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• α-FeSi2whiskers are grown at 900 °C on
TiC/Si(100) by evaporation of Fe.

• Whiskers are freestanding and defect-
free; surface facets are {100} planes.

• Fe adatoms and Si bulk atoms interdif-
fuse at the interface yielding α-FeSi2.

• Not thermodynamic equilibrium de-
fines the geometrical shape, but kinetic
process.
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Iron disilicide nanowhiskers and nanoblades are synthesized by depositing Fe onto Si(100) substrates at about
900 °C via electron beam physical vapor deposition. The nanostructures are determined as single crystalline α-
FeSi2 with tetragonal lattice. The nanostructures are stable with prolong exposure under ambient condition,
and no transformation towards β-FeSi2 is detected after 2 h annealing at 500 °C and 800 °C under high vacuum
condition (10−6 mbar). The growth directions of thewhiskers are found as either [001] or [100]. However, in the
blades we observe grow only in [100] crystallographic direction. Changing cross-sectional shape of the α-FeSi2
whiskers fromoctagon at the root to rectangle at the upper part is observed and believed to be a result of the ther-
modynamic and kinetic anisotropy. SiO2 layer formed on the surface of the structures because of its lower surface
energy compared to all iron oxides. By this a passivation,which prevents further oxidization, of the nanowhiskers
is achieved. The α-FeSi2 whiskers form by root growth.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The Gibbs energy determines the geometrical shape of crystals:
∑γhklAhkl = min; the total of the surface energies is minimum under
the constraint that the volume is constant. Typically, no knowledge on
the mechanisms, which lead to the formation of this particular shape,
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can be derived from this basic thermodynamic consideration. Thus,
predicting geometrical shapes of growing crystals e.g. for nanostruc-
tures or thin films is only possible if the kinetics of the particular growth
process are understood. This is especially important if the typical
equiaxed geometry of crystals is broken, because one or more dimen-
sion of the growing structure dominates. This results in one- or two-
dimensional or structures, which are highly desired in modern technol-
ogy. It is worth to remember and to point out that those surface facets
that are attributed to high growthvelocities vanishwhen the thermody-
namic equilibrium is approached [1]. This already gives an indication
that for the design of novel structures not only thermodynamic but
also kinetic processed have to be considered. Kinetics processes are di-
rectly correlated with diffusion processes. Therefore is it important to
tailor microstructures to guide diffusion. One way to do so is to use in-
terfaces as preferred diffusion paths, leading to the formation of novel
structures [2,3].

