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etal silicides have a very low resis-

tivity, large optical absorption, ex-

cellent figure of merit (2), and
unique magnetic properties. These versatile
properties in addition to their compatibility
with silicon-based device fabrication pro-
cesses can lead to a wide variety of nano-
scale applications of metal silicides in elec-
tronics, photovoltaics, thermoelectrics, and
spintronics."~® Among the metal silicides,
FeSi is a paramagnetic semiconductor that
exhibits anomalous temperature-dependent
electrical, optical, and magnetic properties
and is known as the only transition metal
Kondo insulator showing Kondo lattice be-
havior at room temperature.'®~"?

Growing freestanding nanowires (NWs)
in an aligned orientation on a substrate
is crucial to the fabrication of three-
dimensional device architectures.'>'* Man-
ufacturing processes of integrated devices
can be much simplified by employing self-
alignment of NWs as desired. The alignment
and orientations of NW arrays can strongly
affect device functionality in practical appl-
ications.”>'® While FeSi NWs have been
synthesized in various morphologies such
as a freestanding form or a hyperbranched
form by varying the reaction conditions
without any catalysts, the detailed growth
mechanism has not been revealed yet.'”~"°

Herein we report catalyst-free epitaxial
growth of freestanding FeSi NWs and their
detailed growth mechanism. Freestanding
metal silicide NWs are epitaxially grown for
the first time. The reaction proceeded by
chemical vapor transport (CVT) without any
catalysts. The NW growth is initiated from
the FeSi nanocrystals, formed on a substrate
in a characteristic shape with a specific ori-
entation at an initial stage of synthesis.
Close correlation of geometrical shapes
and orientations of the observed nanocryst-
als with those of as-grown NWs indicates
that directional growth of NWs is initiated
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We have synthesized epitaxially grown freestanding FeSi nanowires (NWs) on an m-Al,03

substrate by using a catalyst-free chemical vapor transport method. FeSi NW growth is initi-

ated from FeSi nanocrystals, formed on a substrate in a characteristic shape with a specific

orientation. Cross-section TEM analysis of seed crystals reveals the crystallographic structure

and hidden geometry of the seeds. Close correlation of geometrical shapes and orientations of

the observed nanocrystals with those of as-grown NWs indicates that directional growth of

NWs is initiated from the epitaxially formed seed crystals. The diameter of NWs can be con-

trolled by adjusting the composition of Si in a Si/C mixture. The epitaxial growth method for FeSi

NWs via seed crystals could be employed to heteroepitaxial growth of other compound NWs.

KEYWORDS: iron silicide - transition metal silicides - nanowires -

epitaxial growth - seed crystal

from the epitaxially formed seed crystals
on the substrate. Interestingly, the hetero-
epitaxial growth mechanism of compound
NWs observed here is quite close to the
mechanism of catalyst-free epitaxial growth
of noble metal NWs,2°~22 although via more
complex-shaped seed crystals. Investiga-
tion of epitaxial growth of FeSi NWs may
help us to understand the growth mechan-
ism of other compound NWs, especially semi-
conductor NWs, without using a catalyst.

RESULTS AND DISCUSSION

Stereoaligned Growth of FeSi NWs from Oriented
Seed (Crystals. Epitaxially aligned FeSi NW ar-
rays were synthesized on an m-Al,O3 substrate
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Figure 1. (a—c) SEM images of the epitaxially grown FeSi
NWs on an m-Al,03 substrate. Red and green arrows in
(b) indicate eight growth directions of NWs. (c) Enlarged
image shows tetrahedron-shaped nanocrystals with a spe-
cific orientation. A large number of nanocrystals are found
together with the NWs on the substrate.

using a CVT method without catalysts employing a
hot wall dual-zone furnace with a 1 in. diameter quartz
tube. As a Fe precursor, anhydrous FeCl, beads in
an alumina boat were placed at a heating zone. The
m-Al,O5 substrates were put on an alumina boat, filled
with a powdered Si/C mixture with a 1:8 weight ratio of
Si:C, and placed at ~12 cm downstream from FeCl,
(Figure S1, Supporting Information).

