
The influence of a Cu buffer layer on the self-assembly of iron silicide
nanostructures on Si„111…

K. Paredis,a� K. Vanormelingen, and A. Vantomme
Instituut voor Kern-en Stralingsfysica and INPAC, K.U.Leuven, Celestijnenlaan 200D, B-3001 Leuven,
Belgium

�Received 6 November 2007; accepted 9 January 2008; published online 30 January 2008�

The role of a Cu buffer layer on the formation of iron silicide nanostructures is investigated using
scanning tunneling microscopy and Mössbauer spectroscopy. The deposition of 1 Å Fe on the
Si�111�-7�7 and the Si�111�-5�5-Cu surfaces results in the self-organization of nanoscale
islands. Increasing the deposition temperature �300-600 °C� leads to an exponential decrease in
island density and to an increase of the average island size. At 475 °C, the preferential nucleation
site changes from the terrace to the step edges, i.e., step flow growth is observed. The self-assembled
nanostructures exhibit the metastable CsCl–FeSi1+x structure. Due to the enhanced diffusion,
nanodots formed on the 5�5 surface are significantly larger and more separated compared to
growth on the bare 7�7 surface. These results show that a buffer layer provides an additional,
experimentally controllable parameter, besides temperature, to tailor the size and distribution of
nanodots. © 2008 American Institute of Physics. �DOI: 10.1063/1.2838737�

Low dimensional surface structures, such as nanodots
�zero-dimensional�, nanowires �one-dimensional�,…, exhibit
unique and interesting physical properties which can be ex-
ploited in numerous applications. For instance, nanoscale is-
lands can be used for single electron devices, optoelectronic
devices, �magnetic� storage devices, and as nucleation sites
for nanotube growth, while nanowires are potential small-
scale interconnects. Their intriguing properties have attracted
much attention in the past few years from the industrial as
well as the scientific community. Since currently used top-
down techniques are reaching their limits, self-assembly is
probably the most promising technique for the growth of
these nanoscale systems �bottom up�. Self-organization ex-
ploits the striving of a system toward a minimal energy and
hence, it enables the formation of nanosized structures down
to the atomic level. Nevertheless, controlling and tailoring
the size and distribution of these nanodots for possible de-
vice fabrication is a major challenge and requires a thorough
knowledge of the complex interaction between �diffusing�
atoms and a �pretreated� surface. In this letter, we present a
study of the influence of a thin Cu buffer layer on the for-
mation of nanodots on Si�111�. Recent reports have proven
that the use of a buffer layer strongly influences the surface
diffusion of deposited atoms and the subsequent island
nucleation.1–4 Not only the mere presence of this third mate-
rial but also the surface reconstruction it induces, plays an
important role.5 Hence, this extra layer provides an addi-
tional, experimentally controllable parameter to tailor surface
diffusion and nucleation. The thin Cu layer used in our work
induces the nonperiodic and discommensurate Si�111�-5
�5-Cu surface structure.6,7 Within the generally accepted
model proposed by Kawasaki et al. in 2001, this structure
exhibits no dangling bonds and is thermally stable up to
900 K.8 In this work, we discuss the influence of this Cu
induced superstructure on the diffusion of Fe atoms and the
subsequent island nucleation. Furthermore, we will present a

detailed description of the morphology of the self-assembled
nanodots.

Si�111� samples �FZ, 8–12 � cm� were cleaned ex situ
in a 2% HF solution and in situ using a two-step silicon-flux
method.9 This procedure results in a Si�111� surface which is
free of contaminants and exhibits the well known
Si�111�-7�7 reconstruction. Subsequent deposition of Cu at
600 °C leads to the formation of the Si�111�-5�5-Cu re-
construction. Si, Cu, and 57Fe were deposited in a conven-
tional molecular beam epitaxy setup with a base pressure of
5�10−10 Torr. The deposition rate was monitored in situ
with a quartz crystal microbalance which was calibrated us-
ing x-ray reflectivity and was kept constant for the Fe depo-
sitions at 0.016 Å /s. After deposition, the sample was inves-
tigated in vacuo by scanning tunneling microscopy �STM�
and conversion electron Mössbauer spectroscopy �CEMS� at
room temperature. A 50 mCi 57Co source was used for the
CEMS measurements and the isomer shifts are given relative
to �-Fe. All substrates used in this work have an uninten-
tional miscut relative to the �111� direction and consequently,
they all exhibit surface steps.