Silicides have attracted growing attention in the development of Si-
basedmicroelectronic industry, because of their good electrical conduc-
tivity and chemically and structurally stable silicide/silicon interface
[4–7]. Iron disilicide is one of the promising candidates for thermoelec-
tric and optoelectronic device applications [8]. According to the
iron silicon phase diagram iron disilicide shows two kinds of crystal
structures: α-FeSi2 and β-FeSi2 [9]. Most of the research efforts have
been devoted to the orthorhombic β-FeSi2 phase (Cmca) because of
its semiconductor nature. Its direct band gap is≈0.85 eV and optical ab-
sorption coefficient N10−5 cm−1 [10–13]. The β-FeSi2 is stoichiometric
and thermodynamically stable under ambient condition. The lack of re-
search on themetallicα-FeSi2 phase is probably because of the instabil-
ity of the structure at room temperature. The α-FeSi2 phase with
tetragonal crystal structure (P4/mmm) is thermodynamically stable at
temperatures above 950 °C [13,14] The metastable α-FeSi2 at room
temperature can be obtained by rapid cooling [15], or by ion-beam-
induced epitaxial crystallization [16,17], or as precipitates [18,19]. The
α-FeSi2 was also reported as the phase at the early stage of epitaxial
growth (b10 nm thick layers) [20,21], as the lattice mismatch between
the Si(100) substrate (a= 0.543 nm) andα-FeSi2 (a= b=0.269 nm, c
= 0.513 nm) is only about 0.9% along a or b axis. In contrast, it is about
1.45% and 2% for theβ-FeSi2 {101} and {110} planes (a=0.986 nm, b=
0.779 nm, c = 0.783 nm) when epitaxially grown on the (110) Si sub-
strate [22]. Upon cooling or annealing, or by increasing the thickness
of the thin film, the α-FeSi2 phase tends to relax into β-FeSi2 phase
[20,23]. The existence of vacancies in Fe sublattice in the α-FeSi2 allows
a rather wide range of the composition (poorer in Fe than β-FeSi2) [24].
The metallic α-FeSi2 with good electrical conductivity [23] is expected
to play an important role in the integrated circuits, for example as
Schottky barriers, ohmic contacts, and interconnects [25]. Moreover,
α-FeSi2 nano-stripes exhibit superparamagnetism at room tempera-
ture, which indicates the potential application in high-densitymagnetic
memory storage and spintronics devices [26]. Low dimensional nano-
structures have the prospect to act as model systems for future nano-
technology. Therefore, nanowire is perhaps one of the most studied
nanomaterials in the past decade [27–29]. Most of the nanowires
being studied today are semiconductor nanowires. They are compatible
with the booming microelectronics industry and have already shown
promising properties in other domains such as optoelectronics and bio-
sensors [26,30,31]. The growth mechanism of one-dimensional struc-
tures, nanowires or whiskers, are not fully established. There are
experimental observations for tip growth [32-34] but also for root
growth [35-37]. Therefore, for each whisker system the growth condi-
tions and the relevant atom incorporation site have to be deduced.

The present study reports the synthesis of metallic α-FeSi2 nano-
structures, including nanowhiskers and nanoblades via electron beam
physical vapor deposition (EB-PVD) method at 900 °C. As a substrate
Si(100) was used, which was coated with 35 nm TiC by magnetron
sputtering. All the nanowhiskers and nanobladeswere single crystalline
and free-standing on the TiC/Si(100) substrate surface. The α-FeSi2
structures were stable against aging under ambient condition, and no
phase transition from α-FeSi2 to β-FeSi2 was observed after annealing
for 2 h, at 500 °C and 800 °C, respectively. No structural one- or two-
dimensional defects were observed in the whiskers or the blades.
Thus, those perfect single crystalline nanoobjects are ideal for the re-
search on the genuine material properties as function of dimensions.
We demonstrate in our discussion the importance of interface and sur-
face diffusion on the formation of nanostructures.

2. Experimental methods

Firstly the Si(100) substrates were cleaned in ultrasonic bath (ace-
tone and isopropanol) before being transferred into a home built high
vacuum (HV) system (base pressure ≈ 10−6 mbar). 10 min Ar-plasma
cleaning with power of 100 W and pAr = 1 ∙ 10−3 mbar was applied
to remove the native oxide layers from the substrate surface. A
25–30 nm TiC layer was then deposited onto the substrate surface by
magnetron sputtering at room temperature. TiC was acting in this case
as the mediating layer, providing energy and probably structural het-
erogeneity on the substrate surface for the aggregation of Fe atoms.
The deposition of Fe was carried out in an ultra-high vacuum (UHV)
Molecular Beam Epitaxy (MBE, DCA Instruments, Finland) system
with a base pressure of under 2 × 10−10 mbar. Fe was evaporated
from an electron beam evaporator (MBE Komponenten, Germany). An
elevated substrate temperature is required to facilitate surface diffusion,
which is critical for the nucleation and subsequent growth of whiskers.
In this work, the typical substrate temperatures applied were TS = 900
°C. Fe deposition rate was chosen as R= 0.05 nm/s and was monitored
with a quartz balance. Rotation of the specimen plate around its surface
normal was applied during the entire processes in order to improve the
homogeneity of the deposition.

