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a b s t r a c t

Self-organized α-FeSi2 nanocrystals on (100) silicon substrate were synthesized by molecular beam
epitaxy with Au catalyst. The microstructure and basic orientation relationship between the silicide
nanocrystals and silicon substrate were analyzed in detail. α-FeSi2 nanocrystals appeared to be inclined
trapezoid and rectangular nanoplates, polyhedral nanobars and pyramid-like ones, aligned along
o0114 directions on (100) silicon substrate with the length up to 1.5 mm, width ranging between 80
and 500 nm and thickness from 30 to 170 nm. As has been proposed metallic iron silicide may be used
for manufacturing electric contacts on silicon. A current–voltage characteristic of the structure was
measured at room temperature and showed good linearity.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Iron silicides are under intensive investigations now due to
their compatibility with silicon technology, economic benefits and
abundance in the Earth crust [1,2]. Reducing dimension and sizes
of such materials for further application in spintronics and pho-
tonics has a great potential [3,4]. For instance, it has been shown
that embedding nanoparticles of semiconducting iron disilicide in
a silicon matrix results in the enhancement of IR photo-
luminescence in comparison with ß-FeSi2 thin film [5,6]. However,
the intensity of room temperature IR luminescence is not as high
as commercially available analogues [5]. In turn, self-assembled ß-
FeSi2 single-crystalline nanowires grown on silicon substrate could
improve it even more [3]. Nevertheless, there are a few reports
concerning their growth [3,7,8] that is possibly caused by the poor
orientation relationship (OR) between ß-FeSi2 and silicon. The
means to achieve such Si-ß heterostructures may be by utilizing
precursors. These precursors can serve other disilicides phases, α-
or γ-FeSi2, having a better OR with silicon [9]. To date, the forming
of epitaxial α-FeSi2 thin film via pulsed laser deposition [10], the
annealing of prior deposited Fe film [11,12], ion implantation [13],
polycrystalline film via facing target radio-frequency magnetron
sputtering method [14], and subsequent Fe deposited layer
hysics, Russian Academy of
0036, Russia.
annealing [15] were reported. Self-assembled α-FeSi2 nanocrystals
were synthesized on Si(100) and Si(111) surfaces by ion im-
plantation [9], solid-phase epitaxy [16], and microwave plasma
assisted chemical vapor deposition [17].

In this report we discuss a new approach to form self-as-
sembled α-FeSi2 nanocrystals grown on Si(100) by molecular
beam epitaxy (MBE) with Au catalyst. We also explore the prob-
able employment of the obtained crystals as the electrode to Si
substrate.
2. Experiment

The α-FeSi2 nanocrystals were formed on 1°- miscut vicinal
p-Si(100) substrate (ρ�5–10Ω cm) at 870 K by MBE in ultrahigh
vacuum condition (UHV) in Angara chamber [18]. Prior to growth,
Si substrate was chemically cleaned by the technique described
[19]. Si substrate was exposed to gradual thermal treatment for 3 h
to 650 °C at rate of 4 °C/min in UHV (base pressure 6.5�10�8 Pa).
In order to obtain an atomically clean silicon surface the wafer was
flashed at 850–900 °C until well-ordered (2�1) reconstruction
appeared in the reflection high-energy electron diffraction pattern.
After the specimen was cooled down to room temperature Au
layer (1 nm) was evaporated from Knudsen effusion cell onto
substrate surface at rate 0.25 nm/min. Then the substrate tem-
perature was increased to 840 °C and Fe and Si were deposited
simultaneously with the growth rates of 0.1 and 0.34 nm/min
during 60 min. The ex situ determination of the morphology,
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phase composition of the sample was performed by scanning
electron microscopy (SEM) on a Hitachi S-5500 microscope and
X-ray diffraction (XRD) analysis on a D8 ADVANCE powder dif-
fractometer (CuKα radiation, Ni filter) with a VANTEC linear
detector.
Fig. 2. Differential X-ray diffraction pattern of α-FeSi2 nanocrystals on Si(100)
substrate.
3. Results and discussions

