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M
etal silicide nanowires (NWs)1 are
being pursued for applications in
electronics,2-4 spintronics,5,6 ther-

moelectrics,7-9 and solar energyharvesting.10

Recent research efforts have realized the
successful NW synthesis of more than 20
different metal silicide phases via two types
of methods:1 (1) a conversion approach in
which silicon NWs are reacted with evapo-
rated metal;11,12 and (2) single step vapor
phase reactions in which vaporous metal
and/or silicon sources, such as vaporized
elements,13,14 metal halides,4,15,16 or silane,17

are delivered to silicon or metal growth sub-
strates, which often serves as an elemental
source for NWs. For example, single source
precursor (SSP) chemical vapor deposition
(CVD), the pyrolysis of silicon and metal con-
tainingmolecules over a silicon substrate, has
been demonstrated for the successful synth-
esis of FeSi,18,19 CoSi,20 MnSi1.8,

8 and doped
(or alloyed) Fe1-xCoxSi NWs.5 Despite such
synthetic success, a clear understanding of
how this direct silicide NW growth occurs has
remained elusive.1 Perhaps the most impor-
tantunansweredquestionsare (i) theprocess-
(es) of precursor species delivery and their
roles in NW phase formation and selection
and (ii) the origin of anisotropic growth in
silicide NWs. Common NW materials,21 such
as Si22 andZnO,23 have simplephasebehavior
and grow anisotropically via the use of a
nanoscale catalyst22 or the manipulation of a
screw dislocation.23-25 In contrast, the synthe-
sis of metal silicide NWs is complicated by the
complex phase behaviors of metal-silicon
systems,19 and the NW growth mechanism(s)
is yet unidentified, as the telltale signs of
catalyst particle tip or axial dislocations have
not been observed. A commonly referenced

“vapor-solid”mechanism26,27 is sometimes
invoked for silicide NW growth but never
accompanied with a sound rationalization
for anisotropic growth.
Regardless of the specific synthetic ap-

proaches, most silicide NWs are observed
to directly grow from films, crystals, or pro-
tuberances near the NW-substrate inter-
face. Furthermore, several reports have high-
lighted the importance of surface sil-
icon oxides18 or metal oxides28,29 and
crystalline13,14 or amorphous30 silicide layers
in influencing and controlling NW formation,
while no catalyst has ever been observed at
the tip of these NWs. More detailed investi-
gation of the NW-substrate interface is
clearly necessary. Further, the chemical
details of precursor transport, delivery, and
reaction that are crucial to understanding
the NW phase formation sequence are
poorly studied. Control over this material
supply could enable a rational synthetic
approach to NWs of doped (alloyed) binary
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ABSTRACT We present the chemical vapor deposition (CVD) reactions of the single source

precursor Fe(SiCl3)2(CO)4 over Si, Ge, CoSi2/Si, and CoSi/Si substrates to explore the growth and

doping processes of silicide nanowires (NWs). Careful investigation of the composition and

morphology of the NW products and the intruded silicide films from which they nucleate revealed

that the group IV elements (Si, Ge) in the NW products originate from both the precursor and the

substrate, while the metal elements incorporated into the NWs (Fe, Co) originate from vapor phase

precursor delivery. The use of a Ge growth substrate enabled the successful synthesis of Fe5Si2Ge

NWs, the first report of a metal silicide-germanide alloy NW. Further, investigation of the pyrolysis

of the CoSiCl3(CO)4 precursor revealed independent delivery of Co and Si species during CVD reactions.

This understanding enabled a new, more robust two-precursor synthetic route to Fe1-xCoxSi alloy

NWs using Fe(SiCl3)2(CO)4 and CoCl2.

KEYWORDS: nanowire . silicide . germanide . diffusion . single source precursor .
chemical vapor deposition
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or ternary silicide phases important for technological
applications, such as alloyed NWs of semiconducting
Mn(Si1-xGex)1.8 for thermoelectrics8,31 and Fe1-xCoxSi
NWs5 for spintronics.
The purpose of this article is to explore the roles

substrate films and precursor decomposition play in
the formation and doping of silicide NWs. To fulfill this
purpose, we first look to the decades of research in
the growth of bulk and thin film metal silicides, which
has revealed several fundamentally limiting growth
phenomena32,33 (nucleation, diffusion, and chemical
reaction) and given some insight into the nucleation
order of bulk metal silicides.34,35 There is no reason to
believe that silicide NW phase formation ought to be
governed by rules different from other silicide mor-
phologies. Rather, silicide NWs and other nanomater-
ials merely present a different set of limiting conditions
defined by their nanoscalemorphologies, similar to the
differences in phase formation observed in bulk and
thin film silicide materials.32 To this end, we studied
CVD of the SSP Fe(SiCl3)2(CO)4 over silicon, germanium,
CoSi2 films on Si, and CoSi films on Si substrates, as
summarized in Scheme 1a-d. In that process, we
revealed evidence for the mobility of group IV species
in the growth substrates and the importance of vapor
phase species in determining NW composition. We
synthesized Fe5(Si1-xGex)3 alloy NWs for the first time
(Scheme 1b), the first example of a silicide-germanide
alloy NW. We further explored the chemistry of SSP
decomposition and used this knowledge to develop a
new and improved method to produce Fe1-xCox
Si NWs (Scheme 1e).

