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Electrical and Magnetic Properties of FeSi, Nanowires
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We report the characterization of self-assembled epitaxially grown FeSi» nanowires (NWs) in terms of electrical
and magnetic properties. NWs grown by reactive deposition epitaxy (RDE) on silicon (110) show dimensions
of 10nmx5nm, and several micrometres in length. By using conductive-AFM (c-AFM), electron transport
properties of one single NW is measured, resistivity of a single crystalline FeSi NW is estimated to be 225 u)-cm.
Using superconducting quantum interference device (SQUID), we measure a magnetic moment of 0.3 = 0.1 Bohr

magneton per iron atom for these FeSiz NWs.

PACS: 73.63.Nm, 75.75. +a

Transition-metal silicides (Fe,Co,Ni) are widely
used as contacts and interconnects in current
microelectronics!!  and  potential  optoelectronic
devices.?)  One-dimensional nanowires are promis-
ing building blocks for bottom-top microelectron-
ics scheme, due to their novel properties, such as
electrical, mechanical and magnetic properties. Self-
assembled, epitaxial silicide NWs were first reported
by Preinesberger et al.l¥] These NWs possess the fol-
lowing properties: excellent crystal quality, generally
single crystal; easy fabrication, self-assembly; differ-
ent properties readily available (metallic, magnetic
and semiconducting). Since silicide NWs are epi-
taxially self-assembled on silicon surface, this allows
patterning according to different crystal orientation,
surface steps etc. Other advantages of silicide NWs in-
clude: direct compatibility with ULSI processing, and
stable interface/junctions with silicon. The Schottky
barriers formed between metallic silicide NWs with
Si offer a natural electrical isolation. These Schot-
tky diodes can be employed to fabricate field-effect
transistors*! and NW heterostructures, i.e. metal-
Si-metal structure.!’!

Iron silicides are very interesting because they
have different phases (properties): « (metallic), (
(semiconducting), ~ and s-phases (magnetic and
metastable). The semiconducting phase with band
gap of 0.87eVI"8l is favourable for optical fibre com-
munication systems operating at 1.5 micron wave-
length. Among all transition metal silicides, FeSis is
the only reported light emitter.[:'%) The NW shape
is thought to result from an anisotropic lattice mis-
match that is small (< 1%) in the long direction and
large (> 5%) in the short direction. For any potential
applications of NWs, it is prerequisite to know their
various properties. In this Letter, we report electrical
and magnetic properties of self-assembled epitaxially
grown FeSip NWs.

Experimental procedures are Si(1 1 0) samples
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(miscut angle < 0.5°, phosphorous-doped, about
10 Qcm) were cleaned in ultrahigh vacuum by de-
gassing for 12h, followed by flashing multiple times
at 1250°C for several seconds, using resistive heating.
Iron was deposited by sublimation from a 4N-purity
iron wire onto the heated silicon substrate, this is
the so-called reactive deposition epitaxy (RDE). Cov-
erage was determined in situ using a crystal thick-
ness monitor, with an accuracy of 20%. Coverage
values are given in monolayer (ML) units, where
1ML = 4.78 x 10'* iron atoms/cm?. Temperature
was determined using an optical pyrometer (emissiv-
ity 0.4), with an accuracy of £20°C. AFM images
were obtained using a Digital Instruments NanoScope
Il in tapping mode. Electrical properties of NWs
were measured by using PicoScan 2500 from Molec-
ular Imaging. C-AFM was used to measure NW
resistance. One electrode is the conductive AFM tip,
and the other electrode is a macro-pad of gold to par-
tially cover NWs. The gold macro-pad was deposited
through a sharp mask by physical vapour deposition.
MPMS XL5-AC SQUID magnetometer, supercon-
ducting quantum interference device (SQUID), were
used for magnetic moment of these FeSis NWs.

