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Abstract. Clean vicinal surfaces exhibit a stepped pattern due to the presence of narrow terraces formed on a clean surface.
Therefore, this provides a platform for the aligned growth of nanowires. Using this type of surface as a template, we have
grown nanowires of iron di-silicide, which are preferentially directed along the length of the terraces and are following the
step-edges. These nanowires do not follow underlying three-fold symmetry of the substrate. We have thus shown two-fold
symmetric growth on a three-fold symmetric surface, where diffusion barrier energy plays an important role in determining
the shape of the islands. The orientations of nanowires are governed primarily by the presence of step-edges. However,
the crystallographic symmetry properties of the underlying substrate have also played its role in controlling the nanowire
orientation. The system was grown by molecular beam epitaxy and analysed by scanning tunneling microscopy.
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1. Introduction
Owing to surface energetics, the low miscut surface has
wide terraces, whereas a vicinal surface is stepped, the terraces being much narrower compared to the low miscut ones.
Hence, the vicinal surfaces have been of interest to study
the growth of nanostructures and thin films on it [1–7]. The
growth of nanostructures is controlled by surface energetics
and growth kinetics. The diffusion and nucleation of deposited
atoms determine the shape, size and distribution of the nano
structures on the substrate surface. From this point of view,
surface inhomogeneity of any kind will qualify for a special attention, since they can act both as a barrier towards
atomic diffusion as well as a sink of atoms with which the
deposited atoms may react and grow structures in the case
of solid phase epitaxy (SPE) and reactive deposition epitaxy
(RDE). Step edges and defect regions are important among
the surface inhomogeneities. The step edges often act as
a barrier and hinder atomic diffusion across them. On the
other hand, the step edges have a greater density of dangling bonds compared to the flat terrace region. In many
reactive systems, it has been reported that step edges have
acted as reaction centres by providing reaction sites [8,9].
We have studied the evolution of ordered array of iron disilicide (FeSi2 ) nanowires on a Si(111)-4◦ miscut stepped
surface via SPE. There are four phases of FeSi2 , among which,
the metallic γ -phase has been chosen for study, keeping in
mind the growing importance of metal–semiconductor systems in an era of technical monopoly enjoyed by the family of
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nanomaterials. The regime of nanotechnology has flourished
hand-in-hand with Si-technology [10,11]. Thermally stable
nanostructures of good conductivity grown on Si surfaces are
very important from technological point of view. Transition
metal (TM) silicide materials have the desired properties, so
that the nanowires should have to be technologically viable
[12–14]. Among TM silicides, FeSi2 possesses various important properties, like FeSi2 exists in four phases, α, β, γ
and s-phases, which have widely varying physical properties
[15–17]. They not only exist both in metallic and semiconducting phases, they offer wide variety in terms of their
magnetic and optoelectronic properties as well. Hence, FeSi2
qualifies for diverse potential applications. The semiconducting phase of FeSi2 has a band gap of 0.87 eV [18,19], which is
favourable for optical fibre communication at 1.5 μm wavelength. This is the only transition metal silicide that has light
emitting property [20,21]. The nanowires of metallic FeSi2
might be used in devices as electrical interconnects or as gate
electrodes. Nanowires of a particular metallic phase of FeSi2
have also shown a magnetic response [22,23]. The regime of
nanoelectronics is dominated principally by nanostructures in
metal–semiconductor system, as they serve as basic building
blocks for bottom-up fabrication of the nanoscale devices.
We, in our present work, have studied growth of FeSi2 on Si,
which is a semiconducting substrate. Transition metal silicides are usually grown by RDE, i.e. by deposition of the
metal onto a hot clean Si substrate. In the present study, we
grow epitaxial FeSi2 nanowires in ultrahigh vacuum (UHV)
molecular beam epitaxy (MBE) by SPE via room temperature
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deposition of Fe on a clean Si(111) surface and later
annealing it at 500◦ C under UHV condition. When the
nanoislands form on a non-single-crystalline surface, usually
nanodots are formed with a circular projection on the surface
[24]. On the other hand, when atomic diffusion takes place
on a single crystalline surface, the nanostructure formation is
usually guided by the symmetry of the substrate surface. So,
islands (nano or micro) formed on a Si(111) surface reflects
a three-fold symmetry (equilateral triangular islands) [25,26]
and those on Si(100), reflects a square shape [27]. Formation
of elongated structures [26], such as nanowires [27] is possible
by a lattice mismatched epitaxial growth via a phenomenon
called shape transition, which may lead to self-organized
growth of quantum wires [28]. On a Si(110) surface, which
has a two-fold symmetry, nanowire growth is ubiquitous and
is along the [−110] direction on the surface. In this case,
the atoms, guided by the two-dimensional channels, diffuse
anisotropically on this surface to form nanowires along the
direction of the channels all across the surface. The mechanism is known as anisotropic atomic diffusion [29]. In shape
transition, a single nanoisland grows into a nanowire. On the
other hand, in anisotropic diffusion, many nanoislands individually grow and apparently join together to form a nanowire
along the direction of stronger diffusion, which is [–110] crystallographic direction [29]. There are many studies on growth
of FeSi2 on low miscut Si(111) surface under varying growth
conditions [30–34]. It is reported that 2D islands, either triangular or truncated triangular or trapezoidal in shape, grow
on low miscut Si(111) surface under the same growth conditions as used in our work [35]. Growth study of FeSi2
on a narrow terrace Si(111) surface has not been carried
out as yet. In the present case of FeSi2 growth on Si(111)
surface with a 4◦ miscut angle, the nanostructure shape is
seen to defy the underlying substrate symmetry. Elongated
nanoislands or nanowires have grown on a three-fold symmetric surface. The possible mechanism behind this type of
growth has been traced to be the diffusion barrier presented
by the step edges during the island formation. The nanowires
have apparently formed via anisotropic diffusion along the
channels provided by the aligned narrow terraces. Not only
the nanowires have formed, but also most of them are oriented along a particular direction and aligned along the step
edges. Thus, the nanowires formed are spatially ordered. The
growth morphology has been explored using in-situ scanning tunnelling microscopy (STM). The study shows how
the narrow terraces on the surface have acted as template for
a guided growth of nanostructures along the length of the
terraces, hindering the growth of complete or semi-complete
triangular 2D islands as expected on a three-fold symmetric
Si(111) surface. We have seen that in a similar study, where
CoSi2 islands grown on 4◦ miscut Si(111) surface form 2D
triangular islands that span two or more terraces to accommodate their dimensions. FeSi2 , however, shows a different
behaviour and an ordered growth of nanowires aligned along
the terraces has been obtained in our study. The difference
in behaviour has been explained in the light of theoretical
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calculations on diffusion barrier energy for both the
systems.