Figure 1 shows top-view scanning electron micro-
scope (SEM) images of directionally aligned FeSi NWs
on an m-Al,05 substrate. Freestanding NWs have eight
growth directions, as indicated by the red and green
arrows in Figure 1b. Note that small nanocrystals are
observed on the substrate in an enlarged SEM image
(Figure 1c). The curly NWs with cubic-FeSi phase are
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also found on the substrate in addition to the presence
of straight NWs (Figure S2, Supporting Information).

The X-ray diffraction (XRD) pattern indicates that all
peaks correspond to the reflections of a simple cubic
FeSi phase (space group P2,3, JCPDS card No. 38-1397)
with a lattice constant of 4.488 A (Figure 53, Supporting
Information). Transmission electron microscope (TEM)
analysis of as-grown NWs also indicates that the NW
has a simple cubic FeSi structure, and TEM energy
dispersive X-ray spectroscopy (EDS) measurements
confirm the Fe:Si composition of 1:1 for the NWs
(Figure S4, Supporting Information). A high-resolution
TEM (HRTEM) image of a FeSi NW along the [110] zone
axis reveals that a (001) twin plane exists in the middle
of the NW along its [110] growth direction. No diffrac-
tion spot splitting is observed in its selected area
electron diffraction (SAED) pattern. Such an observa-
tion in the twinned crystals, quite different from typical
twinning behaviors, is ascribed to merohedral twin-
ning, as recently reported by Szczech et al. in the FeSi
NWs.'?

For the growth mechanism of the epitaxial FeSi
NWs, we suggest a vapor—solid growth mechanism,
where building blocks are supplied from the gas phase
by direct adsorption onto the NW surface or by diffusion
following adsorption onto the substrate.”® A vapor—
liquid—solid mechanism could be ruled out, since no
metal catalysts were employed.

We found a number of nanocrystals as well as
stereoaligned FeSi NWs on the substrate after the
reaction was completed (Figure 1¢). Figure 2a shows
a top view image of the FeSi nanocrystals showing
three distinct shapes, type |, II, and lll, aligned in several
specific orientations. Figure 2b—d display enlarged
top-view SEM images of seed crystals of type |, Il, and
lll, respectively. All the top-view images in Figure 2
were taken at the same fixed angle. We found FeSi NWs
that grew in very closely correlated shapes and orien-
tations with the three nanocrystals, as shown in
Figure 2e—g and h—j, respectively, showing the tip
and root parts of those NWs. For all of observed NW
growth directions, we could find seed crystals having
the correlated orientation. From this observation we
suggest that the epitaxial FeSi NWs are grown from the
seed crystals along the dashed line, as shown in
Figure 2b—d.

The type | and Il seeds in Figure 2b,c are mirror
symmetric to each other and of a truncated tetrahe-
dron shape, while that of the type lll seed in Figure 2d is
close to a regular tetrahedron. Seeds of each type have
four orientations, each rotated by about every 90°,
leading to a total of 12 orientations (Figure 3c,d). Since
the root part has a shade while the tip part shows clear
contrast (Figure 2f,i), we can clearly determine the NW
growth direction. Figure 2b,c show that the growth
directions of the NWs initiated from type | and Il seeds
are tilted ~45° from the symmetry plane in a top view.
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Figure 2. (a) Top-view SEM image of tetrahedron FeSi nano-
crystals in various shapes formed on the substrate. The
roman numerals near the nanocrystals indicate the geo-
metrical type of nanocrystal as shown in (b—d). (e—g; h—j)
Magnified top-view SEM images of tip and root parts of NWs
grown from three types of seeds, respectively. Particularly,
the root parts show close correlation with three types of
seed crystals in geometry and orientations, indicating that
NWs grow from seed crystals along the yellow arrows in
(b—d). Scale bar in (b) is 200 nm, and (b—j) are all at the same
magnification.

Therefore, all four growth directions from type | seed
overlap with those from type Il seed, and we found a
total of eight growth directions, four from type I and Il
seeds and four from type lll seeds. The reason that the
seeds have four orientations each rotated by 90° will
be discussed later.