RESULTS AND DISCUSSION

Characterization of In Situ Grown Silicide Film. We first
focus on the relatively well-studied SSP-CVD synthesis
of FeSi NWs using Fe(SiCl3)2(CO)4 and Si substrates
covered with 1-2 nm SiOx (Scheme 1a), wherein
powder X-ray diffraction (PXRD) of as-grown substrates
has revealed only iron monosilicide (FeSi).18 To probe
the relationship between surface film and NW nuclea-
tion and growth, we carried out a series of stan-
dard FeSi NW synthesis experiments on patterned
substrates19 and quenched the reactions at early times.
Scanning electronmicroscopy (SEM) of a 5 min reaction
(Figure 1a) confirms that the NWs and film have both
already nucleated. While many small islands are visible,
NWs are observed togrowonly fromthese filmdeposits.

To further examine this film, we used FIB milling to
expose the substrate cross sections and reveal a number
of interesting features (Figure 1b). Below the NW sur-
face, we observe a continuous film with sparse small
voids above a heavily voided region. Below the large
voids, we see a thin continuous film with a clear
interface with the Si substrate. Growth on a patterned
substrate reveals that the film intrudes up to 2-3 μm

into the initial substrate surface without obvious
volume expansion. FeSi is nearly twice as dense as Si
(roughly 88 and 50 atoms per nm3, respectively),36 so
perhaps significant volume expansion is not expected
for the incorporation of Fe into Si. Voids such as those
observed in our samples are often seen in diffusion-
based reactions systems where one component dif-
fuses more quickly than the other and are termed
Kirkendall voids.37,38 The presence of voids closer to
the Si surface implies that Si is the dominant diffusing
species in this silicide film as wewould expect in FeSi.39

To further analyze the morphology of this intruded
silicide film, cross-sectional transmission electron mi-
croscopy (CSTEM) samples were prepared by com-
bined microcleavage40 and FIB polishing methods.41

Special attentionwaspaid during fabrication tomaintain
the integrity of the silicidefilmbydepositing aprotective
Pt film on the surface. Select area electron diffraction
(SAED) (Figure 1g) from this intruded silicide film was
characteristic of a polycrystalline film. Rotational average
and analysis on the original SAED pattern using the
DiffTools package42 (Gatan Micrograph Suite) showed
that only the FeSi phase is present in the intruded silicide
film. FeSi is the phase predicted to form first between Fe
and Si thin films according to the “first-phase rule”.34,35

TEM micrographs of this intruded polycrystalline silicide
film (Figure 1c-f) reveal that the size of FeSi crystallites
above and below the void-heavy region is different
(Figure 1d,f). The intruded silicide film below the voids
shows a clear angular interface with the silicon substrate
and appears to be composed of nearly columnar grains
on the order of 200 nm in size. The grains of the silicide
film above the voids are smaller and more densely

Scheme 1. Chemical synthesis of FeSi, Fe5Si2Ge, and
Fe1-xCoxSi alloy NWs using CVD of the single source pre-
cursor Fe(SiCl3)2(CO)4 and a range of substrates.
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packed with sizes ranging from 20 to 200 nm. This
morphology extends to the substrate surface where
protuberances containing small crystallites are observed
(Figure 1e). These protrusions have the same size as the
diameters of the NWs that grow from such substrates
and are likely the bases or nucleation sites of NWs,
though no NW was successfully captured due simply
to the low probability of catching a NW perfectly or-
iented in a film the thickness of the CSTEM samples. A
similar analysis was completed on a CoSi NW growth
substrate and revealed a similar two-region, heavily
voided, polycrystalline morphology (Figure S1 in Sup-
porting Information).

These observations show that the CVD reaction of
Fe(SiCl3)2(CO)4 over a 1-2 nm SiOx/Si substrate re-
sulted in a complex FeSi NW/intruded silicide/Si het-
erostructure, and the formation of this underlying FeSi
film appears to be an important prerequisite for the
subsequent growth of FeSi NWs. The small FeSi crystal-
lites in the upper region of the silicide film might help
facilitate the nucleation and growth of FeSi NWs
(perhaps the grain boundary between the FeSi NW
base and the growth surface could be a potential
growth interface for VSS or some similar growth
mechanism43), though the exact mechanism for aniso-
tropic growth remains unclear. The Kirkendall voids
within the silicide film strongly suggest that Si ismobile
and likely being incorporated into the NW products

through diffusion from the underlying substrate. The
observation of etch pits on as-grown Si substrate sur-
faces by other researchers13,14 has implied that Si supply
to NWsmay occur through surface-mediated processes.
Our observation highlights the mobility of Si in the
growth substrate via bulk diffusion but does not, of
course, rule out the delivery of Si species from the
substrate through etching and formation of SiCl4 or
other gaseous Si species or the mobility of Si on the
substrate via surface diffusion. On the basis of these
results, further investigation of diffusion of materials
from different substrates became obvious.

