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Abstract

Metal nano clusters are of great importance in physical and chemical science. One simple method for obtaining metal clusters consists
in the deposition of a metal film on an inert substrate followed by annealing at high temperature. After this procedure, the metal film
reduces in small clusters, whose morphology depends on the annealing temperature and annealing time. In this work we present a grazing
incidence small angle X-ray scattering (GISAXS) study carried out in situ to understand the nucleation and formation of Ni metal clus-
ters. For this purpose uniform Ni metal films, of different thicknesses, were deposited onto an oxidized Si(001) substrate, and annealed at
different temperatures in the range 400–800 K. Before annealing the samples were characterized by X-ray reflectivity measurements to
exactly determine the values of the thickness and of the starting roughness. The GISAXS patterns show a surface roughness increase
starting at about 600 K. By increasing the temperature the diffused intensity breaks in two lines around the reflectivity plane, indication
of a characteristic length correlation of the roughness. This correlation length is maintained during the metal clusters formation.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Clusters, grown on inert substrates, are an important
subject for modern technology. They are the basis for the
development of new devices, as memory arrays [1,2], and
they are also used as catalysts for the growth of semicon-
ducting nanowires [3] or carbon nanotubes [4,5]. Moreover
they are also studied as a model system to better under-
stand the role of the metal catalyst in heterogeneous gas
reactions [6].

A common, simple and widely applied method for the
production of metal clusters with nanometric dimensions
is based on the dewetting of a thin film deposited on an in-
ert substrate. This is a self-agglomeration process induced
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by annealing at high temperature [7]. This process has the
advantage of being easy to be introduced in any growth
procedure, however it results in the production of metal is-
lands with a broad distribution of sizes and spacings. An
attempt to overcome this limitation is based on the use of
nano-patterned substrates. In this case the dewetting pro-
cess results in metal clusters following the substrate tem-
plate and they show a more defined size distribution as
well as an ordering along a preferred crystallographic
direction [8].

Even if the process of metastable thin solid film dewett-
ing has been known for a long time, it is still of interest
from a fundamental point of view because the leading
forces of the process have not been fully understood. In
general terms dewetting of a metastable liquid film can oc-
cur through two different mechanisms which depend on the
spreading coefficient of the material onto the particular
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Fig. 1. Reflectivity of the Ni-films observed and calculated for three
samples on sputtered Si oxide. Three different thicknesses have been used
for studying the dewetting behavior on this substrate.
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substrate [9]: (a) in the case of a thin non-wetting film, the
system is unstable against spinodal decomposition, induced
by thermally activated capillary waves at the free surfaces,
and breaks into microscopic droplets with a size depending
on the square of the thickness; (b) in the case of a thin wet-
ting layer the dewetting process can still occur and it is acti-
vated by nucleation and growth of dry spots, which, in the
case of thin polycrystalline films, can occur at grain bound-
aries [10]. In this case the average dimension of the islands
scales linearly with the thickness. In the case of solid metal
films, dewetting occurs, but many details on the process
leading to the formation of the clusters are still unknown.
Some authors report that the spinodal decomposition is
the driving force, while others tend to prefer the grooving
process occurring at grain boundaries.

Many morphological studies are present in the literature
dealing with the surface morphology of the final state [11]
but only few have been carried out in real-time to under-
stand the dynamics of the film breaking [12]. Grazing inci-
dence small angle scattering (GISAXS) is a technique, able
to determine the morphology and the correlation of small
clusters at the surface [13] and it has also been used to
study in situ the time evolution of surface nanostructures
[14]. In this article, we report first results of GISAXS exper-
iments carried out in situ during the dewetting process of
thin Ni-films with different thicknesses deposited on amor-
phous SiO2 substrates.

2. Experimental

The GISAXS experiments have been carried out on the
UniCAT 34-Sector C Beamline of the Advanced Photon
Source (APS), Chicago (USA). This beamline, which was
conceived to carry out coherent X-ray scattering experi-
ment, is an in-vacuum beamline equipped with a small
UHV chamber. The beamline design allows the X-ray
beam to reach the sample without crossing any Be window.
This is of particular advantage when it is necessary to mea-
sure a small X-ray scattering signal due to the presence of
nano clusters, whose scattering intensity is comparable
with the diffuse scattering of any Be window. For this
experiment we used a photon energy of 8 keV and a beam
size of 100 · 50 lm as determined by the slits placed 15 cm
before the sample position.