Morphology Study of Seed Crystals by Cross-Section TEM
Analysis. To thoroughly investigate the epitaxial rela-
tionship between the FeSi NW and the substrate as well
as the crystallographic structure and morphology of
the seed crystals, we carried out detailed cross-section
TEM analysis of seeds of types Il and Ill (type | and |l
seeds are mirror-symmetric). From the cross-section
TEM image and the top-view SEM image, we have
constructed the projection views for a 3D image of
type Il and Ill seed crystals in Figure 4a,b, respectively.
We represent some side-view images of type Il and
Il seeds obtained at various angles, which is approxi-
mately parallel to the projection views shown in
Figure 4a,b (Figure S5, Supporting Information). Figure 4c
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Figure 3. Top-view SEM images of the seed taken at a fixed
angle. (a) Seeds of types | and Il are formed on the substrate
in four orientations rotated by ~90°, as marked by the red
circles. (c) Magnified images of the type | seeds in four
orientations. (b) Type Il seeds have four orientations ro-
tated by ~90°, as marked by the yellow circles. (d) Magni-
fied images of the type Il seeds in four orientations. Scale
bars in (a, b) and (c, d) are 500 and 200 nm, respectively.

shows a cross-section TEM image of a type Il seed, cut
along the cyan line (Figure 4a, inset). The cutting plane
is carefully selected to be parallel to the NW growth
direction and vertical to the substrate (see Figure 2b—d).
The quadrangular cross-section TEM image in Figure 4c
reveals two additional planes of the type Il seed that
were hidden in the top-view image. This cross-section
image corresponds to the front view in the projection
views (blue circle in Figure 4a). Figure 4d displays an
HRTEM image of the interface between the type II
seed and the m-Al,O3 substrate (square A in Figure 4c).
Figure 4ef show fast Fourier transform (FFT) electron
diffraction (ED) patterns of the seed crystal and the
substrate, respectively. The corresponding SAED pat-
terns of Figure 4ef are displayed in Figure S6ab
(Supporting Information). The diffraction spots from
the seed (Figure 4e) are indexed to a simple cubic FeSi
structure. From the analysis of the HRTEM image and
FFT ED pattern in Figure 4d—f, the lattice mismatch
between the (211) direction of a type Il seed and the
(1126) direction of the m-Al,O; substrate was ~13.5%.
In a domain matching scheme, however, six lattice
constants of FeSi are matched with seven of Al,O5
along the FeSi (211) direction with only a 1.94% misfit.

Figure 4g shows a cross-section TEM image of a
type lll seed, cut along the cyan line (Figure 4b, inset).
Although this quadrangular cross-section image looks
similar to that in Figure 4c, actual 3D geometrical
shapes of the type Il and Il seeds constructed from
the top-view images and the cross-section are quite
different, as visualized by the projection views in
Figure 4a,b. This is because the cutting planes of the
cross-section (insets of Figure 4ab) are distinctly
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Figure 4. (a, b) Geometry of type Il and Il seed crystals described by projection views. (Inset images: top-view SEM images of
each seed and the cyan line representing the cutting line.) The shaded section of the top view represents the bottom interface
with the substrate. (c) Cross-sectional TEM image of a type Il seed cut along the cyan line from point 1 to point 2 in the inset of
(a). This seed crystal leads to the NW growth along the yellow arrow. (d) HRTEM image of the cyan square A in (c) showing the
interface between the type Il seed and the substrate. (e, f) FFT ED patterns of the FeSi seed and m-Al,0; shown in (d),
respectively. (g) Cross-sectional TEM image of a type lll seed cut along the cyan line from point 1 to point 2 in the inset of (b).
The yellow arrow indicates the NW growth direction from this seed. (h) HRTEM image of the cyan square B in (g). (i, j) FFT ED
patterns of the FeSi seed and m-Al,03 shown in (h), respectively.