Synthesis and Characterization of Fe5(Si1-xGex)3 Alloy NWs on
Ge Substrates. We carried out the same CVD reactions of
Fe(SiCl3)2(CO)4 over a Ge substrate (Scheme 1b) in-
stead of 1-2 nm SiOx/Si(100) substrates and looked for
the evidence for Ge incorporation in the NW products.
This approach allows us to ask whether the Si found in
silicide NWs originates from the substrate or the SSP
during the SSP-CVD growth of NWs. Oxide films were
grown on these Ge growth substrate surfaces by
subjecting them to elevated temperature (400 �C) in
air; an oxidation time of 4 min resulted in the most
dense and longest NWs.

The resulting sample morphology (Figure 2a) con-
sists of a rough film, micrometer scale crystals, and
moderately dense NWs roughly 10 μm in length with
diameters broadly ranging from50 to500nm. PXRDwas

Figure 1. Characterization of the intruded FeSi film from the SSP-CVD synthesis of the FeSi NWs. (a) SEM image of 5 min
reaction on a patterned substrate revealing simultaneous formation of film and NWs growing from the film. (b) SEM image of
a focused ion beam cross section of a standard patterned FeSi NW growth substrate. (c) TEM images of a cross-sectional TEM
FeSi NW growth substrate with images highlighting the (d) various layers, (e) surface structures, and (f) void space region.
(g) SAED of the intruded silicide film and rotational average of the SAED showing the expected FeSi ring positions.
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completed on the as-grown substrate, but no obvious
match has been identified (Figure S2 in Supporting
Information). Within the SEM, it was clear that the
NWs had a coating, identified as silicon oxide by EDX
(Figure S3), which manifested most thickly at NW tips.
NWs were transferred to lacey carbon coated Cu TEM
grids for compositional and crystallographic analysis.
EDX analysis of 10 NWs that had been treated with
buffered HF to remove surface oxide revealed an aver-
age atomic composition of 59% Fe, 28% Si, and 13% Ge
(Figure 2b). Each NW was scanned twice, at least a
micrometer apart, revealing composition variations of
less than 2% for any given element. While the Fe
composition varied very little between NWs, the ratio
of Si/Ge fluctuated from roughly 3:1 to 2:1. Variations in
Ge concentration tracked closely with those in Si con-
centration, pointing to substitutional alloying in the
NWs. The Fe-Ge and Fe-Si phase diagrams near this
composition are quite richwithmany related hexagonal
phases requiring careful diffraction analysis to identify.

TEMwas completed on a NW sample which still had
the SiOx coating on their surface (Figure 2c). As shown
in Figure 2d-f for one representative example, multi-
ple SAED patterns were taken from one NW with
special care taken to record the angles between ob-
served zone axes. The three patterns were consistent
with Fe5Si3 (space group P63/mcm, D88 structure type)
observed in the Fe-Si phase diagram. The lattice para-
meters were measured to be a = 6.9 ( 0.1 Å and c =
4.8 ( 0.1 Å, slightly larger than the lattice parameters
reported for the pure Fe5Si3 phase (a = 6.7416(6) Å,
c = 4.7079(6) Å).44 The measured angles between the

observed zone axes, [120] — [130] = 11.6�, [120] —
[131] = 18.9�, and [130] — [131] = 15.5�, were consistent
withinmeasurement error with the Fe5Si3 structure type
(expected angles between Fe5Si3 crystallographic direc-
tions [120] — [130] = 10.89�, [120] — [131] = 18.29�, and
[130] — [131] = 14.79�). NWs have a surface amorphous
coating of 10-15 nm thick on the NW surfaces, and
the morphology of the SiOx at the NWs' ends is sugges-
tive of a tube, which might be relevant to the growth
of these NWs.

EDX and SAED analysis taken together, it is clear
that the decomposition of the SSP Fe(SiCl3)2(CO)4 over
an oxidized Ge substrate resulted in the incorporation
of Ge in the NW product synthesized, the NW phase
changed from B20 FeSi to the more metal-rich Fe5Si3
structure type, and that the NWs have the approximate
composition of Fe5Si2Ge. Clearly, the Si and Ge in the
silicide-germanide alloy NWs originate from both
the SSP and the substrate, as these are the only Si
and Ge sources in the reaction, respectively. It is
interesting that the more metal-rich phase is observed
in these NWs. Fe5Si3 and Fe1.3Ge NWs were recently
reported during the CVD reaction of FeI2 with a sap-
phire substrate placed on top of Si or Ge sources.45,46

The authors explain the production of the more metal-
rich silicide (germanide) NW phases as arising due to
decreased partial pressure of the intermediate SiI4
(GeI4) in the vicinity of the sapphire substrate. For our
case, the supply of Si from the SSP to theGe substrate is
the same as in the reaction with a Si substrate, so our
observation of a metal-rich Fe5(Si1-xGex)3 alloy phase
implies that the group IV element supply is somehow
limited by decreased diffusion from the Ge substrate
and/or by slower production of a GeCl4 intermediate.
Regardless, this is the first report of substitutional
alloying of Ge in a metal silicide NW, opening up a
whole new class of metal silicide-germanide alloy NW
materials for study.

