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Over the past decade, one-dimensional inorganic nanostructures 
have emerged as promising materials for fundamental studies and 
possible technological applications.[1-14] These structures exhibit 
physical and chemical properties distinct from their bulk 
counterparts as a result of radial confinement, while they retain 
the advantages of wire-like connectivity. In particular, silicon[1, 5] 
and silicide[6] nanowires have received considerable attention due 
to their potential ease of integration into conventional silicon-
based electronics.  

ε-FeSi is a narrow-gap semiconductor with a cubic structure 
(space group P213) that has been classified as a hybridization-gap 
semiconductor or Kondo insulator.[15, 16] It has attracted interest 
for over half a century, mainly because of its unusual magnetic 
behavior.[17-21] Moreover, a recent study has identified doped iron 
monosilicides as potential alternatives to (GaMn)As and 
(GaMn)N in spintronics applications.[22] Attempts to make FeSi 
thin films[23-25] and nanorods[26, 27] embedded in silicon substrates 
have been reported in the past few years. To our knowledge, 
however, free-standing FeSi nanostructures have never been 
prepared, nor have magnetic or transport measurements been 
performed on embedded rod or thin-film samples. 

Here we report the synthesis of single-crystalline FeSi 
nanowires and the characterization of their magnetic and 
electrical properties. The synthesis was performed using a 
chemical vapor deposition (CVD) method: silicon substrates 
were cleaned with 1% buffered HF and placed in a horizontal 
tube furnace, between the center and the downstream end of the 
alumina tube. Anhydrous FeCl3 powder (Aldrich, 99.99%) was 
placed in an alumina boat upstream of the substrates. An inert 
atmosphere was maintained with a flow rate of 100 sccm N2, and 
the temperature at the center of the furnace was set to 1100 °C. 
When the center of the furnace reached the set point, the iron 
source was hot enough (180 – 250 °C) to produce vapor-phase 
FeCl3 or Fe2Cl6 without thermal decomposition. The precursor 
vapors were carried by the N2 flow to the center of the furnace 
where they reacted with silicon from the substrates. The reaction 
was held under these conditions for one to two hours, and then 
the furnace was allowed to cool down to room temperature. 
When the silicon substrates were taken out for examination, the 
substrates were covered by a ‘fluffy’ black powder composed of 
aggregates of FeSi nanowires. 
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The morphology of the reaction product was examined using 
scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM). Figure 1a shows representative SEM images, 
illustrating that the reaction produces two kinds of wires: single-
stem wires and branched[8, 9] wires with triangular ‘thorns’ on 
their stems. Both SEM and TEM images reveal that the nanowire 
radii range from 5 nm to about 100 nm and the lengths vary from 
a few hundred nanometers to tens of micrometers. The 
stoichiometry of the nanowire samples was assessed by energy 
dispersive X-ray spectrometry (EDX) on individual wires using a 
high-resolution TEM operating in scanning mode. In all the 
nanowires analyzed, Fe and Si were present in the correct 1:1 
ratio (from 49 to 50.5 at. % Si)[28] within instrumental accuracy 
(see Supporting Information). 

 

 

Figure 1. a) SEM image of ε-FeSi nanowires as grown on a silicon 
substrate. Inset: SEM image of a nanowire with both branches and 
triangular ‘thorns.’ Both scale bars represent 500 nm. b) Powder X-
ray diffraction pattern of as-grown FeSi nanowires. 

Analysis of the powder X-ray diffraction data shown in 
Figure 1b confirms that the nanowires are composed of 
crystalline FeSi with a cubic B20 structure. The unit cell 
parameter for FeSi nanowires was determined to be 4.4880 Å, 
identical to that of the bulk cubic material (JCPDS file 38-1397). 
Figure 2a shows a TEM image and a selected area electron 
diffraction (SAED) pattern obtained from a representative FeSi 
nanowire. The SAED pattern is indexed to a cubic ε-FeSi 
structure and demonstrates that the nanowire growth is along the 
[111] direction. Notably, the diffraction pattern did not change as 
the electron beam was moved along the nanowire, indicating that 
the whole nanowire is a single crystal. Figure 2b shows a high-
resolution TEM image of a nanowire with clear lattice fringes, 
again confirming the material’s high crystallinity. Further, the 
TEM and SAED data indicate that even branched nanowires, 
including the stem, branches, and ‘thorns,’ are also single crystals 
(see Supporting Information). Because growth along any [111] 
direction is equally favorable in a cubic structure, nanowires can 



branch out at an angle of 70.5 or 109.5 degrees (the dihedral 
angles of two subsets of [111] planes) while maintaining the 
integrity of the lattice, resulting in a single-crystalline branched 
wire. 
 