different. The cross-section in Figure 4g corresponds
to the left view in the projection views (blue circle in
Figure 4b) because the cutting plane here is perpendi-
cular to that of Figure 4c. An HRTEM image of the type
Il seed/Al,Os interface (square B in Figure 4q) is shown
in Figure 4h. FFT ED patterns of the seed and substrate
are displayed in Figure 4i,j, respectively. The corre-
sponding SAED patterns of Figure 4i,j are displayed in
Figure S6c,d (Supporting Information). The FFT ED
pattern of a type lll seed matches well to a simple
cubic FeSi structure. These analyses of HRTEM images
and FFT ED pattern indicate that the epitaxial relation-
ship between the type Ill seed and the m-Al,03 sub-
strate is (110) FeSi//(1010) Al,Os (Figure 4ij). The lattice
mismatch is 37.9% between the (100) direction of a
type Il seed and the (0001) direction of Al,Os. The
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lattice mismatch is 29.2% between the (011) direction
of a type Ill seed and the (1210) direction of Al,Os. In
domain matching epitaxy, three lattice constants of
FeSi are matched with four of Al,Os along the FeSi
(110) direction with a 1.25% misfit, and 10 lattice
constants of FeSi are matched with seven of Al,O;
along the FeSi (100) direction with a 0.1% misfit (Figure
S7a, Supporting Information).

Now we discuss the four observed orientations of
the seeds. Since the m-Al,O; substrate has a 2-fold
symmetry in the crystal atom distribution, the crystal
can sit on the substrate in two equivalent orientations
rotated by 180°. Figure S7a represents the atomic
configuration of the type Il seed and Al,Os interfacing
each other as in Figure 4h. When the FeSi lattice is
rotated by 90° with respect to the substrate, the fine
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lattice match is still retained (Figure S7b, Supporting
Information). This analysis could explain that the type
Il seed crystals have four orientations rotated by
90°. Although we do not have lattice matching infor-
mation for type | and Il seeds, they may have similar
energetic factors favoring such 90° rotated orienta-
tions. Figure 3c,d indicate that four orientations (1, 2, 3,
and 4) of type | and Ill seeds have rotation angles
slightly different from 90°, which may be attributed to
the more complicated crystal lattice energy factors.

The SEM and TEM investigations suggest that the
growth of stereoaligned FeSi NWs is initiated from
the FeSi nanocrystals epitaxially formed on a sub-
strate with a characteristic shape and a specific three-
dimensional orientation at the beginning of the reac-
tion. Information on the structure and orientation of
seed crystals at the initial growth stage of NWs is crucial
to elucidate the growth mechanism.?°~%? While the
growth mechanism of metal silicide NWs has been
extensively investigated, the initial stages of their
synthesis have not been revealed in detail yet.'>*3%*
The study on the self-seeded growth of FeSi NWs
would provide important clues to understanding
the stereoaligned growth of compound NWs without
catalysts.

FeSi NWs are also epitaxially grown on r-Al,03
substrates (Figure S8, Supporting Information). Unlike
the NWs grown on m-Al,O3 substrates, they have six
orientations, as indicated by the red arrows. Seed
nanocrystals are also observed on the r-Al,03 sub-
strate. Although the lattice mismatch for the FeSi seed
and m-Al,O; interface is large (38% and 29%), such a
sizable lattice mismatch might have acted favorably for
the seed formation.?> Simulation studies predict that
for heteroepitaxial thin film formation a small lattice
mismatch of ~2% causes film formation, while a large
misfit strain of 6% induces semispherical island forma-
tion. If the misfit strain is large, adatoms tend to climb
to the top of a 3D island instead of covering the sub-
strate surface in order to reduce elastic strain energy,
driving rapid growth of 3D islands.

For our FeSi NWs, similarly, Fe and Si atoms pre-
ferred to adsorb on top of the seed rather than on the
substrate surface because of large lattice mismatches
at the interface between the FeSi nanocrystal and the
substrate. Thus, we suggest that the epitaxial FeSi NW
growth process consists of three steps: First, the vapor
phase building blocks originated from precursors con-
dense and diffuse on an Al,O5 substrate. Second, after
FeSi clusters are aggregated at an initial stage, FeSi
seed nanocrystals are formed by adding more Fe and Si
atoms. Finally, FeSi NW grows from the FeSi seed. We
also suggest that the unique geometries of type lland lll
seeds reflect an effort to accommodate the large lattice
mismatch in the FeSi (type Il and Ill)/Al,O3 interface.
Additional study is required to reveal the cause of the
complicated geometrical shape of the seeds.
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Figure 5. (a, b) SEM images of epitaxially grown FeSi NWs
synthesized with the Si:C composition weight ratio of 1:20
and 1:8, respectively. The diameter of NWs in (a) is much
smaller than that in (b). (c) Dependence of the NW diameter
on Si:C composition ratio of the Si/C mixture.