After the deposition, the specimens were slowly cooled down to
room temperature and subsequently retrieved from the UHV system
for further ex-situ analysis. This latter involved microstructure investi-
gations with scanning electron microscope (SEM) (LEO 1530VP Gem-
ini) and transmission electron microscope (TEM) (Philips CM200 and
JEOL ARM1250). Chemical analysiswas carried out byHAADF-STEM im-
aging combined with EELS by using advanced TEM/STEM (JEOL
ARM200F, JEOL Co. Ltd) microscope equippedwith a cold field emission
gun and a DCOR probe Cs-corrector (CEOS Co. Ltd). 3-dimensional atom
probe tomography (ATP) analysis was done in a LEAP 4000XHR in Volt-
age mode with a pulse rate of 200 kHz, pulse fraction: 20%. The tip was
cooled to 55.4 K.

For the TEM sample preparation, nanostructures (mostly whiskers)
were collected by scratching the coated substrate surface with a stan-
dard 300-mesh TEMgrid, coveredwith lacy or holey carbonfilm. Lamel-
lae specimens of the cross-section of thewhiskers were prepared by FIB
(FEI Dual-Beam), which granted insights to the cross-sectional micro-
structures and to the growthmechanism. For lamellae TEMpreparation,
the whiskers were scratched onto a sacrificial Si wafer for support.

Annealing was carried out in two ways: the temperature was main-
tained at 500 °C for 1 h during cooling down in theMBE after deposition,
or heating up to 500 °C and 800 °C andmaintained for 2 hwith a heating
stage in TEM, with base pressure of about 10−6 mbar.

3. Results and discussion

Various structures were found on the TiC/Si substrate surface after
the Fe deposition at about 900 °C. Fig. 1 shows SEM images of 2whiskers
(a, b) and 2 blades (c, d). The whiskers and blades are defined here by
the different aspect ratio of the cross-sections. The cross-sectional
shape of the whiskers was close to a square (the cross sectional aspect
ratio is usually b2:1), with width varied from 40 to 300 nm. While
that of the blades was an elongated rectangle (aspect ratio of the cross
sectional shape is often higher than 5:1), with thickness in the range
similar to the whiskers (40–300 nm), and the width of about 500 nm–



Fig. 1. SEM micrographs of 2 FeSi2 whiskers (a, b) and 2 FeSi2 blades (c, d) grew on a Si(100) substrate after the deposition of 180 nm (nominal value) of Fe at 900 °C.

3W. Huang et al. / Materials and Design 182 (2019) 108098
5 μm. Both whiskers and blades were about several micrometers long
(usually longer than 10 μm). Generally, there is no taper observed nei-
ther in the blades nor for the whiskers, only close to the substrate devi-
ations from the prismatic shape can be found. The surface facets seem to
be smooth and to be devoid of big surface steps. There are also particles/
islands with equiaxed geometry observed on the substrate surface with
random shape, which were usually polycrystalline; those were not
studied in details within this paper.

The crystallography of the iron silicide structures was studied with
electron diffraction. Fig. 2-a and -b show the TEM bright-field (BF) im-
ages of an iron silicide whisker. The corresponding diffraction patterns
in the insets match tetragonal structure of the α-FeSi2 with lattice pa-
rameters of a = b = 0.269 nm, c = 0.513 nm. No taper could be seen
in nanowhiskers, projected width of the nanostructure in side view
shows the same value at the tip and the root region. Only at the very
Fig. 2. TEM BF micrographs of a FeSi2 whisker from zone axes (a) [100] and (b) [110]. The ins
indexed as [001] in red circles, the diffraction directions perpendicular to the zone axis and w
transmission geometry to obtain micrograph a and b, respectively. (e) Schematic representati
two FeSi2 whisker showing the transition of its cross-sectional area from octagon at the root t
reader is referred to the web version of this article.)
root region close to the substrate a smaller diameter of the whisker is
observed. The contrast was homogeneous throughout the entire whis-
ker for the BF image taken from zone axis [100]. Again, indicating that
also in projection the thickness is not changing. Additionally no one-
dimensional defects, e.g. dislocations, or two-dimensional defects, e.g.
grain boundaries, were detected in any of the investigated
nanostructures.