 

Figure 2. a) TEM image of a group of FeSi nanowires. Inset: 
SAED pattern from the area marked by the square. The SAED 
pattern is indexed for cubic FeSi nanowire down the [ 121 ] zone 
axis The scale bar is 500 nm. b) HRTEM image of the same 
nanowire with growth direction parallel to the [111] direction. 

The reaction that produces FeSi nanowires may involve 
multiple pathways because FeCl3 evaporation produces many 
vapor species.[29] Two plausible reaction paths are given by: 
 
2FeCl3(s) ⇔ Fe2Cl6(g) 
2Fe2Cl6(g) + 7Si (s) → 4FeSi(s) + 3SiCl4(g)   (1) 
or 
Fe2Cl6(g) ⇔ 2FeCl2(s) + Cl2(g)  
FeCl2(s) + Cl2(g) + 2Si(s) → FeSi(s) + SiCl4(g)  (2) 

 
Several experimental observations suggest that FeSi nanowires 
are produced by a vapor-solid mechanism under a relatively low 
supersaturation ratio.[3, 12-14, 30, 31] First, the absence of catalyst 
particles at the ends of FeSi nanowires indicates that metal-
catalyzed vapor-liquid-solid growth is unlikely. Second, the 
vapor pressure of the iron precursor was found to be critically 
important in nanowire growth: when the alumina boat containing 
FeCl3 was positioned closer to the hot zone of the furnace, only 
large chunks of FeSi were obtained, whereas in the opposite case 
no FeSi was produced at all. Higher temperatures at the alumina 
boat result in higher vapor pressures of Fe precursors and FeSi 

product in the reaction area, driving the supersaturation ratio 
above a critical point. Within the framework of the vapor-solid 
mechanism, this large supersaturation ratio favors bulk crystal 
growth over nanowire growth,[3, 12, 13, 30, 31] consistent with our 
experimental observations. Third, previous studies[8] have shown 
that high supersaturation ratios can lead to nanowires with 
branched morphologies, again consistent with our experimental 
findings. 

The magnetic properties of ε-FeSi nanowires were studied by 
measuring the sample magnetization as a function of temperature 
and applied magnetic field using a superconducting quantum 
interference device magnetometer. Figure 3a shows a plot of 
magnetization, M, versus temperature, T, for a nanowire 
ensemble. These curves were obtained by cooling the sample to 
T = 5 K in the presence (field-cool: FC) or absence (zero-field-
cool: ZFC) of a magnetic field, then recording M under an 
applied magnetic field of 50 kOe as the sample was warmed to 
300 K. In both the FC and ZFC cases, the ensemble 
magnetization decreases as T increases to ~ 90K and then rises 
again at higher T. This behavior compares well with published 
χ(T) data from both poly-crystalline and single-crystalline bulk 
FeSi.[17-20] Figure 3b shows plots of M versus applied magnetic 
field, H, at T = 5 K and 300 K obtained from the same nanowire 
ensemble. The sample magnetizations at both temperatures are 
characterized by a small ‘ferromagnetic’ contribution riding on a 
dominant paramagnetic contribution (a linear increase in M as a 
function of magnetic field below H = 50 kOe). This magnetic 
behavior is also consistent with that of single-crystalline bulk 
FeSi.[21, 32] 
 

 

Figure 3. a) Plot of M versus T obtained from an FeSi nanowire 
ensemble. The red and blue points represent the FC and ZFC data, 
respectively. b) Plot of M as a function of H obtained from the 
same nanowire ensemble at 5 K and 300 K. 

 
 



The electrical conductivity of individual FeSi nanowires was 
measured as a function of T by contacting them in a four-probe 
geometry using electron-beam lithography and thermally 
evaporated Cr-Au electrodes (Figure 4a, inset). Two different 
types of transport were observed in these samples. The first type, 
exhibited by single-stem nanowires without branches, is shown 
in Figure 4a. Here the nanowire resistivity, ρ, falls over an order 
of magnitude when T is raised from 2 to 20 K. Following a 
plateau between 20 and 50 K, the resistivity drops steeply again, 
approaching a saturation value of ~ 2 × 103 µΩ cm at room 
temperature. This thermally activated behavior is similar to that 
observed in bulk FeSi:[19, 20] the drop in ρ below 20 K is 
attributed to the excitation of states within the band gap, while 
the drop above 50 K reflects the increase in charge-carrier 
concentration, nc, due to carrier excitation over the band gap. 
Making the assumption that nc ∝ 1/ρ, the gap energy, Eg, can be 
extracted from the slope of ln(1/ρ) versus 1/kBT using the thermal 
activation equation:[33] ln(nc) ∝ ln(1/ρ) ∝ - Eg/(2kBT). From a fit 
to the data in Figure 4a (see Supporting Information) between 93 
and 193 K, Eg is found to be 50 meV, at the lower end of the 
range of Eg values reported for bulk FeSi.[19, 20] 
 