The SEM images of the sample are shown in Fig. 1. Codeposition
of Fe and Si onto a silicon substrate with Au catalyst resulted in the
growth of nanocrystals with the variety of the morphology. Several
types of nanocrystals can be marked out. The first one are the
rectangular nanoplates lying towards o0104 and o0114
(Fig. 1b) with the length, width and thickness about 400–800 nm,
300–400 nm and 30-70 nm, respectively. The second one are the
trapezoid nanoplates inclined by �22° relative to o1004 di-
rection and placed along o0114 direction (Fig. 1c and d). The
inherent sizes are almost the same for each trapezoid (height
200 nm, width 500 nm and thickness 30 nm). The third type are
the polyhedral nanobars (Fig. 1b and c) aligning along o0114
direction with the length up to 1.5 μm, width ranging between
100–200 nm, thickness about 50–110 nm. Habitus of the forth type
is pyramid-like with length of the edges and the thickness varied
from 80 to 300 nm and from 16 to 170 nm, respectively. Apart
from crystallites denoted above another type exists, which have
greater sizes (Fig. 1d) and possess a form of coalesced truncated
pyramids. The height of them reaches 550 nm, the edges length
ranging from 700 nm to 1 μm. It is easily observed that some
crystallites grew on the surfaces of other crystallites (Fig. 1d) with
a variety of growth direction.

The result of the sample XRD analysis is shown in Fig. 2. All
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Fig. 1. SEM images of α-FeSi2 nanocrystals (a) large scale view of the sample (b) magnifie
and pyramid-like crystallites under tilting angle 13° away from the substrate plane (d) m
references to color in this figure, the reader is referred to the web version of this articl
reflections peaks not belonging to Si(100) were successfully
identified by tetragonal phase α-FeSi2 [20] with the lattice con-
stants a, b¼2.6914(4) Å, c¼5.1205(4) Å. The XRD pattern has only
four unique α-FeSi2 strong diffraction peaks besides several peaks
from Si substrate, which are (001), (111), (012) and (110). More-
over, according to the α-FeSi2 powder intensities ratios [15] the
larger intensity of α(001) and α(111) peaks reveals that most of
crystallites are oriented with these planes on Si(100).

Since the majority of crystallites are rectangular and pyramid-
like (Fig. 1a) they are expected to have basic orientation α(001)||Si
(100), α(111)||Si(100). The crystallites with the basic orientation α
(001) should probably have a form of plates. Then it can be readily
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d view of typical rectangular nanoplate, (c) trapezoid nanoplate, polyhedral nanobar
agnified view of truncated pyramid (sample tilting is 32°). (For interpretation of the
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Fig. 3. Schematic drawing of interface structure for all suggested epitaxy orientation. first row refers to α(001)[010]||Si(100)[010], second – α(001)[010]||Si(100)[011], third – α
(111)[1-10]||Si(100)[011], fourth – α(110) [1-10]||Si(100)[011] and fifth – α(012)[02–1]||Si(100)[011]. First column corresponds to view along [010]Si direction, second – [0–11]Si

and third – [100]Si.
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seen (Fig. 1a and b) that rectangular nanoplates align along two
different direction (o0104 and o0114) which means they
have following OR α(001)[010]||Si(100)[010], α(001)[010]||Si(100)
[011]. However, among pyramid-like crystallites it is possible to
mark out two different types, one with edges having nearly the
same length (Fig. 1a green triangles) and the other with the two
equaled edges 1.52 times greater than the third, which the same as
the ratio between the sides formed by α(111) plane in the α-FeSi2
unite cell (Fig. 1a blue triangles). While the first type does not have
a definite orientation direction, the second one aligns along only



Fig. 4. Current–voltage characteristics α-FeSi2 nanocrystals/p-Si(100) structure.
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o0114 . On this view the epitaxial relationship of pyramid-like
crystallites, depicted as blue triangles, is α(111)[1-10]||Si(100)[011].
The α(110)||Si(100) crystallites probably oriented along o0114
direction of the silicon substrate and have the nanobar form. The
most suitable direction of α(110) plane for the silicide growth is
[1–10] since, as in the case of α(111) plane, silicide atomic rows
coincide with silicon ones (Fig. 3). According to the XRD pattern
the least volume of crystallites has to be due to a α(012)||Si(100)
orientation. This type of crystallites could grow on other α-FeSi2
lumps. To presume which type of orientation the other crystallites
have is difficult. The XRD pattern did not depict any other strong
diffraction peaks, which could refer to these orientations of crys-
tallites. One can assume the possible reason for such XRD pattern
appearance is that the crystallites mentioned do not have any
parallel to Si(100) plane or amount of such orientation is very
small to give notable diffraction peaks. Such a situation could
appear in the case of endotaxy [21], where the crystallites growth
occurs in silicon matrix with coherent interfaces surrounding the
precipitate.