Tilting the same structure by 45° around the whisker axis enabled
the recording of a BF image taken from zone axis [110] (Fig. 2-b). Thick-
ness fringes were observed in the direction parallel to the whisker axis.
The fringes were symmetrical with respect to the central axis of the
whisker. The above can be understood by taking into account the (al-
most) square shaped cross-section of the whiskers observed in Fig. 2-
a. No contrast variation shall be observed when the incident beam is
perpendicular to two of the four sides (Fig. 2-c) since the prismatic
ets are the corresponding diffraction patterns. The diffraction direction of whisker axis is
hisker axis are also indexed respectively. (c) and (d) Schematic representations of the

on of the cross-section of a FeSi2 whisker with truncated facets. (f, g) SEM micrograph of
o square at the tip. (For interpretation of the references to color in this figure legend, the



4 W. Huang et al. / Materials and Design 182 (2019) 108098
body is not tapered. On the other hand, if the incident beamwas aligned
with one of the diagonals (Fig. 2-d), contrast variations would appear
due to changes in the projected thickness of the whisker. This is due
the dynamical diffraction condition and the well-defined microstruc-
ture of the whiskers. The analysis further implies that the sidewalls of
the whiskers were composed of 4 crystal planes of the {100} family.

Extra facets were sometimes observed near the root of the FeSi2
whiskers (Fig. 2-f, g), mostly on thicker and shorter whiskers. With
whisker axis of 〈001〉 crystallographic direction, these facets appearing
at the junction were considered to be low index {110} planes (Fig. 2-
e), to form geometrically 45° with two adjacent {100} sidewalls. This
can be further supported by thermodynamic consideration, as these
crystal planes have relatively low surface energy. However, it is entirely
possible that these small facets were also present on thewhisker shown
in Fig. 2-a and -b, despite not being visible due to the peculiarity of the
transmission technique. The appearance of the {110} planes at the root
part of the whiskers, or to rephrase in a more correct way, the
Fig. 3. (a) TEMmicrograph taken along thewhisker axis, (b) HRTEM image, the corresponding F
FeSi2 whisker grown along the [001] direction. (c) Low magnification HAADF-STEM microgra
HAADF-STEM image (inset iv) of the cross-section of another FeSi2 whisker grown along th
corner of the HAADF images. The blue spheres are Fe atoms and the red ones are Si atoms. In
color in this figure legend, the reader is referred to the web version of this article.)
disappearance of the {110} planes other than at the root part of the
whiskers, is understood as of both, thermodynamic and kinetic origins.
The details will be discussed in following parts.

Fig. 3 shows the BF-TEM, high-resolution TEM (HRTEM) and high-
angle annular dark-field (HAADF) scanning TEM (STEM) images of
two cross-sectional lamellae cut from two different FeSi2 whiskers.
The lamella's normal is parallel to the whisker geometrical axis. The
two cross-sections differ very much in size (50 × 90 nm2 for the one
shown in Fig. 3-a and 140×220 nm2 for the one in Fig. 3-c), despite hav-
ing a similar aspect ratio (1.8:1 and 1.6:1, respectively). Fig. 3-a and -c
depict the BF images taken along the whisker axis. Again no defects
were visible in the specimens. The slight contrast change can be attrib-
uted to beam damage from the STEM imaging process. Despite the
change in absolute size, the surface facets of both whiskers are atomi-
cally flat. No surface steps on the facets can be observed. This is in full
agreement with the SEM studies. The sacrificial Si crystal is seen in left
side of the micrographs. The whisker rest on a low index surface plane
FT pattern (inset i) andABSFfilteredHAADF-STEM image (inset ii) of the cross-section of a
ph, (d) HAADF-STEM image, the corresponding FFT pattern (inset iii) and ABSF filtered
e [100] direction. The schematics of the α-FeSi2 lattice are shown in the bottom-right
(a) and (c) the Si support is seen on the left side. (For interpretation of the references to



