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Abstract

Low dimension structures raises inevitably new technological challenges in materials science. The new structures
must fulfill stringent requirements in composition, crystalline quality and interface sharpness among others. We present
and discuss the results of Si/Ge quantum structures and FePt/C multilayer structures deposited at different tempera-
tures by ion beam sputtering. Evidence for the presence of FePt nanoparticles embedded in the C matrix and Ge islands
in Ge/Si multilayers structures was found. Size and stoichiometry of the nanoparticles and the multilayer periodicity
was obtained using Rutherford backscattering at grazing angles of incidence. The strain state of the single crystalline
layers was determined by tilt axis channelling.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

During last decades a strong effort has been
made to fabricate optical, electronic and mag-
netic devices based on multilayer structures. With
this purpose, many growth modes of quantum
ed.
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structures have been studied on Si/Ge system [1–3]
and magnetic multilayers [4].

A technique to fabricate Ge islands is epitaxial
growth, when lattice mismatch between Si and
Ge (4%) and the overgrowth layer allows the for-
mation of self-assembled quantum dots (QD)
through the Stranski–Krastanow mechanism
(SK).The use of a wetting layer before dots forma-
tion has been demonstrated to be an important
way of coherent growth of uniform and small dots
(�10 nm) with a relatively high density (�108 to
1010/cm2) [5]. Recently, many efforts have been
made to grow dots with higher density and less
than 10 nm, increasing their quantum efficiency.
An ultra thin silicon oxide film has been shown,
very recently, to be an effective coverage of Si sub-
strates to obtain Ge dots with an extremely high
density (1012/cm2) and a minimum size [6,7]. These
Ge dots are not connected to each other by a Ge
wetting layer as in SK method. Recently, it was
shown that dot growth in epitaxial relationship
with silicon substrate, and after few depositions,
is composed of pure Ge [6].

On the other hand, high densities of recording
media are also pursued and are expected to reach
100 Gbit/in.2 within a few years. Such densities re-
quire magnetic grain sizes of 10 nm or less, which
is close to the superparamagnetic limit of current
media. Potential candidates are the ordered phases
of FePt or CoPt, which have very large magneto-
crystalline anisotropy, essential to guarantee the
thermal stability [4,8]. The major problems with
these high density systems are themagnetic coupling
between the nanoparticles, and their stoichiometry.

In this study, we analyze the Si/Ge and FePt sys-
tems using Rutherford backscattering (RBS) at
grazing angles of incidence to determine the stoi-
chiometry of the nanoparticles and the multilayer
periodicity as well as the interface roughness. The
single-layer Si/Ge crystalline structures were also
suited to studies in the channelling mode to get
information on the strain state of the layers. We
compare the results with high resolution transmis-
sion electron microscopy (HRTEM) results to
study the structure of these multilayered films.
The capabilities of ion beam techniques to get infor-
mation on few layer systems are explored and prove
its applicability where other techniques like small-
angle X-ray scattering (GISAXS) and transmission
electron microscopy (TEM) are inefficient.
2. Experimental details

The first set of samples contained Si/Ge multi-
layers with 5 and 10 periods grown by molecular
beam epitaxy (MBE) on (100) Si substrates at
700 �C. Each layer consisted of a Si spacer with
a nominal thickness of 50 nm and 8 monolayers
of Ge. Another set of samples was prepared with
Ge thicknesses of 0.3, 0.6 and 0.9 nm deposited
on top of 0.5, 0.75 or 1 monolayer (ML) of SiO2.
This structures were also grown by MBE on
(100) Si substrates, but at 500 �C.

The magnetic C/(FePt/C)·20 multilayers were
prepared by a dual target ion beam sputtering ma-
chine with Ar+ ions, using a pure C target and a
composite target with a Pt foil on a Fe disk. The
deposition time was kept constant from sample
to sample and only the deposition temperature
was varied. Samples A, B and C were deposited
at 20 �C, 500 �C and 800 �C, respectively.

RBS analysis was performed with a 2.0 MeV
He+ and the backscattered particles detected with
a solid state detector placed at 160� in the Cornell
geometry with FWHM of 15 keV. The angle of
incidence h, defined as the angle between the beam
and the normal to the sample, varied between 78�
and 85�. A high precision (�0.01�) computer con-
trolled goniometer was used to place the samples
in position and made the channelling measure-
ments. The beam was 0.2 mm wide and 0.6 mm
high, which leads to a small beam spot even at
grazing angles. The data were analysed with the
code NDF [9].

The microstructure of sample A was investi-
gated by a JEOL-3010 high resolution transmis-
sion electron microscope in cross-sectional view.
3. Results and discussion

3.1. Ge/Si multilayers

The typical RBS spectra of the 10 period Ge/Si
multilayer samples for two tilt angles are shown in
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Fig. 1. Since a code which is able to describe the
Ge layers, composed of thin Ge layers in most of
the places, but with thicker regions corresponding
to the quantum dots, is not available, we first did
the data analysis assuming laterally homogeneous
layers. This leads to the average thickness (areal
density) of the layers. Subsequently we analysed
the data assuming that there was extensive inter-
diffusion of the Ge into the Si, leading to a Gauss-
ian profile of Ge concentration. This is a
convenient, but inaccurate, method of representing
the changing Ge concentration.

