as
small as 10 nm embedded in epitaxial STO and CFO matrices
prepared by a solution approach involving polymer-assisted
deposition (PAD).”*?!l The water-soluble polymer controls
the desired viscosity and binds the metal ions to prevent
premature precipitation, which results in a homogeneous
distribution of the metal ions in solution and the formation of
uniform metal oxide thin films. Solutions of different metals
can be mixed to control the stoichiometry when preparing
complex metal oxides. We found that SiO, nanoparticles bind
to polyethyleneimine (PEI) polymer presumably by a surfac-
tant-like interaction of the polymer with the surface of the
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nanoparticles. The ease of forming the soluble SiO, nano-
particle solution makes it very attractive as a precursor to
SiO,-metal oxide composite films. Herein we have selected
STO and CFO to explore this unique synthetic route to
nanocomposite materials.

As compared to LAO (pseudo-cubic with a lattice
constant a of 0.3789 nm), STO is cubic with a =0.3905 nm,
while CFO possesses a face-centered-cubic inverse spinel
structure with ¢=0.838 nm (a/2=0.419 nm). Such small
lattice mismatches make it possible to grow both STO and
CFO epitaxially on LAO substrates. An analysis of the X-ray
diffraction (XRD) 6-26 scans indicates that only STO and
CFO (001) peaks are present, with no peaks attributable to
silica, thereby indicating that silica retains its amorphous
nature in the composite films. Figure 1 displays the ¢-scans
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Figure 1. XRD ¢-scans for a SiO,~STO (10:90) composite film from
the (202) reflections of STO and LAO (a), and an SiO,—CFO (30:70)
composite film from the (202) reflection of LAO and the (404)
reflection of CFO (b).

from the reflections of LAO {202} and STO {202} for SiO,—
STO (10:90) and LAO {202} and CFO {404} for SiO,~CFO
(30:70) composite films. The epitaxial relationship between
the substrate and the matrices (STO and CFO) can be
described as (001)g, || (001) 00 and [101]g, || [101]L a0 It
should be noted that the epitaxial quality for Si0,-STO and
SiO,~CFO composite films is quite good, with an average full
width at half maximum (FWHM) value of 1.0° for STO and
0.8° for CFO, as compared to 0.6° for the single-crystalline
LAO substrate.

Figure 2 shows the atomic force microscopy (AFM) phase
images of the same SiO,—STO and SiO,-CFO composite films
on LAO substrates. These images clearly show silica nano-
particles (round white dots) with sizes of about 10 nm
randomly dispersed in the STO matrix. The surfaces of the
films are quite smooth with a root mean square (rms) surface
roughness of about 1.8 nm for SiO,—STO and about 4.7 nm for
SiO,~CFO. As the annealing temperature is higher for SiO,—
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Figure 2. AFM phase images of a) an SiO,—~STO (10:90) composite
film (2x2 pm?) and b) an SiO,~CFO (30:70) composite film
(1x1 um?).

CFO, the silica nanoparticles become larger (>20 nm) due to
the merging of individual nanoparticles.

Figures 3a and b show cross-section high-resolution trans-
mission electron microscopy (HRTEM) images of an SiO,—
STO (10:90) film on a LAO substrate from two different
areas. The images clearly indicate that the STO phase has
grown epitaxially on the LAO substrate and that SiO, grains
of about 10 nm are embedded randomly in the epitaxial STO
matrix. From a materials science point of view, it is very
interesting to note that there are two different epitaxial
growth mechanisms taking place in these nanocomposites:
vertical heteroepitaxy happens where the epitaxial matrix is
in contact with the substrate, and lateral homoepitaxy occurs
over the top of amorphous nanoparticles. The corresponding

Figure 3. Cross-section HRTEM images of a) amorphous SiO, nano-
particles in an epitaxial STO matrix, and b) vertical heteroepitaxy, when
STO is in direct contact with the substrate, and lateral homoepitaxy,
when STO is on the top of amorphous particles. The corresponding
Fast Fourier Transform (FFT) images taken at different spots (A, B, C,
and E) indicate epitaxy being established in the ferroelectric material
matrix; the FFT image of spot D shows the amorphous nature of SiO,.
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Fast Fourier Transform (FFT) images on different spots (A, B,
C, and E) indicate epitaxy being established in the STO
matrix. This, to the best of our knowledge, is the first
successful attempt to grow such amorphous nanoparticles in
an epitaxial matrix based on a chemical solution approach.

Figure 4 shows the cross-section HRTEM images and the
corresponding selected area electron diffraction (SAED)
patterns for an SiO,-CFO (30:70) film on LAO. Similar to the

Figure 4. a,b) Cross-section HRTEM images of an SiO,—~CFO (30:70)
composite film on an LAO substrate and the corresponding SAED
pattern (inset) taken from the interface between the film and the
substrate.

SiO,—STO composites, CFO has grown epitaxially on the
substrate, with amorphous silica nanoparticles embedded
inside the epitaxial matrix. It is evident that the silica
nanoparticles increase in size with annealing temperature,
from around 10 nm in STO films annealed at 860°C to more
than 20 nm in CFO films annealed at 950°C. However, the
amorphous SiO, nanoparticles do not disrupt the epitaxial
growth of STO or CFO phases on the substrate. It is noted
that the combination of heteroepitaxial growth (in direct
contact with the substrate) and homoepitaxial growth (on the
top of the amorphous regions) has been used to manipulate
the strain state in the epitaxial growth of (Ba,Sr)TiO; (BST)
or GaN films with amorphous stripes pre-patterned on the
substrate.”>>! This suggests that SiO, nanoparticles in our
nanocomposite films can potentially be used to fine-tune the
strain state of the epitaxial matrix.

