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ABSTRACT Chromium silicide nanostructures are fabricated inside silicon nanopillars grown by the

vapor—liquid —solid mechanism. The remarkable field-emission behavior of these nanostructures results from

extensive improvement of carrier transport due to the reduced energy barrier between the metal and

semiconductor layers. The results warrant consideration of chromium silicide as a potentially important contact

material in future nanosystems.
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n recent years, as the technology of

microelectronics continues to scale

down, one-dimensional (1D) nanostruc-
tures such as nanowires and nanotubes,
representing an innovative vertically de-
signed nanosystem, have attracted much
attention for their fascinating properties
and potential applications. This list includes
nanologic devices,' light emitting diodes,?
nanosensors,* and other devices for photo-
voltaics,” optoelectronic and
spin-electronics,®® and biomedical appli-
cations.®> Semiconductor nanowires, includ-
ing Si/Ge,”'° GaAs,"" InAs,'? and GaN,'> are
likely to supply the major building blocks
of future nanoelectronic and nano-
optoelectronic devices. The performance of
1-D nanofield effect transistor (FET) devices
with complementary n- and p-type regions
is comparable to the best performance of
planar devices fabricated from the same
materials.”* As in the standard FET mecha-
nism, a semiconductor nanowire as the
building block of an integrated logic de-
vice is connected to the source and drain
electrodes. The interface between semicon-
ductor and electrode is critical to device
performance. Metal silicides are ideal candi-
dates for the interconnects, or nanocon-
tacts, owing to their low resistivity, ohmic
contact to both p- and n-type semiconduc-
tors, stability at high temperatures, low cost,
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and compatibility with Si complementary
metal-oxide-semiconductor (CMOS) device
processing.'> Wu et al. have demonstrated
the fabrication of metallic nickel silicide/sili-
con nanowire heterostructures as nano-
contacts in a nano-FET device.'® To date,
nickel silicide nanowires have been
shown to act as excellent interconnec-
tions."”"'® Titanium and tantalum silicide
nanowires'®?° have also been success-
fully synthesized.

The growth mechanisms of semiconduc-
tor nanowires include the vapor—solid (VS),
vapor—liquid—solid (VLS), and oxide-
assisted growth (OAG)?' ~2® approaches. Of
these, VLS has been regarded as the most
promising because the size and location of
the nanowires can be precisely controlled
by the metal catalysts. VLS depends on the
metal catalyst reaching supersaturation at
elevated temperatures. When the tempera-
ture fluctuates, nanowire can be grown
from the catalyst at the tip area. However,
the Schottky barrier is often a problem at
the interface between metal and semicon-
ductor, degrading the electrical perfor-
mance of the nanodevice.?* Herein, we
demonstrate a novel nanostructure that ad-
dresses this issue: chromium silicide nano-
pillar embedded in a Si nanorod.

In this study we use the VLS method
to fabricate core—shell chromium silicide
nanopillars inside silicon nanorods using a
gold tip. We use field emission to compare
the transport behavior of silicon nanorods
with and without the embedded nanopillar;
our field emission study shows the calcu-
lated field enhancement factor B of the
metal silicide nanopillars in the Si nanorods
over pure Si nanorods is approximately
2500, presumably due to a reduced poten-
tial barrier for electron tunneling. The maxi-
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mum current density of the silicide/Si nanostructure is
more than 2 orders of magnitude higher than that of
pure Si nanorod. The significant improvement in field-
emission behavior demonstrates that metal silicide
nanopillars embedded in the Si nanorods could act as
an outstanding nanocontact material in future vertical
nanodevices. Moreover, this mechanism can be ex-
tended to the other metal silicide systems, such as
B-iron disilicide or erbium silicide, for application to
photogeneration nanodevices.

RESULTS AND DISCUSSION

Figure 1a shows an SEM image of pure Si nanorods
synthesized by the evaporation of silicon on gold-
coated silicon substrate at 600 °C for 3 h. High-density
and uniform distribution of vertically aligned Si nano-
rods were achieved. The length of the nanorods can be
extended to 400—600 nm, with diameters ranging
from 80 to 120 nm. They are hexagonal in cross-section,
with metal catalysts at the tip areas, and were grown di-
rectly on Si substrate (inset, Figure 1a). Pinholes with
{111} facets were observed to surround the Si nanorods,
indicating that Si atoms diffused to the tip area during
growth of the nanorods. Figure 1b shows a TEM image
of the Si nanorod. Figure 1c is an enlarged view of the
highlighted region in Figure 1b, showing the single
crystal structure with no evidence of defects. The corre-
sponding selected area diffraction pattern (SAD) (inset
of Figure 1b) and high-resolution TEM image confirm
that the spacing of 0.32 nm can be ascribed to the
Si(111) plane with the growth direction along the
Si[1111.