As can be seen in Fig. 1, the fitted peaks consid-
ering laterally homogeneous layers are better de-
fined than the data, which is due to the fact that
the Ge layers are not laterally homogeneous. The
extracted structure from the fit indicates a
190 nm thick Si layer at the surface and an average
Si layer thickness of 50(3) nm. The average Ge
layer thickness is 1.1 (1) nm thick assuming bulk
densities. It must be pointed out that while this
may be true for the Si, it is not for the Ge. The full
width at half maximum of the fitted Ge distribu-
tion is 20.5 nm. In this approximation, this value
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Fig. 1. RBS spectra collected at 55� and 65� for the sample 10
period Si/Ge multilayer. The solid lines show the fit considering
interdiffusion. For 65� the fit for laterally homogeneous layers is
shown as a dotted line.
approximately represents the maximum Ge layer
thickness. This analysis compares well with the
17.7 nm value determined with TEM shown in
Fig. 2. The presence of Ge quantum dots is evident
in the TEM picture. It is obvious that our numeri-
cal analysis does not allow us to determine the
quantum dot density but this information might
be obtained using an improved data analysis code.

For the single Ge layer grown over 1 ML of
SiO2 we were able to measure the average thick-
ness and strain. The best fit of the spectra obtained
at 78� for the 0.3 and 0.9 nm of Ge (not shown)
gives a thickness of 0.28 and 1.2 nm, respectively.
The value obtained for the thicker layer is slightly
higher than expected even considering an experi-
mental error of �5%. The strain in the films was
evaluated using the channelling curves along the
main axial directions. The h111i and h110i angu-
lar scans were performed along the (110) and
(100) planes, respectively. For the 0.3 nm Ge
monolayer the angular scans overlap with the Si
suggesting a perfect incorporation of the Ge ions
in the Si structure. This excludes the formation
of Ge quantum dots in agreement with the first
photoluminescence studies (to be published) of
this sample. The angular curves obtained for the
thicker Ge layer is shown in Fig. 3. Here, we notice
some structure on the Ge curves and a high value
of the minimum yield compared to the silicon.
Furthermore, the alignment of the curves is an
indication of crystalline coherence between silicon
and germanium. However, the narrowing along
Fig. 2. TEM results for the 10 period Si/Ge multilayer where
the presence of Ge quantum dots is observed.
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Fig. 3. Angular scans along the main axial directions for the
0.9 nm buried Ge layer. The broadening of the Ge curve for the
h110i and the high value of the minimum yield suggest
the formation of Ge precipitates.
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Fig. 4. RBS spectra collected at 80� and 85� for the sample
grown at 500 �C. The fit considering FePt particles (solid lines)
is shown. For 85�, a fit assuming pure layers with flat interfaces
is also shown (dotted line).
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the h100i and broadening along the h110i direc-
tions of the Ge curves compared to the silicon
could indicate the presence of Ge precipitates.
High resolution TEM are planned to check these
assumptions necessary to support a model to sim-
ulate the results.

This study is a clear example of the capabilities
of ion beam analysis where some of the other tech-
niques show some limitations. In particular the Ge
monolayers were out of range of X-ray diffraction
studies and very difficult to measure by normal
TEM.

3.2. FePt nanoparticles

The measured stoichiometry of the FePt nano-
particles obtained from the RBS data is 1:1 within
the experimental error (5%). The RBS data col-
lected for the C/FePt/C sample grown at 500 �C
for three tilt angles are shown in Fig. 4. It is clear
that the fit obtained assuming continuous C and
FePt layers, does not reproduce the experimental
data. The analysis of multilayers composed of
equally spaced layers of nanoparticles embedded
in the matrix is a complex problem. Recently, a
method was proposed whereby, for some particu-
lar shapes of inclusions of known size, uniformly
distributed over a single-layer, the corresponding
spectrum can be calculated accurately [10]. Layer
roughness can be included using the algorithm
given in [11], where the roughness parameter is
the standard deviation dX of the layer thickness
in each point of the layer. The idea behind this
approximation was the simulation of FePt thick-
ness changing from point to point in the layer with
a Gaussian (or Gamma) distribution. In this way,
we could represent a layer containing nanoparti-
cles, where the thickness of FePt changes from
zero to the height of the largest particle, with a dis-
tribution given by the exact shape of the particles
[12]. The fit obtained considering FePt particles
with a flattened shape, around 0.8 nm in diameter
and 3 nm in height distributed in quasi-continuous
layers reproduces quite well the experimental data.
Previously, we have confirmed the excellent agree-
ment between the RBS results and HRTEM stu-
dies of identical samples [12]. The study of the
samples grown at 20 and 800 �C showed that both
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the diameter and the height of the nanoparticles
increase with deposition temperature. Since the
amount of FePt deposited is the same in all sam-
ples the number of particles per layer must de-
crease. This result tells us that the size and
number of the nanoparticles could be controlled
playing with the growth temperature.
4. Conclusions

We studied Ge/Si and FePt/C multilayers
grown at different temperatures. Using Rutherford
backscattering at grazing angles of incidence, we
determined the stoichiometry of the nanoparticles,
the multilayer periodicity and the Ge strain. While
the FePt layers consist of nanoparticles embedded
in the C matrix the Ge/Si only indicate the pres-
ence of Ge quantum dots in the thicker layers.

Most importantly, we showed that the size of
the nanoparticles increases with growth tempera-
ture, which can be used to control the magnetic
properties of these systems. We compared the re-
sults with transmission electron microscopy results
and showed the capabilities of ion beam analysis
to get reliable information in some particular sys-
tems where most of the other techniques reveal
several limitations.
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