Reaction of Fe(SiCl3)2(CO)4 over CoSi2 Film on Silicon Substrates.
While the Fe5(Si1-xGex)3 alloy NW formation is an excit-
ing result, there is also interest in controllable synthesis
of Fe1-xCoxSi NWs and other metal alloyed silicide NWs
for spintronics studies. Recent reports of Fe1-xCoxSi NW
synthesis5,6 established that alloy formationwas feasible
using two different vapor phase metal precursors, but
neither report was able to demonstrate a controllable
process allowing one to “dial-in” a Fe/Co ratio in the
silicide NWs. Further, Ni and Fe were successfully in-
corporated into TaSi2 NWs with substitution as high as
25%, that is, Ta0.75Fe0.25Si2, by synthesizing TaSi2 NWson
FeSi2 and NiSi2 films,13,14 but demonstrable control over
this ternary alloy formation was also lacking. On the
basis of the results so far, it seemed reasonable to
attempt to employ a metal silicide film as the growth
substrates and source of a new metal to potentially
enable the experimental study of metal incorporation
into silicide NWs from the substrates.

Figure 2. Growth of Fe5(Si1-xGex)3 NWs on Ge substrates.
(a) SEM image of as-grown substrate revealing the NWs and
other observed morphologies. (b) Composition of 10 NWs
identified via EDX. (c) TEM imageof aNWanalyzed via SAED.
(d-f) SAED patterns taken from the same NW, which are in
excellent agreement with the [120], [130], and [131] zone
axes of the Fe5Si3 structure type.
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The formation of cobalt silicide thin films on silicon
wafers by solid state reaction is well-developed, as
CoSi2 is a common material in CMOS technology.33,47

We prepared CoSi2/Si substrates by evaporating Co
onto the surface of freshly HF-treated substrate and
annealing at elevated temperature and confirmed that
the films are CoSi2 with PXRD and SEM (Figure 3a and
inset). Dense and high-quality NWs (Figure 3b inset)
can be reproducibly grown by CVD of Fe(SiCl3)2(CO)4
over these CoSi2/Si substrates following the standard
FeSi NW growth procedure (Scheme 1c). While NWs
were observed when the surface was intentionally
oxidized, the densest NW samples were obtained
when synthesized on freshly HF-etched substrates
(Figure 3b inset). Interestingly, EDX examination of
these NWs showed that they contain only Fe and Si,
in a ratio of 1:1 (Figure 3b).

To investigate why Co was not incorporated into
these NWs, we prepared FIB cross sections of as-grown
substrates. Two different regions of the silicide film are
clearly differentiable in the cross-sectional SEM images

(Figure 3d). EDX line scans reveal no significant mixing
of iron and cobalt in the metal silicide films, that is, a
spotty iron silicide film, presumably FeSi, is observed to
form on top of the original CoSi2 film. NWs are only
observed to grow from regions capped with iron
silicide film (Figure 3c-e).

These results showthat,while CoSi2filmcan facilitate
the growth of FeSi NWs, the NWs only nucleate and
grow from the iron silicide film produced in situ on top
of the CoSi2 substrate, and Co from the CoSi2 film does
not find its way into either the in situ generated silicide
film or the silicide NWs. In most silicon-rich silicides, Si is
the dominant diffusing species,48 but at relatively high
temperature, the diffusivities of Co and Si in CoSi2 are
quite similar.49 Specifically, at the NW growth tempera-
ture, one would expect diffusion lengths (L = (Dt)1/2) of
0.59 and 3.0 nm in 1 s for Co and Si, respectively. The
lack of Co in the resulting FeSi film and NWs seems to
rule out the incorporation of metal from the sub-
strate; therefore, metal incorporation must occur via
either a surface-mediated diffusion process or a
vapor phase reaction. One could, however, argue
that the CoSi2 film we used in this reaction is different
from the silicide film that normally grows in situ

alongside FeSi and CoSi NWs in phase or morphology
and potentially causes different growth and doping
behavior.

Reaction of Fe(SiCl3)2(CO)4 over CoSi Films Grown Using SSP-
CVD. To rule out the possibility of a difference be-
tween the silicide films in situ grown via CVD and
those generated ex situ, we further used an in situ

deposited CoSi film as a substrate for FeSi NW growth
to investigate if Co will be incorporated into the FeSi
NW product. We prepared the CoSi film by following
previously reported CoSi NW synthesis procedures20

and removing the NWs by sonication. PXRD of these
films revealed peaks from both CoSi and CoSi2,
in agreement with previously published results
(Figure 4a), although the previous report does not
explicitly identify the CoSi2 peaks.20 These cobalt
silicide films have a very similar morphology to the
FeSi silicide film (Figure S1 in Supporting Information).
When these SSP-CoSi/Si substrates were freshly
HF-etched and used as the growth substrate for the
FeSi SSP-CVD reaction (Scheme 1d), dense and
smooth NWs were obtained (Figure 4b inset). Inter-
estingly, EDX of these NWs revealed Fe/Si ratios on the
order of 1:1 and again no incorporation of Co
(Figure 4b), which is effectively identical to that ob-
served using a CoSi2 substrate.