Fig. 5. 3-dimensional atom probe tomographic reconstruction of part of a FeSi2 whisker.
Blue counts came from Fe, yellow counts were Si. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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on the surface of the sacrificial Si crystal after scratching. The insets i and
iii in Fig. 3-b and -d are fast Fourier transform (FFT) calculated from the
real space images. In first approximation they can be interpreted similar
to electron diffraction patterns. TheHAADF real space image and the FFT
patterns show clearly that the crystallographic orientations of the two
whiskers were also different. The FFT pattern of the first sample
(Fig. 3-b, inset i) indicates that the axial direction of the whisker (i.e.,
the normal of the cross-sectional plane) was along the [001] direction
and that its four sidewalls were all constructed with {010} planes. This
is consistent with what we have previously observed on the other sam-
ple (Fig. 2). The FFT pattern of the second sample (Fig. 3-d, inset iii),
however, was surprisingly different. The pattern fits well with what
was expected from the [100] zone axis of tetragonal α-FeSi2. The
growth direction of the whisker in this case was the [100] direction
with its sidewalls consisting of 2 {010} and 2 {001} planes.

The different atom arrangement in the two samples can also be ob-
served in theHAADF images. For the insets ii and iv in Fig. 3-b and -d, an
average background subtraction filter (ABSF) was applied to help better
visualize the chemical contrast. The brighter spots are the heavier ele-
ment, which in this case are the Fe atoms. The two HAADF images
agree well with the schematic atomic structure of α-FeSi2 viewed
from zone axis [001] and [100] respectively. Careful inspection of the
atomic structure did not reveal any defects parallel to the whisker
axis. Especially no dislocation line was found in the whisker.

Finally, the two whiskers also showed a difference on how adjacent
surface facets of the prismatic body were joined (Fig. 3-a and -c). A
round edge was observed on the smaller cross-section where two
{010} facets met (Fig. 3-b). No low indexed surface facet can be identi-
fied for the corner area. This phenomenon is in agreementwith the con-
figurational entropy concept for high indexed surface facets at elevated
temperatures [38,39], where an increase of disorder and by this an in-
crease of the entropy reduces the surface energy at crystal edges and
therefore leads to round corners compared to ideal sharp edges. In con-
trast, for the cross-section of the larger whisker (Fig. 3-d) a small crystal
plane, indexed as the {012} plane,was observed at the junction between
the {010} and the {001} facet. However, close inspection for the edges
between the three facets reveal again a round, blunt individual edges.

The axial growth direction of [100]was also found in aα-FeSi2 blade,
as shown in Fig. 4. Itswidth is about 950 nm,much larger than thediam-
eter of the whiskers. From the electron diffraction pattern (Fig. 4-b), the
axial direction of the bladewas identified as parallel to the [100] crystal-
lographic direction. Its two largest surfaces are from the {001} family.
Again the BF-TEM micrograph does not indicate the presence of any
crystal defect.

In summary, it is worth mentioning, that except the thickness con-
trast (Fig. 2-b), we observed no contrast of edge dislocations, crew dis-
locations, stacking faults, grain boundaries, and second phase from the
BF-TEM (Fig. 2), HRTEM, HAADF-STEM (Fig. 3) analyses. In addition,
all the whiskers and blades were perfect single crystals with well-
Fig. 4. (a) BF-TEM image and (b) corresponding diffraction pattern of a FeSi2 blade.
defined surface facets, which made them ideal for the research on the
material properties without the effects of the defects.