e

Fig. 1. AFM image of iron silicide NWs, Z height range
is 10 nm, taken by tapping mode.
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Figure 1 shows AFM image of iron silicide NWs, Z
height range is 10 nm, taken by tapping mode. NWs
are well-aligned along the Si (110) direction, there-
fore perfectly parallel to each other. NW cross sec-
tion and length depend on various growth conditions,
such as growth temperature and dose rate. Here for
these samples, we grew NWs at 700°C with 1-2ML
iron deposition. This AFM image clearly shows that
sizes of NWs are about 10nmx5nm and several mi-
crometres in length. Figure 2 shows the largest aspect
ratio occurs at about 700°C, which is why we choose
this temperate for NW growth. At low temperature
around 600°C,; silicide nucleation happens everywhere,
and NWs aspect ratio is small; for high growth tem-
perature around 800°C, Ostwald ripen causes aspect
ratio small too.
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Fig. 2. Aspect ratio of NWs vs growth temperature.

AFM tip

Fig.3. Schematic of c-AFM measurement of NW resis-
tance.

Self-assembled silicide NWs can be metallic, semi-
conducting or magnetic. Unlike carbon nanotubes
and other NWs, which have reached a mature level of
study, silicide NWs are relatively new and offer unique
opportunities for nanoelectronics. Since silicide NWs
are epitaxially self-assembled on silicon surface, this
allows patterning according to different crystal orien-
tations, surface steps etc. Resistivity of these single
crystalline NWs is intrinsic properties, which need to
be characterized for any further potential applications.
Figure 3 presents the schematic diagram of c-AFM
measurement of NW resistance. Macro gold pad was

deposited by PVD through a sharp edge. This macro
gold pad partially cover NWs, and conductive-AFM
tip acts as another electrode, which can also move to
change the NWs measurement length.
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Fig. 4. Resistance measurement [ —V curves of one single
NW.

Figure 4 shows the resistance measurement I — V
curves of one single NW. For c-AFM, the conduc-
tive tips are the most critical part in the measure-
ment, in terms of reliability, accuracy and durabil-
ity. In this work, we use solid tungsten tip for elec-
trical characterization. Both gold pad and metal-
lic NW form Schottky diodes with the silicon sub-
strate. Thus one diode is always reverse biased when
voltage ramps from negative to positive. There is
current with a linear behaviour from —2V to 0.5V.
This current is thought to be dominantly through the
NW. Based on the resistance and from repeated mea-
surements we obtain 29.7k() for NW with length of
400 = 50nm and NW cross-section area estimation
of 30nm?. FeSiy NW resistivity would be less than
225 uQ2-cm. NW’s intrinsic resistance should be lower
than 29.7k() since this number still includes contact
resistance. Single-crystal metallic nickel silicide (NiSi)
NWs, with diameter 15-45nm, were reported to have
ideal resistivity of about 10pQ:-cm and remarkably
high failure current densities, > 108A-cm~2. Self-
assembled single crystalline cobalt silicide NWs, with
diameter of about 60nm, were measured in situ by
multi-tip scanning tunnelling microscope and had a
resistivity of 30 uQ-cm.['*) However, there are also re-
ports on much higher resistivity of NWs compared
to bulk, such as NiSis NWs, with resistivity about
800 uQ-cm.?l Carbon-coated nickel silicide NWs, av-
erage diameter ranging in 20-40nm, have resistivity
about 370 uQ-cm at room temperature.!'3) For bulk
silicides, rare earth silicides have resistivity ranging
in 100-300 pQ-cm, Transitional metal silicide re-
sistivity is about 20-50 u2-cm, but CrSiy, VSiy and
MnSiy approach 1000 pQ-cm.[!? FeSiy thin film (iron
deposited thickness is 4-100nm) annealed from 400—
950°C for 10-40s, has a resistivity of about 60—



No. 11

PENG Zu-Lin et al.