The UHV chamber has a base pressure of 10�9 Torr and
it is equipped with an Oxford Instrument e-beam evapora-
tor. The films were deposited in situ onto Si(0 01) sub-
strates covered by a 30 lm thick amorphous silicon oxide
layer. The evaporation of Nickel was controlled by moni-
toring the deposition time while keeping the power of the
evaporator constant to 25 W. Before opening the shutter
the evaporator was slowly brought to the nominal power
and kept for few minutes at the deposition condition. Dur-
ing the deposition the substrate was kept at 400 K, temper-
ature resulting in the production of films with a small
surface roughness. The temperature was measured using
a thermocouple attached to one of the tantalum clips hold-
ing the sample on the boraelectric heater. The thickness of
the Ni-film was determined by X-ray specular reflectivity
measurements. The data were fitted using the Parratt32
reflectivity tool from the HMI Institut in Berlin [15].

The GISAXS pattern was recorded using a Princeton
CCD camera placed on the diffractometer arm. The cali-
bration of the CCD camera leads to a pixel to angle con-
version of 0.00182� per pixel corresponding to an
exchange wavevector resolution of 1.27 · 10�4 Å�1 on both
directions, perpendicular and parallel to the surface. The
GISAXS measurements were carried out using an X-ray
angle of incidence of 1� and recording with the CCD cam-
era the diffused intensity with an exit angle between 0� and
0.8�. The typical acquisition time for each image was 30 s.
3. Results

One of the parameter necessary to understand the dew-
etting process is the thickness of the metal film. For this rea-
son before starting the annealing of the samples, we have
measured the X-ray specular reflectivity intensity as a func-
tion of the exchanged vertical momentum. In Fig. 1, we
show the experimental data from three samples deposited
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in situ using the procedure previously described. The lines
are fit to the experimental points using a simple model based
on the presence of a single, homogeneous film. The only
parameters let free to vary during the fit procedure were
the thickness and density of the film and the surface rough-
ness. The interface roughness, i.e. the roughness between
the substrate and the film was kept constant for all the sam-
ples because the substrates were cut from the same wafer
and there was no reason to suppose a variation of this
parameter across the wafer. The increase of thickness
matches well the deposition time, assuming a constant flux
from the evaporator. The surface roughness of the film is
quite small in its absolute value and it increases slightly with
the film thickness. The density of the film is about 90% of
the nominal value, which is a typical result for this kind
of deposition. This reduction of the film density is probably
due to the presence of voids at the grain boundaries.

The dewetting is achieved by heating the sample from
the deposition temperature, T = 400 K, in steps of 25 K,
while continuously monitoring the GISAXS pattern
in situ. The samples are kept at each temperature for sev-
eral minutes in order to follow the occurring dynamics in
real-time. During the annealing and before the dewetting
Fig. 2. GISAXS pattern during the dewetting of a Ni-film with a thickness of
GISAXS pattern after reaching the temperature of 590 K where the intensity of
increased. After 1 h of annealing at 590 K, intensity wings, due to the appear
reflectivity plane (c). Increasing the temperature by an additional 40 K causes
smaller exit angle of 0.325�.
one can observe an increase in the diffuse scattering in
the reflection plane, with a peak for an exit angle equal
to the critical angle for X-ray reflection. Fig. 2 shows the
general trend of the diffused scattering as a function of time
and temperature. The images are plotted as a function of
the in-plane scattering angle, #//, and of the exit beam angle
with respect to the surface, aout. The formula to evaluate
the scattering vector components are described elsewhere
[16]. At the beginning the scattering appears only in the
reflection plane. The intensity maximum is the Yoneda
peak [17] which appears at the critical angle value for the
outgoing beam and whose intensity depends on the surface
roughness [18]. As we increase the temperature we can ob-
serve that the Yoneda peak intensity increases and its posi-
tion changes going from 0.4�, the critical angle for a thick
Ni-film, towards smaller exit angles. The increase of the
intensity is related to an increase in the surface roughness
value while the lowering of the exit angle indicates that
more and more Si free surface is present. At the end
(Fig. 2d) the maximum is at an exit angle of 0.32�, closer
to the Si critical angle of 0.22�. The diffused intensity is
concentrated in two lines symmetrically positioned around
the reflectivity plane.
about 8 nm. (a) Initial state after deposition at 400 K. In (b) we show the
the Yoneda peak located at the Ni critical angle value of 0.4� has strongly
ance of a correlation length in the roughness, appear on the sides of the

the complete dewetting of the film (d). The intensity maximum occurs at a
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The interpretation of the images corresponding to the
intermediate states is difficult [19] because we do not have
enough information on the surface morphology of our
sample. In the final state, when the clusters are already
formed, the data can be interpreted using the following
relation, which is obtained in the hypothesis that the scat-
tering intensity can be described with the same formalism
used for a dense gas or a liquid [20]:

IðqÞ / N jF ðqÞj2SðqÞ

where N is the density of the particles at the surface, F(q)

the particle form factor, which depends on the particles
shape and dimension, and S(q) is the structure factor,
Fig. 3. GISAXS pattern after complete dewetting of Ni-films with different thi
dewetting was not observed.

Fig. 4. Surface morphology of the sample (a) after dewetting as measured with
on a flat substrate. The average correlation distance of the clusters, as deter
determined by the GISAXS data.
which depends on the particle correlations. Because the
particles have a random orientation and their dimensions
follow a broad distribution, the average form factor is a
slow varying function in q// with a maximum at q// = 0.
The scattering features are then dominated by the structure
factor, which is a damped oscillatory function which goes
to 1 for large q//. Its first, and generally most intense, max-
ima position is related to the particle correlation average
distance d, (qmax,// = 2p/d) [16].

In Fig. 3, we show GISAXS patterns corresponding to
the final dewetted state of the three films, which were pre-
viously characterized by X-ray reflectivity data, while in
Fig. 4 we show an AFM image of the film (a) after dewett-
cknesses: 9.0 nm in (a), 5.5 nm in (b) and 3.6 nm in (c). In this last case the

an AFM. The surface shows the presence of well separated clusters laying
mined by Fourier analysis of the image, is in agreement with the length



Fig. 5. Intensity cuts of the GISAXS pattern for the sample with a film
thickness of 9.0 nm (a) and of 5.5 nm (b) at an exit angle of 0.32�. But data
sets have their maxima at the same position of 13 lm�1 corresponding to a
correlation length of 0.47 lm.
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ing illustrating the final cluster morphology of the sample.
It can easily be observed that the two thicker films pro-
duced well defined intensity lines on the sides of the reflec-
tion plane. These images are characteristic for samples
showing clusters while the thin one did not dewet even
going up to 900 K. This implies that the thin film has a
thickness smaller than a critical value and that the process
occurs only for films having a thickness larger than this
critical value. We must always consider that these dynam-
ical phenomena depend on several interaction energies.
Thin metal films are unstable because of their large sur-
face/volume ratio. However in the case of films deposited
onto a substrate the interaction energy between the depos-
ited atoms and the substrate can be so strong to stabilize a
thin layer, whose thickness depends on the interaction en-
ergy. The maximum thickness of the wetting layer for Ni
on SiO2 should be larger than 3.6 nm and smaller than
5.5 nm. The presence of the wetting layer in the case of
the thicker films after dewetting is still an open problem.

In Fig. 5, we also report a cut of the GISAXS intensity
along q// at an exit angle of 0.32� for samples (a) and (b).
This graph shows that the position of the maxima does
not depend on the film thickness. From the maxima posi-
tion we can calculate a correlation length of about
0.5 lm, in good agreement with the AFM image shown
in Fig. 4. If the film ruptures depend on surface instabilities
their characteristic wavelength should scale with the square
of the film thickness [9], while if it is dominated by the grain
boundaries it should go linearly [10]. Experimentally this is
not the case and both mechanisms cannot be responsible
for the dewetting process of thin metal solid films.

4. Conclusions

We have carried out in situ studies of the dewetting of
Ni-films deposited on amorphous silicon oxide. The film
thickness and roughness have been determined using X-
ray reflectometry. We have observed that dewetting leads
to the formation of nano clusters for thicknesses exceeding
3.6 nm. For all the studied films we have noticed that the
correlation length of the clusters does not depend on the
thickness itself. This excludes both the spinodal and grain
boundaries mechanisms, which were proposed to explain
the phenomena. The data collected during the dewetting
shows that a correlation length of the roughness appears
before the dewetting of the film. This length does not vary
neither with annealing time nor with film thickness and it is
maintained during the whole process.
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