APT analysis (Fig. 5) revealed the homogeneous chemical composi-
tion at the center of the iron silicide whiskers as atomic percentage of
65.88 ± 0.03 at.% Si and 33.96 ± 0.03 at.% Fe, with ratio of Fe:Si = 1:2
(Table 1). The 0.16 ± 0.03 at.% Ga counts were introduced from the fo-
cused ion beam (FIB) during sample preparation. No other elements
could be detected in the analysis within the detection limit, showing
that apart the Ga introduction during sample preparation, only Si and
Fe are present in the nanowhiskers. Due to the sample preparation of
the tip, the APT measurements measured mostly the core part of the
whisker. Therefore, the chemical composition of the FeSi2 whisker (in
Fig. 3-c) surface was further examined with electron energy loss spec-
troscopy (EELS) on a cross-section lamella. The pathway of the EELS
linescan on the cross-section is marked by the yellow line in Fig. 6-a.
The background subtracted spectra were summed separately for those
measured on the crystallized core (red rectangle) and those on the
amorphous shell (green rectangle). The result is shown in Fig. 6-b and
-c for the data near the Si edge and near the O/Fe edge, respectively.
The fine structure details of Si-L2,3 edges from core and shell areas ap-
pear different. Peak positions and fine structural details of Si-L2,3 edges
in core and shell spectra are in good agreement with spectra shown
for crystalline Si (99 eV) and SiO2 (106.3 eV), respectively [40,41]. The
relative reduction in intensity of the Fe peaks compared to the Si
peaks on the shell (green) curve indicates, that the oxide layer at the
surface of the FeSi2 whiskers was mainly composed of SiO2 with only
a limited amount of oxides of iron. Indeed, the oxidation process of sil-
icides usually proceeds by diffusing the Si atoms towards the surface
and the metal atoms back into the bulk [42,43]. The formation of stable
SiO2 at the surface can easily prevent further oxidation of the whisker
and the formation of oxides of iron.

The high aspect ratio of the whiskers is the result of kinetic anisot-
ropy since the thermodynamic equilibrium structure has to resemble
theWulff shape, which is determined by the corresponding surface en-
ergies [44]. The growth of the whiskers occurs in both the axial (along
the whisker axis) and the radial (perpendicular to the whisker axis) di-
rections, albeit one (axial) much faster than the other (radial). Histori-
cally, the axial growth in whiskers was related to the existence of a
screw dislocation, with its Burgers vector parallel to the whisker axis
[45,46]. It was thought, that the point where the dislocation emerges
Table 1
APT results on a FeSi2 whisker.

Counts Average at.%

Si 308,724 65.88 ± 0.03
Fe 159,150 33.96 ± 0.03
Ga 754 0.16 ± 0.03



Fig. 6. (a) HAADF-STEM image of a cross-section lamella with marked position of EELS linescan. (b) Background subtracted EEL spectra of Si-L2,3 edges. (c) Background subtracted EEL
spectra of O-K and Fe-L2,3 edges. The green (red) curve is the result summed on the area marked by the green (red) rectangle, for the shell (core) part of the structure. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

6 W. Huang et al. / Materials and Design 182 (2019) 108098
from the substrate and later from the tip of the whisker will act as pre-
ferred attachment site for the adatoms during deposition. By this the
symmetry of the Wulff shaped nucleus is broken and a whisker is
formed [46]. Since the FeSi2 whiskers are dislocation free, this model
does not support α-FeSi2 whisker growth. Therefore, the mechanism
how the symmetry is broken is still elusive.