To investigate the influence of the reconstruction on the
diffusion and nucleation of Fe on the Si�111� surface, a sur-
face partially covered with Cu �0.12 ML� was used �1 ML
=7.83�1014 at /cm2�. Prior to Fe deposition, this surface ex-
hibits two types of surface reconstruction, Si�111�-7�7 and
Si�111�-5�5-Cu, respectively, for which the influence on
the self-assembly of nanodots is illustrated in Fig. 1�a�. After
Fe deposition �1 Å at 300 °C�, two different regions can be
distinguished, corresponding to the two initial reconstruc-
tions. On the one hand, the original 7�7 reconstruction is
transformed to a rough surface, covered with small grains,
closely packed and randomly distributed over the surface as
indicated by 7�7 in Fig. 1�a�. This behavior can be ex-
plained by the high reactivity of the Si�111�-7�7 surface,
caused by the large concentration of dangling bonds present,
resulting in a low mobility of the Fe atoms on this surface.
On the other hand, the original 5�5 reconstruction is cov-
ered with well defined and separated crystalline nanoislands,a�Electronic mail: kristof.paredis@fys.kuleuven.be
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as indicated by 5�5 in Fig. 1�a� �structural analysis of the
islands is presented further on�. The Cu overlayer passivates
all dangling bonds, thereby significantly lowering the reac-
tivity of the surface and hence, strongly increasing the diffu-
sion of subsequently deposited Fe atoms. Note that the origi-
nal Si�111�-5�5-Cu structure remains unchanged between
the islands after deposition of the Fe atoms, while the origi-
nal Si�111�-7�7 reconstruction is completely destroyed
�confirmed by reflection high-energy electron diffraction and
STM, results not shown�. It is clear that, by using a thin
buffer layer, we are able to increase surface diffusion without
increasing the temperature. This leads to a decoupling of
diffusion and temperature, which can be exploited to control
self-assembly on a surface.

To determine the influence of the Cu passivant in detail,
depositions of 1 Å Fe have been performed at temperatures
ranging from 300 to 600 °C. In Fig. 1, where the surface
morphology is shown after deposition at �b� 300 °C, �c�
475 °C, and �d� 600 °C, a drastic decrease in island density
is observed with increasing temperature �from 3.1�0.1
�10−2 /nm2 at 200 °C to 9.9�0.1�10−5 /nm2 at 600 °C�.
A quantitative analysis indicates that the island density de-
creases exponentially with increasing temperature, as illus-
trated in Fig. 2�a�. This Arrhenius behavior is a consequence
of the enhanced diffusion length, caused by the increased
temperature, which leads to a decrease in the number of is-
lands. This behavior is also predicted by the conventional
nucleation and diffusion theory. Allthough this theory was

developed for nonreactive systems �and as such, one should
remain cautious in applying this theory to reactive systems�,
it still applies here due to the use of a Cu passivation layer on
the Si surface, which separates diffusion and reaction.10–12

Besides the decrease in island density, an increase of the
mean island size is observed with higher temperature in the
STM micrographs in Figs. 1�b�–1�d�. The size distributions
in Fig. 2�b� indeed confirm the increase in mean island size
from 37�5 nm2 at 300 °C to 1270�50 nm2 at 600 °C,
again a consequence of the increased diffusion length, lead-
ing to the formation of larger dots.

Additionally, the preferred nucleation site alters with ris-
ing temperature. At 300 °C the dots nucleate randomly on
the terraces and the step edges �see Fig. 1�b��, whereas at
475 °C and above, islands preferentially form at the lower
step edge �see Figs. 1�c� and 1�d��. Step flow growth has not
been observed previously for the growth of Fe on pure
Si�111� surfaces, i.e., it is a consequence of the presence of
the thin Cu overlayer. This effect is in agreement with pre-
vious results on surfactant mediated growth of nanoislands.5

Therefore, the Cu overlayer allows us not only to control
diffusion �i.e., island density and size� but also to alter the
preferential nucleation site, e.g., opening a possibility for
nanowire growth.5

Since surface diffusion and nucleation are strongly influ-
enced by the Cu passivation layer, it can be expected that the
FeSi phase formation is affected by this surface layer as well.
Evidence for Fe-silicide formation can be found in the STM
measurements. In Fig. 1�a�, as indicated by the arrows, rather
large depressions appear in the Cu-5�5 patches on the sur-
face, which were completely smooth prior to the Fe deposi-
tion. More important, at the bottom of these depressions, the
original Si�111�-5�5-Cu reconstruction is still present �see
Fig. 1�a� �inset��, which demonstrates a Si mass transport
from underneath the Cu patch toward the islands. This phe-
nomenon is also observed on fully Cu covered �1.3 ML�
Si�111� surfaces. However, the Si required for the silicidation
process in the latter case is predominantly consumed from
the step edges, resulting in crenate steps along the surface, as
illustrated by the arrows in Figs. 1�b� and 1�c�.