2. Experimental
The experiments were performed in UHV system for MBE
growth and in-situ STM using a Omicron Nanotechnology
VT-STM. The UHV chambers of MBE and STM are interconnected and the samples are transferred from one to the
other in-situ. The base pressure in the MBE and the STM
chamber was ∼5.2 × 10−11 and ∼2.3 × 10−10 mbar, respectively. P-doped, n-type Si(110) wafers with a resistivity of
10 − 20 -cm were used as substrates. Clean Si(111)-7 × 7
surfaces were prepared by degassing the substrate at ∼700◦ C
for 14–16 h and then, flashing the sample at ∼1250◦ C for
1 min under UHV condition (∼5 × 10−10 mbar). We raised
the substrate temperature to ∼1250◦ C, and kept for 1 min,
and then, cooled it down to 850◦ C and kept at that temperature for 30 min and then allowed the substrate to attain the
room temperature by switching off the sample direct heating current. The clean surface thus prepared possesses 7 × 7
reconstructions and narrow steps. Two monolayered (ML) Fe
(2.87 Å) was deposited on it at room temperature. Later, the
sample was annealed at ∼500◦ C, forming γ-FeSi2 nanostructures. (One monolayer of Fe is defined as the atomic density
of (100) plane of bcc Fe (1.22 × 1015 atoms cm−2 .) The structures thus formed by SPE were extensively investigated using
in-situ STM.

