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Self-organized growth of Ni nanoparticles on a cobalt-oxide thin film induced
by a buried misfit dislocation network
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We report on a clear tendency toward organized growth, at room temperature, of Ni nanoislands deposited
on a CoO(001) nanopatterned surface. The 9.2 nm square surface patterning consists in a periodic displace-
ment field induced at the surface by an underlying interfacial dislocations network that is buried at the interface
between the 5 nm thick CoO(001) thin film and the Ag(001) substrate. Grazing incidence small and wide angle
x-ray scattering (GISAXS and GIXD) performed in sifu, during growth, reveal that the nucleation of Ni
particles is driven by the underlaying dislocation distribution. The tendency for organization is confirmed by
scanning tunneling microscopy (STM), which also reveals a quite narrow size distribution of the Ni nanopar-

ticles around 5 nm width and 0.6 nm height.
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Ordered assemblies of monodisperse nanoparticles on sur-
faces are of a great interest for fundamental and technologi-
cal research, especially in the case of metallic nanoparticles
on oxide substrates, in view of their applications in
nanomagnetism! and catalysis.> The production of these sys-
tems is now possible thanks to a variety of techniques such
as lithography or ion beam sculpting, but these techniques
are expensive and require long preparation procedures. The
self-organized growth of atoms in the first stage of an over-
layer growth is seen as a smart solution to overcome the
drawbacks of the so-called top-down techniques. To become
areliable alternative, the self-assembling process has to dem-
onstrate the capability of giving rise to collections of nano-
particles with a narrow size distribution and an ordered spa-
tial arrangement. The major problem in order to achieve this
goal is represented by the random deposition and diffusion
of atoms on surfaces. This process has been successfully
controlled by deposition on surfaces displaying a regular
network of preferential nucleation and growth sites. It
has been demonstrated for surfaces having particular
reconstructions® or on few monolayers thin films present-
ing a coincidence site lattice with the substrate.®’ These
experiments have demonstrated the potential of the
self-organized growth process, producing well-ordered col-
lections of nanoparticles of a given size and shape. Never-
theless, until now, the few substrates used as templates for
self-organized growth are either metallic or semiconductor
surfaces, and the periodicities (a few nanometers) and depos-
its (much less than 0.1 nm) were extremely small. In addi-
tion, in the great majority of cases, the substrates are almost
bidimensional. It has been suggested® that the strain field
created by buried interfacial dislocations can propagate into
a film of several nanometer of thickness resulting in a surface
with a nanostructuration suitable for the successive growth
of ordered self-assembled nanoparticles. However, this was
achieved only in very few systems,””!! and never on oxide
films. Another limitation to the application of the self-
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ordering process is represented by the deposition tempera-
ture; in many works the spatial order is obtained at low tem-
peratures because the thermal energy at room temperature is
sufficient to overcome the energy barrier between different
nucleation sites. Hence, obtaining a self-organized growth of
metallic nanoparticles on the surface of thick-enough thin
films, at room temperature and over a larger periodicity of
the order of 10 nm remains a challenge.

In this work, we show that it is possible to obtain an
ordered collection of metallic clusters of ~5 nm lateral size
and 0.6 nm height on an oxide film of 5 nm of thickness, at
room temperature, and on a network of 10 nm period. Due to
the 3.25% lattice mismatch between the CoO overlayer and
the Ag(001) substrate, a square network of dislocations
forms at the CoO/Ag(001) interface. The interfacial disloca-
tion network creates a periodic atomic displacement field
that extends up to the surface, thus influencing the growth of
a Ni overlayer, which develops a spatially ordered distribu-
tion of clusters.