Fig. 7 shows our hypothesis of the α-FeSi2 whisker formation. The
TiC layer is necessary for the nanowhisker growth, without only islands
form on the surface. We speculate, that the TiC layer is not homoge-
neous in thickness, and even might have small parts of the Si not cov-
ered forming holes. The nucleation rate in thin film growth is mainly
governed by the activation energies of diffusion and adsorption [47]. If
those energies are not invariant to translation, sites with higher nucle-
ation rate will form the first nuclei. Then, subsequently random, statis-
tical nucleation is followed on homogeneous substrate surface areas.
The later nucleation leads to the growth of equiaxed island/particles.
Fig. 7. Schematic of proposed α-FeSi2 whisker growth. (a) Surface prior Fe deposition. (b) C
inhomogeneity of TiC layer; interdiffusion of Fe and Si (dashed arrows). (c) Axial growth of w
Whereas initially, probably at in the assumed holes, the whiskers and
blades are nucleated. Therefore, the first function of the TiC layer is, to
provide preferred nucleation sites for whisker growth, indicated as a
hole in Fig. 7-a. Secondly, it allows for enhanced surface diffusion com-
pared to the pure Si(100) surface. Both are functions are similar to the
thin C layer for the growth on Au, Ag or Cu nanowhiskers [48].

The nucleation site has to allow for outward diffusion of Si and the
formation of a α-FeSi2 nucleus (Fig. 7-b). In co-evaporation experi-
ments, it was speculated, that the formation of α-FeSi2 or β-FeSi2
seem to depend on the nucleation site [49]. No craters or depressions
are observed around the nanowhiskers roots indicating that the fluxes
of Fe and Si across the interface are similar. The diffusivity of Fe in Si,
Si in Fe and the self-diffusion of Fe can be estimated for the applied sub-
strate temperature [50–52]. According to the estimation, the diffusion of
Fe in Si is the fastest followed by the Si diffusion in Fe and the self-
diffusion of Fe. The latter ratio is due to the smaller atom size of Si and
ondensation and surface diffusion of Fe (solid arrow): preferred nucleation of FeSi2 in
hisker: diffusion of Fe and Si towards interface and α-FeSi2 formation at interface.
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the hindering of diffusion by the ferromagnetic ordering of Fe [53]. In
addition, it is argued that, the interstitial diffusion mechanism of Fe in
Si is faster since it does not rely on intrinsic point defects in the matrix
crystal [54]. The formation of α-FeSi2 phase was possibly preferred by
the interface as the mismatch of the structure with Si substrate is
smaller than β-FeSi2. The lower strain energy stabilized the structure
[16,20,55]. The reaction started with the interstitial diffusion of Fe
atoms into the Si lattice. This increased the neighboring atoms of Si
atoms, and weakened the covalent bonds of Si atoms. The interstitials
concentration would be much higher than that in the lattice, therefore
Si atoms at the interface can be removed from the Si lattice [56]. More-
over, the interstitial diffusion of Fe atoms into Si lattice would leave be-
hind a high density of vacancies at the interface. The exact atomic
structure and composition of the α-FeSi2/Si(100) interfaces however
remains unclear for α-FeSi2 whisker growth. There are reports for epi-
taxial growth of α-FeSi2 on Si(100) [20,21], however also other inter-
face orientations allow for α-FeSi2 formation on Si(111) [49]. In the
second case, β-FeSi2 islands forms an epitaxial orientation relationship
with Si. Whereas α-FeSi2 has an abrupt interface but the (001) plane
has an inclination of ~10° to the Si(111) surface [49]. Such an inclined
interface orientation is expected to have a higher defect or vacancy den-
sity compared to an epitaxial one [57]. The high vacancy density in and
close to the interface has two effects: (i) further enhancement of the dif-
fusion of Si atoms from the substrate lattice into whiskers by exchang-
ing positions with vacancies and (ii) providing an effective diffusion
path for Fe atoms in the interface.