Figure 2a shows an SEM image of the nanorods
formed by codeposition of the Si and Cr sources on
gold-coated silicon substrate. The surface was rough
because of the low migration velocity of chromium at-
oms on silicon. A TEM image of a Si/silicide nanostruc-
ture is shown in Figure 2b. In Figure 2c¢, a high-
resolution TEM image shows the epitaxial interface be-
tween silicon and silicide. The two d spacings of 0.32
and 0.65 nm correspond to the Si{111} and CrsSi3{110}
planes, respectively.? Insets in the corner display the
corresponding SAD patterns of Si nanorod and metal si-
licide nanostructure, respectively. Based on these high-
resolution TEM images and SAD patterns, the growth
direction of the Si/silicide nanostructure is along the di-
rection of Si[111]; the epitaxial relationship between
the silicon and silicide is Si(111) parallel to CrsSi3(110).
In Figure 2d, the corresponding elemental line-scan
mapping of the nanorod obtained in the STEM mode in-
dicates that the chromium silicide is embedded in the
silicon and is also confirmed by the EDS spectrum data
(Figure 2e).

Surface energy plays an important role in nano-
scale phenomena such as formation of various nano-
structures, growth direction of 1D nanomaterials and
shape transformation of nanoparticles. Surface energy
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Figure 1. (a) SEM image of large-scale Si nanorods; inset in the upper-
left corner shows enlarged image of two nanorods. (b) TEM image of a
Si nanorod; inset shows corresponding selected area diffraction pat-
tern. (c) Magnified view of the outlined region of panel b.

may also play a pivotal role in the growth of core—shell
nanostructures. In a previous study, the modified ana-
lytic embedded atom method (MAEAM) was developed
to estimate the relative surface energies of metal ele-
ments, several of which are listed in Table 1.2° To mini-
mize overall surface energy, elements with lower sur-
face energies tend to cover those with higher surface
energies. In our case, as the chromium atoms are con-
tinually impinging onto the gold catalyst, they tend to
agglomerate around the central region of the growing
nanowire. The chromium silicide is produced by reac-
tion of the chromium atoms with the silicon matrix and
embedded in the Si nanorod. Silicide-silicon core—shell
nanostructures may be formed by a similar mecha-
nism in the case of any metal with a surface energy
higher than that of the gold, such as Fe or Ni.

A growth model of the core—shell nanostructures
and their corresponding energy levels is schematically
illustrated in Figure 3, where the Si Fermi level (E) is
equal to the intrinsic Fermi level (E;). The energy band
diagram for the gold catalyst and silicon before contact
is shown in Figure 3a, for which the gold work func-
tion and Si electron affinity are 5.1 and 4.01 eV, respec-
tively. The thermal-equilibrium metal—semiconductor
(M—S) band diagram for this case is illustrated in Fig-
ure 3b. After the chromium silicide nanopillars are
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Figure 2. (a) SEM image of a nanopillar embedded in a Si nanorod. (b)
TEM image of the core—shell nanostructure. (c) High-resolution TEM
image of the nanostructure; insets at the bottom left and right corners
are the corresponding selected area diffraction patterns of Si nano-
rod and metal silicide nanostructure, respectively. (d) The elemental
line-scan mapping of the nanorod obtained in the STEM mode. (e) The
corresponding EDS spectrum.

formed, the M—S junction becomes silicon—silicide in-
stead of Au—Si, as shown in Figure 3c. Chromium sili-
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Figure 3. Growth model schematics and corresponding energy
band diagrams.
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TABLE 1. Surface Energies of Various Metals Calculated
Using the MAEAM in Reference 26

surface energy (ergs/cm?) (100) (110) (111) (210) (211)
Au 713.2 794.0 639.8 841.2 761.7
Cr 1461 3979 3505 1496 1554
Ni 1305 1417 1170 1493 1371
Fe 1537 2222 2430 1595 1662

cide is a satisfactory material for a nanocontact, with a
work function of 3.8 eV, which is smaller than that of Si
(4.01 eV). As a result, the image-force-induced lowering
of the Schottky barrier?” forms an outstanding ohmic
contact, easing the carrier (electron) transport through
the M—S junction significantly.