Apart from these questions the role of gold catalyst on forma-
tion of a-FeSi2 nanocrystals remains unclear. To clarify this issue
chemical surface analysis was performed by energy-dispersive
X-ray spectroscopy (EDS) on Hitachi TM-3000 microscope. The
analysis revealed that the gold is uniformly distributed on the
sample. However from the EDS images obtained (not showed
here) it is still unclear whether the gold is on top or underneath
the islands. We believe that on initial stages of the growth the
silicide nanocrystals formed according to Vapor-Liquid-Crystal
mechanism like in case of nanowires growth [22]. It is known that
the effect of nanowires growth activation by the catalyst particles
consists in the fact that growth on the surface under a droplet
proceeds much faster than on a non-activated surface [23]. Here,
the transition of material from vapor to liquid takes place, and as a
result the solution becomes supersaturated and crystallizes on the
surface under a droplet. However under certain conditions the
lateral growth can be faster than the vertical growth [22,23]. The
physical cause of the lateral growth initiation is a decrease in the
diffusive flux from the substrate surface to the nanocrystal top, an
increase in supersaturation on the side faces, and, consequently, an
increase in the probability of the islands nucleation. As a con-
sequence, a rough film of the material is formed on the surface and
catalyst droplets are overgrown [22]. Hence, further work is nee-
ded to clarify the issues mentioned above.

Using the PTClab software, the interface structure of the ob-
served on XRD pattern planes parallel to silicon surface Si(100)
was calculated (Fig. 3). This calculation does not pretend to
describe the real interface structure in detail and is intended to
visualize a possible atomic arrangement. The calculation has been
done taking into account the thermal expansion of α-FeSi2 [24]
and Si at the synthesis temperature.

It is clearly observed that only the α(001)[010]||Si(100)[010]
and α(111)[1-10]||Si(100)[011] ORs have good epitaxial alignment.
All three views of these α-FeSi2/Si interfaces indicate a good match
between silicides and silicon planes. In both cases α-FeSi2 {110}
and {102} planes are parallel to Si{110}. For the α(110) [1-10]||Si
(100)[011] OR one can observe only one direction when two
planes, α(012) and Si(011), with the same interplanar spacing are
aligned. C. Detavernier et al. [15] carried out comprehensive re-
search of the α-FeSi2 and NiSi thin film texture on Si(001) sub-
strate. According to this work, except for epitaxial arrangement
and random texture, new type of preferential orientation was
observed in such structures, which was named ‘axiotaxy’. In con-
trast to epitaxy, which is characterized by good matching within
the plane of the interface, axiotaxy involves the alignment of
planes across the interface [15]. Thus, the α(110) [1-10]||Si(100)
[011] crystallites, in terms of epitaxy, axiotaxy and ‘random’

structure crystallites can be assigned as having axiotaxy growth
mode. To estimate atomic arrangement of the α(012)/Si(100) in-
terface the OR α(012)[02–1]/Si(100)[011] was chosen as the most
favorable. It can be readily seen this OR and the α(001)[010]||Si
(100)[011] one have the worst atomic arrangement. Probably the
XRD peak for these planes appeared due to endotaxially grown
crystallites [21] where a better atomic arrangement between
planes inclined to the Si(100) one could take place.

As has been noticed [17] the α-FeSi2 may be used for manu-
facturing electrical contacts on silicon. We carried out measure-
ment of I–V characteristics of α-FeSi2crystallite/n-Si(100) structure.
The metallic type electronic band structure of the α-FeSi2 has been
recently obtained in the ab initio band structure calculations
within the density functional theory [25]. The device with a gap
(Fig. 4 inset) was prepared to prevent possible current through the
surface layer. The good linearity of I–V curve in Fig. 4 under -1 to
þ1 V bias indicated that the contact between α-FeSi2 crystallites
and silicon substrate had good ohmic characteristics.
4. Conclusions

In summary the growth of α-FeSi2 nanocrystals on Si(100) by
molecular beam epitaxy with Au catalyst is reported for the first
time. The possible atomic arrangement of α/Si interfaces and the
capability of utilization of α-FeSi2 nanocrystals as electrical con-
tacts to Si were explored. In this work 1°– miscut vicinal p-Si(100)
substrate without an epitaxial buffer silicon layer was used, that
along with the substrate temperature, the gold droplets size and
their distribution, the rates material deposition could affect in-
itiation of some type crystallite growth. We believe adjusting these
parameters could be possible to synthesize only one type of the
crystallites with definite sizes that would encourage application of
α-FeSi2 in nanoelectronics and microelectronics.
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