4115

80 uf2-cm at room temperature.'?! Using ¢-AFM, we
obtain p = 225 uQ2-cm for NWs. One can expect that
the resistivity in the NWs to be larger than bulk val-
ues due to intrinsic effects including interface scat-
tering along the length of the NW and possibly one-
dimensional confinement effects. Both would be larger
for small NW cross-section.
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Fig. 5. Magnetic response of the nanowires, measured at
2K with silicon substrate. The applied magnetic field H
is parallel to NWs.
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Fig. 6. Magnetic response of the silicon substrate, mea-
sured at 2 K.

Figure 5 shows magnetic response of the
nanowires, measured at 2K with a silicon substrate,
the applied magnetic field H is parallel to NWs. Fig-
ure 6 shows magnetic response only from the sili-
con substrate, measured at 2K, which clearly shows
diamagnetic behaviour. Figure 7 shows the mag-
netic response of NWs without silicon substrate. This
2K M(H) hysteresis is clearly a ferromagnetic signa-
ture with a saturation magnetization of about 1.6 x
10~%emu and a coercive field of 30 Oe. Based on the
average coverage of 1-2 ML and the sample area of
0.5cm?, this corresponds to a magnetic moment of
0.3 = 0.1 Bohr magneton per iron atom. Compared
to other wires, our silicide NWs have many advan-
tages over other wires, such as single crystalline, per-
fectly ordered, easily control of NWs size and density,

etc. This opens their applications in high-density stor-
age and nanosensors. These NW arrays are promis-
ing candidate materials for ultrahigh density perpen-
dicular magnetic recording media, with the poten-
tial for terabits per square inch density, due to the
predictable enhanced perpendicular magnetic perfor-
mance after appropriate annealing.!!”) The wires may
consist of a single element or a magnetic alloy. Cur-
rently, the fabrication of NWs based on porous alu-
mina membranes is very popular due to the easily
controllable pore sizes and chemical and mechani-
cal properties,['819 other methods include lithogra-
phy (either optic or electron-beam lithography) or
template-synthesis by utilizing diblock copolymer, 2]
track-etched membranes.*!! Novel methods have been
introduced recently even though they are not mature
and have very low efficiency right now. For example,
SPM lithography using either AFM or STM, step dec-
oration, nanoimprint, focused ion beam milling etc.
However, the high cost and serial processing format
of these techniques may limit their utility. The di-
mensions of nanowires in the current literature are
in the range of 20-200 nm. Theoretical work on mag-
netic NWs is not extensively reported.l'”l The (Fe, Co,
Ni)-Pt alloys are important magnetic materials due
to their large uniaxial magnetocrystalline anisotropy
(Ky rept = 6.6x10° Jm =3, K, copt = 4.9%10% Jm=3),
satisfactory mechanical strength, and good chemical
stability.[*?] Recently, researchers reported the fabri-
cation of Fe-Pt, and Co—Pt nanowires with diameters
of 50-100nm from porous alumina films and found
preferential magnetic characteristics in the perpendic-
ular direction.[?s] Fabricating magnetic nanowire ar-
rays with ultrahigh density is particularly intriguing
to achieve enhanced performances for ultrahigh den-
sity perpendicular magnetic recording media.
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Fig. 7. Magnetic response of NWs without silicon sub-

strate, measured at 2 K. The applied magnetic field H is
parallel to NWs.

In summary, we have presented and character-
ized self-assembled epitaxially grown FeSiy silicide
nanowires (NWs). NWs grown by reactive deposi-
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tion epitaxy (RDE) on silicon (110) show dimensions
of 10nmx5nm, and several micrometres in length.
Conductive-AFM (c-AFM) is a simple way to mea-
sure a single NW resistance. Resistivity of a single
crystalline FeSi, NW is estimated to be 225uQ-cm.
Using a superconducting quantum interference device
(SQUID), we measure a magnetic moment of 0.3+0.1
Bohr magneton per iron atom for these FeSis NWs.
This opens their application in high-density storage
and nanosensors.
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