Figure 4 shows the relationship between current
density and applied electric field at a distance of 150
pwm between anode and sample. Figure 4 panels a and
b illustrate the results for silicide/Si nanostructure and
pure Si nanorod, respectively, while the aspect ratios of
these are almost the same via the process control. The
maximum current density of the silicide/Si nanostruc-
ture is higher than that of pure Si nanorod. This diver-
gence may be attributed to the introduction of metal-
lic silicide, which effectively provides a shortcut as the
electrons pass though the interface between the gold-
catalyst and Si. The insets of Figure 4 show the corre-
sponding Fowler—Nordheim plot (In (J/E?)—1/E curve),
and the F—N relationship can be given as®

- (%57 ol 5

where J is the current density, E is the applied field
strength, and @ is the work function. A and B are con-
stant, corresponding to 1.56 X 107 1% [AV~2 (eV)] and
6.83 X 10° [V (eV~3?) (um™")], respectively. The field en-
hancement factor, reflecting the degree of field emis-
sion for the tip shape on a planar surface, can be esti-
mated from the slope (—B®3?/B) of the F—N plot. At
high field, the straight lines reflecting the B values can
be clearly seen, indicating that the barrier-tunneling
mechanism is responsible for the field emission phe-
nomenon. According to these measurements, the cal-
culated B value of the metal silicide nanopillars in the Si
nanorods is around 2500, considerably higher than the
pure Si nanorod, due to the reduced potential barrier
for the electron tunneling. The maximum current den-
sity of the silicide/Si nanostructure is more than 2 orders
of magnitude higher than that of pure Si nanorod. The
phenomenally enhanced field emission behavior of
these core—shell silicide/silicon nanostructures pro-

vides a new solution for future nanocontacts in verti-
cally designed nanoelectronics and optoelectronics.

CONCLUSION
In summary, novel core—shell chromium silicide
nanostructures are fabricated inside silicon nanopil-
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Figure 4. Electron field-emission behavior of (a) silicide/Si nanostructures and (b) pure Si nanorods.

lars grown by the vapor—liquid—solid mechanism,
where surface energy plays an important role in the
formation of nanostructures. The remarkable field-
emission behavior of these nanostructures demon-
strates extensive improvement of carrier transport

EXPERIMENTAL SECTION

Single crystal (111) Si wafer (1—30 -cm) was cleaned
by the standard process and a 2-nm-thick Au film was depos-
ited on the Si substrate in a high-vacuum e-beam deposi-
tion system at room temperature. The as-deposited sample
was then dipped into dilute HF and immediately loaded into
an ultrahigh-vacuum chamber. The sample was then trans-
ferred into a molecular beam epitaxy (MBE) chamber
equipped with an electron gun for Si evaporation and an ef-
fusion cell for chromium deposition. For TEM analysis, the
products were dispersed by sonication in isopropyl solution,
and subsequently transferred onto a copper grid covered
with porous carbon films. A field-emission transmission elec-
tron microscope (JEM-3000F, operated at 300 kV with a
point-to-point resolution of 0.17 nm) equipped with an en-
ergy dispersive spectrometer (EDS) was used to obtain the
data on microstructure and chemical composition. The
Z-contrast images were obtained by a high-angle annular
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due to the reduced energy barrier between the
metal and semiconductor shells. The results indi-
cate a potentially important application for chro-
mium silicide as a contact material in future
nanosystems.

dark-field (HAADF) detector to detect electrons scattered at
high angles. The surface morphology was examined with a
field-emission scanning electron microscope (JSM-6500F) op-
erating at 15 kV. Finally, electron field-emission properties
were measured in a vacuum better than 1 X 107¢ Torr us-
ing an indium tin oxide (ITO) plate as the anode. The lowest
emission current was recorded on the order of nA. The mea-
surement distance between the anode and emitting surface
was fixed at 150 pm.
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