Why can NWs of the same FeSi phase be obtained
when Fe(SiCl3)2(CO)4 is pyrolyzed over oxidized Si,
CoSi2 and CoSi surfaces with no Co incorporation into
the product? We can use the interplay of diffusion
and vapor phase reactant supply to explain these
results. In each case, FeSi NWs grow from a FeSi layer
first formed, simplifying material supply analysis.

Figure 3. CVD of Fe(SiCl3)2(CO)4 onto CoSi2/Si(100) thin film
substrate, leading to the growth of pure FeSi NWs. (a) PXRD
of the substrate before growth along with the standard
peaks for CoSi2. Note that the intensity of the standard
peaks is displayed logarithmically to emphasize some lower
intensity peaks. Starred and squared peaks arise from the
underlying Si substrate and remaining Co metal, respec-
tively. Inset is an SEM of the substrate before growth. (b)
EDX obtained from NWs produced in the reaction revealing
the lack of Co incorporation. Insets show NWs on the as-
grown substrate and an expanded view of the Fe and Co K
edges. (c-e) EDX line scans taken from an FIB cross-section
sample reveal the lack of mixing in iron and cobalt silicide
films and show that NWs grow only from iron silicide
regions.
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In principle, metal could be supplied to a growing NW
by either a vapor phase precursor or diffusion
through FeSi layers or surface diffusion over FeSi
layers. The bulk and surface diffusion of Co and Fe
in FeSi should be quite similar,39,49,50 so the absence
of Co in the NW products implies that metal is
supplied much faster by the vapor phase precursor
than by diffusion from the substrate. In contrast, the
results presented above on the formation of Fe5Si2Ge
NWs using Ge substrate reveal that Si is likely con-
tributed by both the substrate and the vapor phase
precursor. However, the rate of material supplied by
the substrate and SSP should be similar whether an
oxidized Si, CoSi2/Si, or CoSi/Si substrate is used,
explaining why the same NW phase is obtained.
The observation that the NWs only grew from FeSi
layers means that a silicide substrate, like an oxidized
silicon substrate, merely enables appropriate

deposition of FeSi to seed NW growth. FeSi NW
samples grown using CoSi2/Si and CoSi/Si substrates
were more dense and reproducible than those ob-
tained on oxidized Si, perhaps merely because of the
rough and reactive polycrystalline film. Using a sili-
cide film as a substrate is the more effective and
reproducible method to “seed” FeSi NW growth and
will be used again later for alloy NW growth.

On the basis of the results of reactions of Fe(SiCl3)2-
(CO)4 with oxidized Si, oxidized Ge, CoSi2/Si, and CoSi/
Si substrates to produce FeSi and Fe5(Si1-xGex)3 NWs,
we have inferred that incorporation of metals into the
final NW product appears to be from vapor phase
species with slow diffusion limiting delivery from the
substrate while group IV elements can originate from
either an intentionally introduced vapor phase species
or from the substrate. This complicated interplay of
material supply sources, including vapor phase pre-
cursors, substrate surface diffusion, and substrate
volume diffusion, is likely important for defining the
phase of the NW product. The recent reports of metal-
rich silicide NWs (Fe5Si3, Co3Si, and Co2Si) obtained
from the CVD reactions of metal halides over sapphire
substrates placed on top of Si substrates, in which the
authors postulate that halide decomposition results in
vapor phase SiClx,

51 highlight that the chemical details
of vapor phase species and their reactions with sub-
strates are important factors in material delivery and
NW phase control.

Decomposition Behavior of CoSiCl3(CO)4. Our results so far
indicate that SSPs give rise to much of the silicon and
all of the metal incorporated into the silicide NWs.
However, the details of SSP molecule thermal decom-
position and the reactivity of their pyrolytic byproducts
are poorly studied. A better understanding of the
chemistry in these systems would enable a more
rational approach to silicide NW phase control and
doping. The standard NW reaction procedure is always
accomplished inside a hot-wall CVD reactor that allows
SSP molecules to react well before they reach the
growth substrate, as indicated by deposits consistently
observed in various regions on the inner walls of the
reactor. For pyrolysis of CoSiCl3(CO)4, a silvery and
metallic deposit is seen in the upstream portion of
the reaction tube close to the furnace entrance, while
the downstreamof the reaction tube has a blue deposit
just outside of the furnace, which becomes purple and
then pink upon exposure to air, and a dull, black
deposit further downstream. PXRD and EDX scans of
the reaction deposits were taken to determine the
identity of the compounds present.