3. Results and discussion
3.1 Nanostructure growth
Formation of (111) facets on the 4◦ miscut Si(111) surface
is favoured by the surface energetics, because Si crystal tries
to expose low energy (111) facet. Thus, vicinal Si(111) surfaces with 4◦ miscut angle expose a stepped texture following
the cleaning process, the steps exposing (111) facet. In the flat
portion, the surface is 7×7 reconstructed. The steps are mostly
straight, albeit they become curved in some regions (figure 1).
The steps are aligned along −110 direction and on an average, they are ∼20−30 nm wide, as can be seen from the line
profile taken on the STM image (figure 2).
Figure 2 shows the STM image of clean Si(111)-7×7 of vicinal (4◦ miscut) surface. Average step width is ∼20–30 nm (as
seen in figure 2a) and step height ranges from 0.94 to 2.2 nm,
i.e. steps are 3–7 atomic bilayers high. The 7 × 7 unit cell on
flat terrace is marked in white lines. Figure 2 shows Si(111)
surface following the deposition of 2 ML Fe on it at room
temperature. The large area STM image in figure 2a shows
that no nanoisland has formed at this stage. The deposited
Fe has distributed itself evenly across the surface. A closer
view in figure 2b shows that no portion of the underlying substrate is visible. No crystallinity in the atomic arrangement
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Figure 1. (a) 300 × 300 nm2 STM image (bias voltage, Vg = 1.9 V and tunneling current, It = 0.2 nA) of 4◦ miscut
Si(111) surface. The line profile along the dark line is shown in inset. (b) The flat terrace shows 7 × 7 reconstruction,
the unit cell being marked in white.

Figure 2. (a) 500×500 nm2 STM image (bias voltage, Vg = 1.9 V and tunneling current, It = 0.2 nA) of Fe-deposited
4◦ miscut Si(111) surface at RT and (b) shows magnified portion of the 50 × 50 nm2 region enclosed by the black lines
in the image in panel (a).

can be apparently observed from the STM images. Prior to
annealing, Fe was distributed uniformly all across the surface.
Upon annealing at 500◦ C, Fe diffuses and migrates to accumulate in 2D nanoislands. This exposes the Si surface, and
the 7 × 7 reconstruction is restored in the exposed regions.
There are several factors governing the shape and size distributions of the nanostructures grown on a crystalline surface.
The key factor among them is the symmetry of the underlying
surface. Nanostructures often follow the substrate symmetry

to reduce the strain energy between the substrate and the
overlayer. In this case, the substrate symmetry is three-fold as
it is Si(111) surface. As a result, the nanostructures growing
on it, assume geometrical shapes with three-fold symmetry or
shapes that tend to become geometrical figures with three-fold
symmetry. For example, if we grow CoSi2 islands on a lowmiscut or 4◦ miscut Si(111) substrate, we obtain triangularor trapezium-shaped islands on the surface. In case of growth
on narrow terraces, the triangular-shaped islands span two or
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Figure 3. (a) 1800 × 1800 nm2 STM image (bias voltage, Vg = 1.9 V and tunneling current, It = 0.2 nA) of Fedeposited 4◦ miscut Si(111) surface annealed at ∼500◦ C and (b) shows the magnified edge-enhanced 500 × 500 nm2
STM current image of the area enclosed by dashed black curve.