In an effort to explore the effect of silica on the magnetic
properties of CFO, we have investigated SiO,—~CFO compo-
site films with varying amounts of SiO,. In this experiment, all
films were subjected to the same annealing process and had a
thickness of 150 nm; their ferrimagnetic properties were
evaluated with a superconducting quantum interference
device magnetometer (SQUID). Figure 5 shows the magnet-
ization versus magnetic field (M-H) hysteresis loops with
magnetic field parallel to the substrate surface measured at
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Figure 5. Magnetization versus magnetic field (M—H) hysteresis loops
with the magnetic field parallel to the substrate surface at a) 295 and
b) 5 K for pure CFO and SiO,—~CFO (10:90, 30:70, and 50:50)
composite films.

295 and 5 K for SiO,~CFO films with compositions of 0:100
(pure CFO), 10:90, 30:70, and 50:50, respectively. The
saturation and remanent magnetization of the composites
decrease with increasing amounts of SiO,, which is consistent
with dilution of the magnetic CFO phase using nonmagnetic
silica. The coercivity of the films is 570, 680, and 920 Oe at
295 K when the amount of SiO, is 0, 10, and 30, respectively.
The coercivity decreases to a value of 820 Oe when the SiO,
amount is 50. At 5 K, the coercivity follows the same trend but
with larger absolute values of 0.9, 1.1, 1.55, and 15T,
respectively.

It is well known that silica can be etched off by treatment
with HF or NaOH at room temperature. Thus, porous
epitaxial oxide thin films are expected to be formed upon
removing the silica from silica-metal oxide composite films.
However, we should point out that it is likely that only the
silica nanoparticles on the top surface region can be removed
unless the silica content is high enough to connect these
amorphous particles. It is more interesting to note that the
pores affect the magnetic properties as well. Figure 6 shows
the M-H hysteresis loops with magnetic fields parallel and
perpendicular to the substrate surface at 5 K for pure CFO
and SiO,-CoFe,0, (30:70) films (before and after removing
silica with HF). For the pure CFO film, both the in-plane and
out-of-plane loops have similar shapes with the same
coercivity of 0.9 T, which illustrates that magnetic anisotropy
is not evident in a pure CFO film. We can therefore consider
the film to be isotropic. However, the porous film shows
magnetic anisotropy, with an in-plane coercivity of 1.68 T and
an out-of-plane coercivity of 1.07 T. As CFO and SiO, have
very different lattice parameters and thermal coefficients, the
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Figure 6. Magnetization versus magnetic field (M—H) hysteresis loops
with the magnetic field parallel and perpendicular to the substrate
surface at 5 K for a) pure CFO and b) SiO,—CFO (30:70) composite
films. The green line is the in-plane measurement of the film before
removing SiO,, and the red and blue lines are the in-plane and out-of-
plane measurements for the film after removing SiO,.

presence of a relatively large lattice strain and the separation
of CFO crystallites by nonmagnetic SiO, may lead to
magnetic anisotropy and high coercivity.[*>!”! Compared to
the composite film before removing silica, the porous film
shows a slight increase of the in-plane coercivity from 1.55 to
1.68 T. It is reasonable to expect a higher coercivity for porous
materials considering the domain wall pinning caused by the
non-uniform porous structures. For example, mesoporous Co
films and Ni porous networks show coercivities of between
100 to 300 Oe, compared to 10 Oe for bulk Co and about
90 Oe for dense Co films.**?!

Experimental Section

Sample preparation: The precursor solutions for the deposition of
SiO,—metal oxide (e.g. STO and CFO) composite films were obtained
from a mixture of separate solutions of silica and the corresponding
metals (e.g. Sr and Ti solutions for STO, Co and Fe solutions for
CFO). The Sr binds to polyethyleneimine (PEI) polymer as an
ethylenediaminetetraacetic acid (EDTA) complex when using Sr-
(NO;), as the metal precursor, Ti binds to carboxylated-polyethy-
leneimine (PEIC) with TiCl, as the precursor,””) and Co and Fe bind
to PEI when using CoCl, and FeCl; as precursors. Commercial Ludox
silica nanoparticles with sizes of around 10 nm bind to PEI. Both PEI
and EDTA were purchased from BASF Corporation of Clifton, NJ,
and were used without further purification. Ultrafiltration and
concentration were carried out under 60 psi nitrogen using Amicon
stirred cells that have a cut-off molecular weight of 3000. Metal
analysis was conducted using a Varian Liberty 220 inductively
coupled plasma-atomic emission spectrometer (ICP-AES) following
the standard SW846 EPA (Environmental Protection Agency)
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Method 6010 procedure. The final concentrations of Sr, Ti, Co, Fe,
and silica were 157, 408, 295, 209, and 460 mm, respectively. The
resulting precursor solutions were spin-coated onto the LaAlO;
(LAO) substrates with SiO,-to-STO molar ratios of 0:100 and
10:90, and SiO,-to-CFO molar ratios of 0:100, 10:90, 30:70, and
50:50. The precursor SiO,-STO and SiO,-CFO films were annealed in
flowing oxygen for 2 h at 860 and 950°C, respectively.

Sample characterizations: X-ray diffraction (XRD) was used to
characterize the crystallographic orientation of the films. The micro-
structure of the films was analyzed by transmission electron micro-
scopy (TEM). The surface morphology and surface roughness of the
films were analyzed by scanning electron microscopy (SEM) and
atomic force microscopy (AFM). The ferrimagnetic properties of the
films were evaluated with a superconducting quantum interference
device magnetometer (SQUID).
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