In order to prepare samples for PXRD, we carried
out a standard CoSi CVD reaction using a large amount
of CoSiCl3(CO)4 (500 mg) in the absence of any sub-
strate and acquired deposits with typical appearance.
The reactor tube was carefully broken apart and the
deposits scraped off and analyzed. The silvery material

Figure 4. CVD of Fe(SiCl3)2(CO)4 onto SSP-CoSi/Si(100) thin
film substrate leading to the growthof FeSi NWs. (a) PXRDof
the substrate before growth along with the standard peaks
for CoSi and CoSi2. Note that the intensity of the standard
peaks is displayed logarithmically to emphasize the weak
peaks. Starred peaks arise from the Si substrate. (b) SEM of
the NWs on the as-grown substrates. (c) EDX obtained from
NWs produced in the reaction revealing the lack of Co
incorporation. Inset shows an expanded view of the Fe and
Co K edges.
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deposited upstream was not easily obtained for XRD
analysis, but thepink andblackdeposits observedon the
downstreamportion of the reaction tubewere identified
byPXRDaspartially hydratedCoCl2 (Figure 5a) andCo2Si
(Figure S4 in Supporting Information), respectively. To
obtain additional information, we used EDX to analyze
the elemental composition (Figure 5d,e) of the depos-
its collected onto two pieces of copper foil placed in
the CVD reactor, which have similar appearance to
those normally seen on the walls of the reactor's
quartz tube after a standard CoSi NW synthesis. The
deposits from the upstream foil consist mostly of Co
and Si and gradually become more metal-rich as
higher temperatures in the furnace are reached.
SEM images (Figure 5b,c) of the points analyzed reveal
a morphological change from a rough polycrystalline
film to microplates. In the downstream deposits,
chlorine is far more prevalent, Si is present to a much
smaller degree, and the transition between the cobalt
chloride and cobalt silicide observed in PXRD analysis
is clear.

These analyses showed that well before the pre-
cursor reaches the substrate significant decomposition
has occurred. The presence of Co- and Si-rich deposits
in the upstream region of the reactor points to early
decomposition of the SSP into separate vapor phase

Co and Si species. This is further backed up by the
presence of CoCl2 at the downstream of the reactor.
One premise of SSP-CVD is the controlled delivery of
single precursor molecules having metal and silicon in
a set ratio to a growth substrate. These studies suggest
that in the case of Co(SiCl3)(CO)4 separate species are
delivered to the growth substrate surface. However,
the SSP approach, having already been successfully
used to synthesize NWs of a number of metal silicide
phases,1 can still provide several benefits. For example,
SSPs vaporize or sublime at temperatures significantly
lower than the halides and metallic species used in
other silicide synthetic methods, and they provide a
reproducible delivery of a fixed ratio of precursor
species.

Improved Synthesis of Alloyed Fe1-xCoxSi NWs by Combining
SSP and CoCl2. To date, successful CVD synthesis of
Fe1-xCoxSi NWs has been accomplished using mix-
tures of Fe(SiCl3)2(CO)4 with Co(SiCl3)(CO)4

5 or FeI2 with
CoI2.

6 In either case, the mixtures of precursors with
different melting points, and thus vapor pressures,
were subjected to the same sublimation temperature,
typically just over 100 �C for SSP molecules52 and near
or above 500 �C for the halides. Similar sublimation or
vaporization temperatures of the precursor mixtures
resulted in the inability to control the vapor pressure of
these species independently and thus poor control
over composition. The mixed halide precursor did not
allow the synthesis of broad Fe1-xCoxSi alloy composi-
tions beyond x = 0.10. The mixed SSP approach, while
capable of yielding many alloy compositions, is also
hard to reproduce. The improved understanding of the
SSP decomposition allowed us to design a new scheme
for synthesizing Fe1-xCoxSi NWs with better control
using one SSP and one halide as precursors.

CVD reactions of Fe(SiCl3)2(CO)4 and CoCl2 loaded
into separate alumina boats onto freshlyHF-etched SSP-
CoSi/Si (Scheme 1e and Figure 6a) resulted in dense
NWs roughly 50 to 100 nm in diameter and 10 μm or
more in lengthwith quite smooth surfaces (Figure 6c). In
all cases, we followed a modified standard reaction
procedure changing only the position of the CoCl2 boat.
The Co composition in the NW products most critically
depends on the precise position of the CoCl2 precursor
in the CVD reactor. Also the most reproducible results
were obtainedwhen the CoCl2 in theboatwas loaded in
as tight a pile as possible, covering approximately 3mm,
due to the large thermal gradient at the boat's location
in the furnace. We report on two successful doping
reactions with the alumina boat centered at d = 6.5 and
7.5 cm downstream from the furnace edge (Figure 6a).
EDX analysis was completed for three different NWs in
each sample (Figure 6b). For the sample positioned at
6.5 cm, a small shoulder on the low energy side of the Fe
KRpeak can beobserved, corresponding to theposition
of the Co KR peak while the 7.5 cm sample shows clear
signals from both Fe Ka and Co Ka peaks. Quantitative

Figure 5. Analysis of the decomposition products of Co-
(SiCl3)(CO)4. (a) PXRD of downstream deposits identified as
CoCl2 3 2H2O. Starred peaks arise from the grease used in
sample preparation. SEM images ofmaterial deposited onto
copper foils on the (b) upstream and (c) downstream por-
tions of the CVD reactor. Elemental compositions of the
deposits collectedon copper foils placed in the (d) upstream
and (e) downstream portions of the CVD reactor.