Grazing incidence x-ray diffraction (GIXD) and small
angle x-ray scattering (GISAXS) experiments were per-
formed at the BM 32 beamline of the European Synchrotron
Radiation Facility (Grenoble, France),'>!3 and scanning tun-
neling microscopy (STM) measurements were carried out at
the Sesamo laboratory of the S3 National Research Centre
(Modena, Italy). Both experimental setups are UHV systems
(base pressure below 1X107!° mbar) optimized for the
preparation of surfaces and thin films. The x-ray measure-
ments were performed with an energy of 18 keV
(A=0.0688 nm), with the incident angle fixed at the
critical angle for total external reflection. The incident
beam had a size of 0.3X0.3 mm? and a divergence of
0.5 (H) X 0.1 (V) mrad®. The detector slits for GIXD were
set for an angular acceptance of 3.5 mrad. A two-
dimensional (2D) high grade fiber-optics coupled charge-
coupled device detector located at 1.6 m from the sample
was used for GISAXS, with 1152X 1242 pixels of
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FIG. 1. Radial scans along the [~h,/,0.08] and [-/4,0,0.08]
directions around the (=2 2 0) and (-4 4 0) Bragg peaks of Ag for a
23 ML CoO/Ag(001) sample.

56.25 % 56.25 mm? size. GIXD and GISAXS measurements
were performed in situ, in UHV, during the growth. In the
following, the (h k €) indexed are expressed in reciprocal
lattice unit (r.l.u.) of the bulk Ag(001) fcc unit cell (param-
eter 0.408 nm). (a,b) are the in-plane surface lattice param-
eters and c is the out-off plane one.

The substrate used was an Ag(001) single crystal cleaned
by repeated cycles of Ar* bombardment and annealing at
700 K. CoO(001) films were prepared in situ by evaporating
Co on the clean Ag surface in 1 X 10”7 mbar of oxygen pres-
sure, at a substrate temperature of 460 K. Ni was next evapo-
rated at room temperature on the CoO(001) surface from
a Knudsen cell with a very low evaporation rate of
0.005 nm/min.

The structure of the CoO film deposited on the Ag(001)
surface was first investigated by GIXD. Figure 1 shows ra-
dial scans around the Ag(220) and (440) Bragg peaks along
the (h,h,0.08) and (h,0,0.08) directions for a CoO film of
23 ML of thickness. The epitaxial relationships are the
so-called cube-on-cube ones: CoO(001)//Ag(001) and
[100]CoO//[100]Ag. Along the [h,h,0.08] direction, the
Bragg peak of CoO is located at 7=1.936 (Ag r.l.u.) which
corresponds to a lattice parameter of 0.2979 = 0.0005 nm.
The value of the CoO parameter, very close to that
(0.302 nm'#) of a bulk CoO single crystal, indicates that the
strain induced by the mismatch with the Ag substrate is al-
most completely released at this thickness. Besides the Bragg
peaks of Ag and CoO, satellite peaks (marked by arrows in
Fig. 1) are found on a periodic network of spacing 0.0325
r.L.u. This observation is in good agreement with the coinci-
dence lattice model (CSL) for coherent interfaces, defined as
the smallest lattice in common between the substrate and the
overlayer. In a simple picture in which an overlayer grows on
a substrate with a different lattice parameter, the result is a
2D distribution of zones of good matching alternating with
zones of poor matching. The CSL thus represents the most
probable spatial distribution of misfit dislocations. Its period
A is equal to a//|f|, a; being the lattice parameter of the
overlayer and |f] the lattice mismatch. For the CoO/Ag(001)
interface, A=0.2979/0.0325=9.2 nm."> The periodicities of
the satellites along the different direction indicate that the
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FIG. 2. image
of 0.15 nm Ni/20 ML CoO/Ag(001). The image size is
(200X 200) nm?, recorded with 7=0.2 nA and V=22 V. (b) 2D
self-correlation analysis and (c) Fourier transform of the STM im-
age (a).

(a) Constant current topographic STM

dislocations form a squared network with lines running along
(110) directions.'%10

The influence of this dislocation network in the CoO(001)
film on the successive growth of a nickel overlayer has been
investigated by GISAXS and STM. In Fig. 2, a typical STM
image of a thin (0.15 nm) deposit of Ni on 20 ML of
CoO(001)/Ag(001) is presented. The surface shows large
flat areas uniformly covered by small round Ni clusters. A
grain analysis of the STM image shows that the Ni clusters
have an average lateral dimension of 4.8 nm and that more
than 50% of the clusters have a mean diameter included be-
tween 3.8 and 5.8 nm. The height of the clusters varies from
0.3 to 1.3 nm, with an average of 0.6 nm. The initial 3D
Volmer-Weber growth of Ni on the CoO surface is not sur-
prising since for thermodynamical reasons 3D is a common
growth mode for transition metals on oxides.!” In addition in
the present case there is also a large lattice mismatch be-
tween Ni and CoO (21%). The lattice mismatch prevents the
epitaxial growth of Ni: the LEED pattern fades increasing
the Ni thickness and completely disappears after the deposi-
tion of few Ni ML’s. We can thus reasonably assume that the
Ni overlayer is formed by small crystallites with no prefer-
ential orientation.