more terraces to complete their structure. We have seen this
feature when 0.5 ML Co was deposited on 4◦ miscut Si(111)
surface at ∼600◦ C. The STM image (figure 4) of the CoSi2
nanoislands grown on the densely stepped surface, clearly
establishes the fact that the islands have shown a tendency to
follow the three-fold symmetry of the underlying substrate,
even though they do not have the opportunity to grow on a flat
terrace. The atoms are diffused across the step edges, overcoming the diffusion barrier at the step edge. When FeSi2
islands are grown on low miscut Si(111) at temperature ranging from 870–920 K in the low coverage regime (≤ 0.4 nm),
nearly triangular 2D islands form on the flat terraces [35].
In our study, where FeSi2 nanoislands grow on the narrow
terraces of the vicinal Si(111) substrate, no such triangular
islands are found to grow. Thus, unlike CoSi2 /Si system, the
diffusion barrier energy due to the step-edges, for FeSi2 /Si
system, is expected to be too large for the diffusing atoms to
jump over and follow the three-fold symmetry of the underlying substrate. All the islands, as clearly visible in figure 3a and
b, are elongated nanoislands or chains. Their alignment is not
random. They are oriented along any one of the three equivalent crystallographic directions −110 i.e. (−110), (01 −1)
and (−101) crystallographic directions as shown in the figure
with the black arrows. The islands enclosed in dark circles are
aligned along (01 −1) and those enclosed in black rectangles
along (−101) in figure 3a. Majority of the islands, however,
are oriented along the (−110) direction.
Figure 5 shows a schematic of (111) plane of Si, which
has a cubic lattice and the three equivalent directions −110
on it, which suggests a 3-fold and 6-fold symmetries and
a triangular shape for the islands growing epitaxially on it
(figure 5a). However, a trapezium-shaped island is also

possible as trapezium is nothing but a truncated triangle. The
situation has been illustrated in panel b of figure 5, where original triangle is shown in red and the truncated portion has been
distinguished in a darker red. If a triangle is truncated on all
three corners, then we get a hexagonal shape. In the extreme
case of truncation from one corner, we will get an elongated
shape looking like a chain or wire having a trapezoidal projection on the surface, as shown in dark red in figure 5c. Figure 5d
shows that this chain-like structure can form along three possible directions, depending on which side, the triangle is being
truncated from. If we take a closer look of the STM image
in figure 3, we will see that the nanowires are not exactly
rectangular, rather they are close to a trapezium. Thus, the
preferential atomic diffusion, triggered by the growth kinetics, along any one of the three equivalent directions of the
Si(111) surface can lead to the formation of nanowires on a
three-fold symmetric surface.
According to the discussions above, nanowires can be oriented along three equivalent directions [−110]. However,
nanowires are preferentially rallied along the narrow terraces, the terraces being aligned along one of the equivalent
[−110] directions. More importantly, they have formed along
the step edges. The step edges are not straight along the
length, and they are bent in some regions. The nanowires,
in those bent regions, have diverted from the crystallographically favourable growth directions, and followed the bent step
edges during growth. Therefore, apart from the underlying
substrate symmetry, the terraces and the step edges also influence the evolution of nanowires to a large extent. This can
be explained using the theory of reaction–diffusion model.
Before annealing, Fe atoms were distributed across the surface. Following the annealing, Fe atoms have diffused and
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to react with. Step edges not only guide the growth, but also
act as reaction centres.
3.2 Identification of FeSi2 phase

Figure 4. 5000 × 5000 nm2 STM image 0.5 ML co-deposited
Si(111)−4◦ miscut surface.

reacted with the underlying Si atoms. This atomic diffusion
is primarily controlled by the presence of surface inhomogeneity. If there are defect regions present in the surface, then
they act as reaction centres due to the presence of high density dangling bonds. Hence, atoms diffuse and accumulate
in the defect regions, forming structures therein and causing a non-uniformity in shape and size distributions of the
islands [25]. If there are one-dimensional channels present
in the underlying substrate, atoms diffuse along those channels, forming nanowires along that direction. This mechanism
called anisotropic atomic diffusion, is responsible for the
formation of nanowires along [−110] direction on Si(110)
surface. In many cases, step edges act as barriers to diffusion
and affect nanostructure growth. In our case, since almost all
the nanowires have grown along the steps, which also happen to be one of the three equivalent directions of nanowire
growth on this surface (−110), it is evident that the step
edges have acted as diffusion barriers and the steps have provided a channel for atomic diffusion along them. It is because
of the barriers that a negligible fraction of the population of
nanowires has grown across the terraces, spanning two or
more terraces in the process. In the upper part of figure 3a, we
can see that a few of the terraces bend and deviate from the
crystallographic direction [−110]. The nanowires growing
along the step edges have accordingly followed this deviation
and the array of wires has bent along the curved step edge.
In other terraces too, it is visible that the wires have grown
at the step edges. It can be argued from this observation that
step edges not only act as barriers and restrict the degrees of
freedom for the wire growth, but also act as a sink of Si atoms