A
RTIC

LE



HIGGINS ET AL. VOL. 5 ’ NO. 4 ’ 3268–3277 ’ 2011

www.acsnano.org

3275

analysis revealed Fe/Co/Si ratios of 53:2:45 and 35:15:50
for the 6.5 and 7.5 cm samples, respectively, giving
roughly Fe0.96Co0.04Si and Fe0.70Co0.30Si. Reactions car-
ried out with the CoCl2 boat centered at 6 cm gave rise
to FeSi NWs with no Co incorporation, and reactions
carried out with the CoCl2 boat centered at 8 cm gave
rise to Co2Si NWs. These metal-rich Co2Si NWs, some of
which even showed Fe incorporation, were sometimes
observed as a byproduct of this reaction and have been
previously seen when using a mixture of Fe(SiCl3)2(CO)4
and CoSiCl3(CO)4 as precursors for Fe1-xCoxSi NW
synthesis.5

We further fabricated NW devices from the
Fe0.70Co0.30Si NW sample using standard lithographic
methods andmeasured their R-T properties (Figure 6d)
to verify the successful substitutional doping with this
new synthesis. The zero field cooled resistance as a fun-
ction of temperature at 0 and 9 T andmagnetoresistance
(MR = [R(9T) - R(0T)]/R(0T) � 100%) as a function of
temperature (Figure 6e and inset) reveals the character-
istic shape and qualitative behavior common to Fe1-x-
CoxSi crystals

5,53 with a peak MR near 8% under a

9 T field at 2 K. This magnetotransport characterization
confirms the successful synthesis of NWs of the substitu-
tional alloy Fe1-xCoxSi using the new two precursor
approach.

CONCLUSION

We have described careful exploration of metal
silicide NW formation processes using SSP-CVD growth
of silicide NWs on Si, Ge, CoSi2/Si, and CoSi/Si sub-
strates. These results have clarified the origins of the
elements incorporated into NW products, highlighted
the importance of precursor chemistry and diffusion in
this process, and enabledmore controllable and robust
production of alloy NWs. Specifically, we revealed that
group IV (Si, Ge) elements in the substrate are clearly
mobile and the Si (Ge) element in the NW products
originates fromboth the substrate and the vapor phase
precursor. This allowed the successful synthesis of
Fe5Si2Ge NWs, the first metal silicide-germanide alloy
NW species. In contrast, our attempts to incorporate
metal using silicide substrates were unsuccessful but
revealed that vapor phase delivery of metal occurs far
more quickly than metal diffusion from the substrates.
We have also begun the broader exploration of pre-
cursor chemistry by investigating the decomposition
of SSP CoSiCl3(CO)4. We observed signs of independent
Co and Si transport to growth substrates with Co
transport occurring through the intermediate CoCl2.
This realization allowed us to develop a new two-
source CVD process for the synthesis of Fe1-xCoxSi
NWs with more control than previous approaches
using Fe(SiCl3)2(CO)4 and CoCl2 as independently
adjustablematerial sources. This capability to indepen-
dently introduce different materials should enable
additional mechanistic investigation, for example, the
determination of tip or base growth in silicide NWs.
Although our exploration has focused on silicide NW

growth using SSP-CVD, the results and understanding
should have general implications to silicide NWgrowth
using other synthetic strategies. Fundamentally, the
processes that lead to the formation of metal silicide
NWs (or other intermetallic NWs in general), reaction of
precursors in the gas phase or with surfaces, transport
of material via diffusion, and nucleation and growth of
1D nanostructures, should be universal among various
synthetic strategies with the apparent differences ori-
ginating from the details of chemical processes. The
results presented herein bring new understanding to
the nucleation of silicide NWs, elucidate the impact of
the growth substrate on material delivery, and en-
hance our understanding of the importance of pre-
cursor chemistry on NW growth. This improved
knowledge has enabled more robust NW syntheses
and theobservationof a newNWphase.Many advances
have beenmade in developing the current catalogue of
silicide NWs, but further work on rationally controlling

Figure 6. Synthesis of Fe1-xCoxSi NWs via CVD of
Fe(SiCl3)2(CO)4 and CoCl2 onto SSP-CoSi/Si(100) substrates.
(a) Schematic diagram detailing the important growth
parameters for this CVD process. (b) EDX spectra for
syntheses using no CoCl2 (top, orange), a CoCl2 boat cen-
tered at 6.5 cm (center, green), and a CoCl2 boat centered at
7.5 cm (bottom, violet). Inset highlights the Fe and Co K
edges and the increase in the Co KR edge from top to
bottomcurves. (c) SEMof Fe1-xCoxSi NWs synthesizedusing
this scheme. (d) Zero field cooled R vs T trace of an
Fe1-xCoxSi NW device at 0 and 9 T revealing the positive
transverse magnetoresistance characteristic of Fe1-xCoxSi.
Inset shows magnetoresistance (MR) as a function of T.
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NW phase, composition, and nucleation in bottom-up
synthetic approaches will require more thoughtful and

pointed experiments. This is the only way that the
mysteries of silicide NW growth can be solved.