The self-correlation and Fourier transform analysis of the
STM image [Figs. 2(b) and 2(c)] reveal a clear spatial cor-
relation between clusters: they form a square lattice with the
sides parallel to the (110) directions and with a lattice pa-
rameter of ~8.9 nm. The spatial distribution of the Ni cluster
is thus almost identical to the dislocations arrangement.

In situ GISAXS'® reveals the organization of the Ni clus-
ters, and allows in addition determining the relationships be-
tween the locations of the interfacial dislocations and the Ni
cluster nucleation centers.'3 Figure 3(a) shows a GISAXS
intensity map measured with the incident x-ray beam parallel
to the (110) crystalline axis before the Ni deposit. Two scat-
tering rods, marked in the figure by black arrows, indicate
the presence of a regularly spaced dislocation network in the
CoO film.'° The distance between the two scattering rods
and the specular rod is inversely proportional to the separa-
tion between the dislocations, yielding again 9.2 nm. Figure
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FIG. 3. (Color online) (a) GISAXS image of

25 ML CoO/Ag(001) recorded with the incident beam parallel to
the [110] direction. (b) Same image of panel (a) after the deposition
of 0.18 nm of Ni. (c¢) Difference between panel (a) and (b). (d)
Sections of panel (c) along the black arrows for different Ni
coverages.

3(b) shows the same GISAXS image after the deposition of
0.18 nm of Ni, and Fig. 3(c) shows the difference between
the two above images. The intensity of the two scattering
rods in the perpendicular direction clearly shows periodic
oscillations. This effect arises from the interference between
the waves scattered by the dislocation network and the
Ni overlayer with increasing perpendicular momentum
transfer.! The existence of this interference demonstrates
that there is a constant separation between the core of the
dislocations and the positions of the Ni clusters, and thus that
the clusters ordering is induced by the dislocation network.
Moreover, the period of the sinusoidal variation as a function
of the out of plane momentum transfer [Fig. 3(d)] is in-
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versely proportional to the out of plane separation between
the dislocation cores (located at the interface), and the Ni
clusters. A value of 5.6 nm is obtained, which is in fair
agreement with the 25 ML thickness of the CoO film (also
checked by out-off plane GIXD measurements). These mea-
surements thus demonstrate that the ordering of the Ni clus-
ters is driven by the presence of the buried dislocation net-
work at the CoO/Ag(001) interface. These findings are of a
great relevance because the formation of interfacial disloca-
tions is a common strain relief mechanism in oxide/metal
interfaces;!%2! it could thus become a useful route to realize
the organized growth of metallic nanoparticles on oxide thin
films.

In conclusion we have shown that the square interfacial
misfit dislocation network formed at the interface between
a CoO film and an Ag(001) surface induces a periodic
displacement field on the CoO(001) surface, which provides
a network of sites for preferential nucleation and growth
of metallic nanoparticles. This self-organized growth is
achieved at room temperature instead of the more common
low temperatures, which shows that the dislocation-induced
nucleation sites are strongly energetically favorable. This
however necessitates a very low deposition rate for which
the diffusion length of the Ni atoms on the oxide surface is of
the order of the nanostructuration period. The resulting or-
dered Ni nanoparticles have a quite narrow size distribution,
which is essential to keep well-defined properties over an
assembly of nanoparticles. The achievement of the control of
the self-assembling process of metal cluster on the surface of
a fairly thick (5 nm) oxide film represents a step forward in
the production of real devices by self-organized growth. The
~10 nm network period corresponds to the ultimate period
for possible applications in spintronic or catalysis. Moreover
this experiment shows the great potentiality of the GISAXS
technique in the study of the self-assembled structures being
able to probe, in a nondestructive way, the surface and the
buried part of a thin film.
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