The Fe–Si interdiffusion and reaction at room temperature
and after annealing, is a complex issue and offers a wide variety of Fe–Si compounds in terms of structure, stoichiometry
and electronic states. At room temperature, the Fe–Si reaction very delicately depends on the coverage of Fe. Fe diffuses
very fast into Si, and the diffusion mechanism is purely interstitial [36]. In case of room temperature (RT) deposition, pure
metallic Fe grows layer by layer on top of the Fe–Si interface.
The nature of this Fe–Si interface depends upon the supply
of Fe. If very small amount of Fe is deposited, like below 0.3
Å, the aspects of underlying surface do not change, indicating absence of any silicidation [32]. However, if the coverage
is limited to 1–2 Å, β-phase-like FeSi2 forms at the interface [37]. In the same thickness regime (<3 Å), formation
of FeSi2 at the interface has been reported by another group
[38]. On the other hand, FeSi-type silicide formation has also
been observed by some groups [31,39,40]. Upon annealing,
the Fe films deposited at RT up to 500◦ C form FeSi2 , whose
phase depends on their thickness. The case is so because,
FeSi2 appears in four phases, two of them bulk stable (α and
β) and two of them metastable (γ and s) [32,41–43]. The
latter two phases are tetragonal and orthorhombic, respectively, which have large lattice mismatch when deposited
on a cubic substrate like Si. On the other hand, it has been
shown theoretically [44] and experimentally [32,41,44] that
the metastable cubic phases γ and s grow with much smaller
strain on Si, as long as the film thickness does not exceed
50 Å. Thickness beyond 50 Å falls in the bulk regime and
favours the formation of the bulk stable β-phase [37] or αphase if annealed at ∼500 or ∼950◦ C, respectively. In our
work, we have deposited 5 Å Fe at RT and obtained amorphous layer. After annealing it to 500◦ C, we have obtained
well-ordered nanostructures. According to our thickness and
temperature regimes, the cubic γ phase FeSi2 is expected
to form, as 4.6 Å Fe on Si(111) has reportedly yielded this
phase upon annealing at the same temperature [38]. We have
confirmed from STM study of the surface morphology that a
cubic phase of FeSi2 having CaF2 lattice structure has indeed
formed on Si(111).
3.3 Calculation of diffusion barrier energy
The reason behind the different behaviours of the CoSi2 and
FeSi2 islands on vicinal Si(111) surface can be explained from
a theoretical calculation of the diffusion barrier energy for
both the systems. From nucleation theory, the mean island size
N , in terms of number of atoms, is related to the coverage
θ and incident deposition flux F as follows [45,46]:

N  =

Dθ 2
3Fa 4

1/3
,

(1)
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Figure 5. A schematic showing how nanowires may form on a three-fold symmetry substrate. The gray atomic plane
denotes (111) plane of Si surface which has a diamond structure. The three equivalent directions have been marked out
in black arrows. (a) The red triangle indicates the expected shape of an island grown epitaxially on it. (b)–(d) show how
trapezium-shaped and wire-shaped islands are also possible to grow on this same surface.

where D = terrace diffusion constant and a = substrate
surface lattice constant along island-edge. Now,