METHODS
Standard Silicide NW Growth Procedure. All NW syntheses were

carried out in a home-built chemical vapor deposition (CVD)
reactor in a Lindberg/Blue M tube furnace, as described
previously.18 Various growth substrates were cleaned and
coatedwith a thin film (Scheme 1), the identity andmorphology
of which was dependent upon the experimental goals, before
being placed in the hot zone of the reaction tube, 1 in. upstream
of the furnace center. One hundredmilligrams of Fe(SiCl3)2(CO)4
SSP was placed in a 3 cm long alumina boat and loaded into the
vacuum system outside the furnace. The system was evacuated
and flushedwith argon at a flow rate of 150 sccm and a pressure
of 200 Torr. The systemwas brought to a temperature of 750 �C,
and the precursor boats were placed with 0.75 cm of the boat
inside the furnace housing (∼150 �C) using magnetic stir bars.
Once all of the SSP had been consumed (approximately 20-25
min), reactions were terminated.

Synthesis of Fe1-xCoxSi NWs Using Fe(SiCl3)2(CO)4 and CoCl2. An
alumina boat with 40 mg of CoCl2 was loaded into the CVD
reactor along with an alumina boat filled with 100 mg of
Fe(SiCl3)2(CO)4 SSP and a magnetic stir bar fitted with a hook
made from tungsten wire for a reaction following the standard
silicide NW reaction condition. Once the correct temperature
was reached, the boats were placed at predetermined positions
with the aid of the stir bar tool. The Fe SSP boat was placed as in
a standard FeSi NW reaction, while the CoCl2 boat was posi-
tioned inside the furnace between d = 6.0 and 8.0 cm from the
edge of the furnace housing (Figure 6a).

Preparation of Various Cobalt Silicide Thin Films as Nanowire Growth
Substrates. Preparation of CoSi2 Film via Solid Phase Reaction.
Si(100) substrates (25 � 25 � 0.1 mm3) were sonicated in
deionized water, rinsed with deionized water, ethanol, and 2-pro-
panol, dried with N2 flow, and etched with buffered HF (Buffered
HF Improved, Transene Inc.) for 10 s before it was loaded quickly
into ametal evaporator (Angstrom Engineering) and evacuated to
a base pressure of 2 � 10-6 Torr. Co (99.9999%, Sigma-Aldrich)
was e-beam evaporated onto substrates at a rate of 1-2 Å/s to a
500nm thickness. TheseCo-covered substrateswere annealed at a
temperature of 750 �C for 16 h in a CVD furnace under Ar
atmosphere (flow rate of 100 sccm and pressure of 760 Torr).
PXRDwas performed using a STOEpowder X-ray diffractometer to
confirm the phase formed.

Formation of CoSi Thin Films via SSP-CVD. Si(100) substrates
(25 � 25 � 0.1 mm3) were cleaned and etched as above, but
additionally subjected to a 10 min treatment in a metal etch
solution (1:1:5 v/v of concentrated HCl/30% H2O2/deionized
water) at 70 �C to produce a thin (1-2 nm) silicon oxide layer
following previously reported procedures.20 Co(SiCl3)(CO)4 SSP
was placed in an alumina boat 0.5 cm away from the furnace
entrance, evaporated, andcarried into the reactorwitha 150 sccm
Ar flowunder a pressureof 200 Torr. Reactionswere carried out at
a temperature of 750 �C for 15 min. Any NWs obtained on these
substrates were removed using ultrasonication, leaving a CoSi-
film-covered silicon substrate. PXRDwas performed using a STOE
powder X-ray diffractometer to confirm the phase formed.

Preparation of Cross-Section SEM and TEM Samples. Focused Ion
Beam (FIB) Milling of Growth Substrates. FIB milling of sample
substrates enabled cross-sectional SEM and EDS inspection of
the NW growth substrates. A Zeiss Crossbeam SEM-FIB work-
station equipped with a FE-SEM electron column, a Ga-ion
column, and a SiLi EDS detector was used for this sample
preparation and analysis. The substrates were oriented normal
to the Ga beam to facilitate milling. The use of various apertures
allowed variation of the 30 kV Ga beam current; specifically,
sequential use of coarse (2 nA), medium (500 pA), and fine
(50 pA) milling currents diminished the impact of milling-
induced artifacts on the analysis.

Preparation of CSTEM Samples. FeSi NWs were grown on a
thin Si substrate (1 cm � 1 cm � 90 μm) using the previously
reported procedure.18 As-grown substrates were then cut into
small wedges using a modified microcleavage technique40 and
glued to Cu support rings (South Bay Technologies) using silver
epoxy (South Bay Technologies). These samples were roughly
aligned on a Fortress TEM sample holder (South Bay Tech-
nologies) and loaded into the FIB system. The samples were
imaged via SEM to locate a region of the sample surface with an
appropriately high density of NWs. Successive electron-beam-
induced deposition (∼1 μm) and ion-beam-induced Pt deposi-
tion (∼2 μm) were carried out to protect the samples surface,
and then FIB milling was carried out to produce sample with a
thickness on the order of 100 nm. Various apertures and
voltages were used to control the Ga-ion beam current giving
rise to coarse mill (30 kV, 8 nA), medium mill (30 kV, 2 nA), fine
mill (30 kV 100 pA), coarse polish (30 kV, 50 pA), and fine polish
(5 kV, 100 pA) milling sequences. The thickness of the milled
sample was monitored via SEM imaging using a secondary
electron detector and various SEM imaging voltages.
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