To determine the chemical composition and structure of
the FeSi phase, a detailed investigation with atomic reso-
lution STM was carried out. These measurements reveal a
2�2 surface structure on top of the islands, as depicted in
Fig. 3�a�. This superstructure, which is observed at tempera-
tures ranging from 300 to 600 °C, has been previously re-
ported by Wawro et al. after high temperature deposition of
small �approximately equal to monolayer� amounts of Fe on
pure Si�111�.13 It is recognized as a consequence of either the
CsCl–FeSi structure or the CaF2–FeSi2 structure, which are
both metastable, cubic phases on Si�111�. Additionally, in the
height distribution of the individual islands �height is mea-
sured relative to the terrace� in Fig. 3�b�, discrete levels can
be clearly noticed. The average interpeak distance of
1.47�0.20 Å is an indication of the lattice parameter in the
�111� direction because the islands all exhibit the same sur-
face structure. Since the CaF2–FeSi2 structure is formed by a
regular removal of Fe atoms from the CsCl-FeSi structure,
the interplanar distance between consecutive Si layers in the
CaF2–FeSi2 structure �3.2 Å� is twice as large as in the
CsCl–FeSi structure �1.6 Å�.14 Hence, the results in the
height distributions exclude the CaF2–FeSi2 structure as pos-
sible candidate.

FIG. 1. �Color online� STM micrographs of the surface morphology of 1 Å
Fe deposited on a Si�111� surface: partially covered with Cu 5�5 at �a�
300 °C, the arrows indicate the depressions with the Cu-5�5 reconstruc-
tion at the bottom �inset�; fully Cu-5�5 covered surfaces at �b� 300 °C, �c�
475 °C, and �d� 600 °C, the arrows indicate the crenate surface steps arising
after Si consumption by the nanostructures.

FIG. 2. �Color online� �a� Island density as a function of Fe deposition
temperature �the solid line represents an exponential fit�. �b� Island size
distributions after deposition of 1 Å Fe at 300, 475, and 600 °C on fully
Cu-5�5 covered surfaces.
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To support this conjecture, CEMS measurements were
performed. Since this technique probes the microscopic en-
vironment of the 57Fe atoms, it allows us to differentiate
between the various iron silicide phases. In Fig. 3�c�, the
results for islands grown at 300 °C and at 600 °C are
shown. Both spectra are fitted with a single line and a dou-
blet. The single lines �isomer shift �=0.27 mm /s and
�=0.21 mm /s for 300 and 600 °C, respectively�, are char-
acteristic for the cubic CsCl–FeSi structure.15 The difference
in isomer shift can be attributed to the increasing island
height �results not shown� and the increasing Si /Fe ratio in-
side the islands. This ratio, determined from STM measure-
ments, increases with higher temperature �see Fig. 3�d�� and
causes the isomer shift to drop.16 The doublets are distribu-
tions of various �unresolvable� doublets originating from dif-
ferent interface and surface sites, whose contribution to the
overall spectrum is not negligible for such small structures.
Moreover, as the Si /Fe ratio increases, the point symmetry at
a fraction of the Fe sites reduces, resulting in additional dou-
blet contributions.16 From the combined STM and CEMS
results, we conclude that the islands are epitaxially stabilized
in a defected CsCl structure: CsCl–FeSi1+x, with increasing
Si content as the deposition temperature increases.

Hence, we conclude that the use of an ultrathin Cu layer
on a Si�111� surface has a significant influence on the surface
morphology after subsequent deposition of 1 Å Fe. We have
shown that the presence of this Cu induced superstructure

gives rise to a decoupling of diffusion and temperature. As a
result, the diffusion on the surface can be greatly enhanced
without altering the phase formation. In addition, the Cu
layer enables us to alter the preferential nucleation sites and
hence, to induce step flow growth which can be exploited to
grow long nanowires along the step edges. The self-
assembled nanodots are found to consist of CsCl–FeSi1+x
with an increasing Si content, as the deposition temperature
raises between 300 and 600 °C. Ultimately, an appropriate
combination of coverage, temperature, deposition rate, and
buffer layer can lead to the controlled formation of nano-
structures with the desired physical and structural properties,
since the different iron silicides exhibit a wide variety of
electronic and structural properties. However, this can easily
be extended beyond the Fe–Si system with a proper choice
of substrate and deposited materials.
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FIG. 3. �Color online� �a� STM image of the 2�2 reconstruction observed
on top of the self-assembled nanodots. �b� Island height distribution after
deposition at 400 °C. �c� CEMS spectra for islands grown at 300 and
600 °C. �d� The Si /Fe ratio in the nanodots as a function of temperature.
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