After the nucleation ofα-FeSi2 islands, the axial and radial growth of
thewhiskers has to be considered (Fig. 7-c), Ruth andHirth [58] studied
the sources of adatoms contributing to the axial growth ofwhiskers. Fol-
lowing their arguments, the source of Fe adatoms is twofold: Fe atoms
condensate from the vapor phase either on the substrate surface and
then diffuse to the whisker or impinge direct on the side facets of the
whisker. Then adatoms from both sources diffuse to the incorporation
site and contribute to the axial growth. In contrast, the source of the Si
atoms contributing to the α-FeSi2 whisker formation has only one
source, it can only be the volumeof the Si(100) substrate close to its sur-
face. Therefore, the axial growth of thewhiskerwasmostly attributed to
the aggregation of Fe adatoms and diffusion of Si atoms in the whisker-
substrate interface. Since the growth occurs at thewhisker-substrate in-
terface, it is called root growthmode. The incorporation of Fe adatoms in
the interface and the Silicide formation is kinetically much more effec-
tive compare to the radial growth process, resulting in the one-
dimensional growth of the whiskers. Radial growth can only occur by
secondary nucleation on the side facets by the condensation and diffu-
sion of Fe adatoms on the whisker sidewalls together with the diffusion
of Si atoms towards the whisker surface. The freshly grown part near
the root of the whisker (root growth) has the equilibrium cross-
sectional shape of an octagon (truncated square shaped cross-section
with large {010} and small {110} facets). Nucleation of a new FeSi2
layer on the {110} facets has a higher rate, therefore the four {110}
facets have a faster kinetic growth velocity [59] and vanish with the ex-
tensive radial growth, resulting in a square cross section, as demon-
strated in Fig. 2. Since the α-FeSi2 whiskers grow in root growth
mode, the octagon cross section is only seen on the fresh grown part
(root) of the whiskers.

The transition temperature from the low-temperature phase β-FeSi2
to the high-temperature phase α-FeSi2 is at approximately 950 °C,
which is higher than the substrate temperature (900 °C) during deposi-
tion. Theα-FeSi2 structureswere found to be stable at elevated temper-
ature. After annealing at 500 °C, and 800 °C for 2 h, no change on crystal
structurewas observed under electron diffractions. The tetragonal crys-
tal structure was retained after two years aging under ambient condi-
tion, even no further oxidation was detected. The stabilization
mechanism is speculated as attributed from factors: the deviation of
chemical composition from stoichiometry could be one of the reasons,
as the orthorhombic lattice of β-FeSi2 requires more Fe atoms; The α-
FeSi2 to β-FeSi2 phase transformation was probably also suppressed
by geometrical constrain of the high aspect ratio structures and the
high surface to volume ratio with high surface stress.

4. Conclusion

We have successfully synthesized α-FeSi2 nanowhiskers and
nanoblades on Si(100) substrate at about 900 °C. The crystal structures
and the chemical composition of the nanostructures were studied. Both
whisker and blade structures were defect-free single crystals with te-
tragonal lattice. There were two possible growth directions of thewhis-
kers, either [001] or [100]. But only [100] growth axis was observed on
the blades. The change of cross sectional shape of the α-FeSi2 whiskers
from octagon at the root to rectangle at the upper part was credited to
the thermodynamic and kinetic anisotropy. It also indicated the root
as the incorporation site for the whisker growth. The structures were
covered by a layer mainly of SiO2 because of the lower surface energy
than the iron oxides, which then passivated the further oxidation of
the rest part of whiskers. All the tetragonalα-FeSi2 structures were sta-
ble up to 800 °C, andwere stable against aging and oxidation under am-
bient condition.

We demonstrate in our result the importance knowledge of kinetics
and diffusion on nanostructure formation. α-FeSi2 whiskers only grow
when the diffusion of Fe adatoms from the substrate surface and Si
from the bulk to the interface is balanced. The special properties of the
interface, the higher vacancy density in particular, allows for a continu-
ous inward diffusion of the adatoms from the substrate leading to root
growth. The cross-section is governed by the nucleation rate of new
layers on the surface facets. Since that rate is also dependent on kinetic
process and on the orientation of the surface facets, an almost square
shaped cross-section can evolve during growth. An explanation by
pure thermodynamic equilibrium conceptswould not allow forwhisker
formation. To summarize, only by combining those fundamental kinetic
processes allows for the synthesis of newunique structures. This is even
more true for nanostructures, since surface and interface effects are
compared to bulk properties dominant in such length scales.
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