Control of NW Diameters by Precursor Composition Adjust-
ment. For epitaxial growth of aligned FeSi NWs, sub-
strate temperature and Si vapor pressure have to be
optimally adjusted. Since control of Si vapor pressure is
quite difficult when a Si substrate is employed as a Si
source,”® we introduced a Si/C powdered mixture and
optimized the Si vapor pressure by adjusting the Si:C
composition ratio. When Si:C = 1:5 in weight ratio for
a Si/C powdered mixture, epitaxial FeSi NWs with a
rough surface were synthesized. When the Si:C weight
ratio was lowered to 1:8, epitaxial FeSi NWs with a
smooth surface were synthesized (Figure 5b). When
the Si:C weight ratio was decreased to 1:20, thinner
NWs with a smooth surface were synthesized (Figure 5a).
Except for the Si:C composition, all other reaction
conditions were kept the same. TEM analysis shows
that synthesized FeSi NWs have the same B20 simple
cubic structure (Figure S9, Supporting Information).
Figure 5c illustrates that the diameter of FeSi NWs
decreases as the composition of Si in the Si/C mixture
decreases. In Fe,Siy alloys, the composition of x:y = 1:1
is thermodynamically the most stable. Since the Fe
precursor supply rate is fixed during the reaction, the Si
vapor pressure will limit the nucleation and growth
rate of the FeSi seeds when the concentration of Si is
less than Fe. This explains the observed pressure depen-
dence of the NW diameter on the Si:C composition.

CONCLUSION

In summary, we have synthesized stereoaligned FeSi
NWs on an m-Al,0O3 substrate without any catalysts.
The FeSi NWs were grown from three kinds of trun-
cated tetrahedron FeSi nanocrystals epitaxially formed
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on the substrate. The specific orientations of seed
crystals lead to aligned growth of FeSi NWs in several
directions. The detailed mechanism of such self-seeded
growth was revealed for the first time in metal silicide NW
growth. The diameters of the FeSi NWs were modulated

METHODS

Synthesis. Epitaxially grown FeSi NWs were synthesized in a
horizontal hot-wall two-zone furnace with a 1 in. diameter inner
quartz tube, as shown in Figure S1 (Supporting Information).
The setup was equipped with pressure and mass flow control-
lers. The upstream (US) zone and downstream (DS) zone were
used for vaporization of precursor and NW growth, respectively.
Anhydrous FeCl, beads (99.9% purity, Sigma-Aldrich) in an
alumina boat used as a Fe precursor were placed at the center
of the US heating zone. The FeSi NWs were grown on a re-
ctangular m-Al,O3 substrate (5 mm x 5 mm) placed on a
mixture of Si (99.9% purity, Sigma-Aldrich) and carbon (99.9%
purity, Alfa) powder employed as a Si source. The composition
ratio of the powdered Si/C mixture was varied in the range
1:8—1:20 to adjust the diameter of the NWs. The substrates were
placed at ~12 cm downstream from the Fe precursor. The
carrier Ar gas was supplied through a mass-flow controller at a
rate of 200 sccm. The temperatures of the US zone and DS zone
were maintained at 530 and 950 °C, respectively, for 20 min of
reaction time, while the pressure was maintained at 760 Torr
during the reaction. No catalyst was used.

Characterization. XRD patterns of the specimen were re-
corded on a Rigaku D/max-rc (12 kW) diffractometer operated
at 30 kV and 60 mA with filtered Cu Ka. radiation. Field emission
scanning electron microscope images of FeSi NWs were taken
on a Phillips XL30S. TEM and HRTEM images, SAED patterns, and
EDS spectra were taken on a JEOL JEM-2100F transmission
electron microscope operated at 200 kV. After nanostructures
were dispersed in ethanol, a drop of the solution was put on a
holey carbon coated copper grid for TEM analysis.
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