E TD
D = ν0 a exp −
kT
2


,

(2)

where E TD = diffusion barrier energy, ν0 = vibrational
attempt frequency, which we generically take as 1012 s−1 ,
k = Boltzmann constant and T = temperature at which
diffusion and island formation are taking place. In our study
of both the systems (CoSi2 /Si and FeSi2 /Si), islands of various
sizes have grown (figures 3 and 4, respectively). Considering
only the larger islands that have grown up to the saturation
island size, we have calculated average island size and found
the diffusion barrier energy. The energy for CoSi2 /Si system
is 0.075 eV (with θ = 0.5 ML and F = 0.0063 ML s−1
Å−2 ), whereas the FeSi2 /Si system is one order higher,
0.95 eV (with θ = 2 ML and F = 0.008 ML s−1 Å−2 ).

This clearly explains, why Co atoms have diffused across the
step edges and followed the substrate symmetry to form triangular islands, whereas Fe atoms were not able to diffuse across
the step edges and their growth was restricted to nanowires
only, aligned along some specific crystallographic direction.
3.4 Reconstruction on the island
Figure 6 shows detailed features of the surface following
annealing and the formation of the nanostructures. Panel a
shows the bare surface where 7 × 7 reconstruction of the
Si(111) surface has remained intact. Fe atoms have migrated
from these regions to accumulate and form the nanowires.
Figure 6b shows a 3D STM image of a nanowire and figure 6c
shows a magnified portion of it, showing a high resolution
image of the hexagonal close packed atomic arrangement on
the nanowire surface. Figure 7a shows a high resolution STM
image of a nanowire surrounded by the 7 × 7 reconstructed
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Figure 6. (a) 25 × 25 nm2 STM image (bias voltage, Vg = 1.9 V and tunneling current, It = 0.2 nA) of the bare portion of the
Fe-deposited 4◦ miscut Si(111) surface annealed at ∼500◦ C, revealing the Si portion. (b) 3D STM image of a nanowire grown on the
surface following annealing. (c) 10 × 10 nm2 high resolution STM image showing the regular atomic arrangement on a magnified portion
of the nanowire surface.

Figure 7. (a) 25 × 25 nm2 STM image (bias voltage, Vg = 1.9 V and tunneling current, It = 0.2 nA) showing a
nanoisland in nascent stage, alongwith the bare 7 × 7 reconstructed Si(111) surface around it. The surface unit cell
has been marked on it in black and blue lines. (b) A model of (111) plane of CaF2 structure, with the unit cell of
unreconstructed surface marked on it.

Si(111) surface. A complete 7×7 unit cell is not visible in the
image, but from the corner holes, it is visible and the unit cell
can be drawn, as the blue lines indicate. The sides of unit cell
on the nanowire surface are parallel to the 7 × 7 unit cell. The
dimensions are measured to be 0.76 × 0.76 nm2 . Figure 7b
depicts the (111) plane of CaF2 lattice structure, which is the
structure of the γ -phase FeSi2 . The 1 × 1 unit cell has been
marked there, which measures 0.381 × 0.381 nm2 in dimensions. Hence, the nanowire surface shows a 2 × 2 structure.
The findings of this work are in consonance with the previous
studies of growth of cubic FeSi2 in the ultrathin film limit

[32]. The islands obtained upon annealing the Fe film in the
ultrathin limit (<15ML) shows this same 2 × 2 structure as
we have observed. This type of structure cannot be obtained
if any non-cubic phase like β- or α-phase forms.

4. Conclusion
In conclusion, we have devised a way of using the stepped texture of a vicinal surface as a template to grow ordered array
of metallic nanowires SPE. The ordering of the nanowires
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has been attributed to the step edges, which act both as a
hindrance to diffusion and reaction centres that provide Si
atoms for reaction with the Fe atoms. The island surface shows
2 × 2 structure, which forms when cubic phase FeSi2 forms
on Si(111). Since this phase is metallic and has magnetic
character, this ordering of nanowire growth has considerable
potential as a candidate for nanoelectronics and magnetic storage systems.
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