 

Figure 4. a) A plot of ρ as a function of T obtained from a 
representative single-stem nanowire. Here the nanowire diameter 
is 40 nm and the length between electrodes is 1.4 µm. Inset: SEM 
image of the nanowire device. b) A plot of ρ as a function of T 
obtained from a representative branched nanowire. The nanowire 
diameter is 45 nm and the length between electrodes is 3.8 µm. 
Inset: SEM image of the nanowire device. In a) and b), the scale 
bar in the inset is 1 µm. 

The second type of transport behavior, exhibited primarily by 
nanowires with branches or thorns, is shown in Figure 4b. Here 
the resistivity rises between 5 and 50 K, followed by a fall to ~ 
400 µΩ cm at room temperature. The rise in ρ below 50 K is 
typical of a metal, while the fall at higher T is consistent with the 

thermal activation behavior discussed above, with a band gap of 
Eg ≈ 44 meV (see Supporting Information). This crossover 
between metallic and semiconducting behavior is consistent with 
a heavily doped narrow band-gap model, and suggests that 
branch-induced charge-carrier introduction may play a 
substantial role for branched FeSi nanowires. In this scenario, the 
Fermi energy lies within a conduction or a valence band in 
branched FeSi nanowires, and the transport is determined by a 
competition between the carrier scattering and the thermal 
excitation of carriers over the band gap. At low T, where ∂ρ/∂T is 
positive, thermal energy is insufficient to change the charge-
carrier concentration appreciably, and the increase in carrier 
scattering with T dominates. Above 50 K, excitation of carriers 
over the band gap becomes significant, thereby lowering ρ. The 
fact that branched nanowires show metallic behavior at low 
temperatures suggests that that junctions between the stem and 
branches may act as a source of charge carriers, either by 
deviation from the ideal stoichiometry or by the introduction of 
lattice defects. 

In conclusion, we have successfully synthesized freestanding 
single-crystalline nanowires of FeSi. The magnetic and electrical 
properties of the nanowires compare well with those of bulk 
materials, with some sample-specific variation. The synthesis of 
iron silicide nanowires reported here may provide a new 
synthetic route for nanoscale transition-metal silicides and may 
provide a platform for nanoscale spintronic applications.[22] 

Experimental  

The morphology of the FeSi nanowires was analyzed with a LEO 
982 field-emission SEM and a JEOL 2010 TEM with STEM 
imaging and EDS X-ray mapping capabilities. Powder XRD was 
performed at a scanning rate of 0.10° min-1 using a Scintag 
XDS2000 X-ray diffractometer with a CuKα radiation source. 
Ensemble nanowire magnetization was measured with a Quantum 
Design Magnetic Property Measuring System. For electrical 
transport measurements, nanowires were deposited on an Si/SiO2 
wafer and located optically with respect to a coordinate grid. 
Electrodes were defined by electron-beam lithography and 
thermally evaporated gold, with a thin (5-10 nm) primer layer of 
chromium. Electrical measurements were performed in an Oxford 
Instruments cryostat. 
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Single-stem and branched ε-FeSi nanowires with diameters ranging from 5 to 100 nm are synthesized using a chemical-
vapour-deposition method. These nanowires, including branches, are single crystalline and exhibit a cubic structure with [111] 
growth direction. Electrical and magnetic measurements show that these nanowires exhibit properties consistent with those of 
the bulk material, with branch-induced charge-carrier introduction playing an important role. 
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Figure S1. EDX of a typical FeSi nanowire of 50 nm diameter (The copper signal came from the copper TEM grid used in the 
experiment.) 



 
 
Figure S2. TEM images and SAED pattern of a branched FeSi nanowire (the selected rectangular area is where the SAED 
pattern and HRTEM image were taken. The zone axis is [  11 0].)  



 
Figure S3. TEM images and SAED patterns of a triangular ‘thorn’ and a branch extending from it. The zone axis for both the 
triangle and the wire is  [  11 0]. 



  

 
 
Figure S4. (a) Fit to the intrinsic regime of Figure 4a as described in the text. (b) Fit to the intrinsic regime of Figure 4b as 
described in the text.  Both fits are shown in the linear region between 193 and 97 K. 


