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he unique properties of silicon nano-
T wires (SiNWs) have inspired a variety

of nanoscale technologies. In parti-
cular, owing to their strong absorption of
sunlight, weak angle dependent and polar-
ization independent response,’ SiNWs are
effective building blocks for photovoltaic
cells. In this perspective, several concepts
of SiNW-based solar cells have been re-
cently proposed exploiting the morpholo-
gical and size-related effects as well as the
flexibility in the fabrication and design of-
fered by SiNWs and the concomitant pro-
gress in probing nanoscale properties.' ©
Metal-catalyzed vapor-phase epitaxy is a
unique synthesis method capable of gen-
erating high densities of single crystalline
SiNWs.” In this process, the growth of SINWs
is accomplished through metal nanoscale
clusters, which act catalytically as the energe-
tically favored site for vapor-phase reactant
adsorption and when saturated, the nuc-
leation site for crystallization and one-di-
mensional growth.”® In general, one can
distinguish between three categories of
catalysts:? (1) catalysts with a simple eutec-
tic phase diagram and a eutectic point
located at a Si concentration >10 atom %;
(2) catalysts with a simple eutectic phase
diagram and a eutectic point located at a Si
concentration <1 atom %; (3) catalysts with
high temperature eutectic points (>800 °C),
which also present one or more silicide
phases. Au, a type 1 catalyst, is predomi-
nantly used for a straightforward and low-
temperature synthesis of SINWs. In this case,
tiny AuSi alloy nanoparticles can form by
deposition of a thin Au layer on Si and
subsequent annealing above the eutectic
temperature of the Au—Si system (~363 °C).
The nanowire growth follows either the
classic three-phase vapor—solid—liquid (VLS)
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ABSTRACT Silicon nanowires (SiNWs) are powerful nanotechnological building blocks. To date,
a variety of metals have been used to synthesize high-density epitaxial SINWs through metal-
catalyzed vapor phase epitaxy. Understanding the impact of the catalyst on the intrinsic properties
of SiNWs is critical for precise manipulation of the emerging SiNW-based devices. Here we
demonstrate that SiNWs synthesized at low-temperature by ultrahigh vacuum chemical vapor
deposition using Al as a catalyst present distinct morphological properties. In particular, these
nanowires are atomically smooth in contrast to rough {112}-type sidewalls characteristic of the
intensively investigated Au-catalyzed SiNWs. We show that the stabilizing effect of Al plays the key
role in the observed nanowire surface morphology. In fact, unlike Au which induces (111) and (113)
facets on the nanowire sidewall surface, Al revokes the reconstruction along the [1712] direction
leading to equivalent adjacent step edges and flat surfaces. Our finding sets the lower limit of the Al
surface density on the nanowire sidewalls at ~2 atom/nm” Additionally, despite using
temperatures of ca. 110—170 K below the eutectic point, we found that the incorporation of Al
into the growing nanowires is sufficient to induce an effective p-type doping of SiNWs. These results
demonstrate that the catalyst plays a crucial role is shaping the structural and electrical properties of
SiNWs.

KEYWORDS: silicon nanowire - silicon (112) - metal-catalyzed vapor phase epitaxy -
aluminum - surface reconstruction - nanowire doping

process or the two-phase vapor—solid—
solid (VSS) process, which implies the nano-
wire growth through solid catalyst nano-
particles.'® In general, for a given metal—
semiconductor system, an accurate classifi-
cation of the growth mode would require,
however, the reexamination of the phase
diagrams on the nanoscale."' '3

The obvious drawback of using Au as a
catalyst is the potential deterioration of the
optical and electrical properties of SiNWs
that can be caused by Au contaminants,
which induce deep energy levels in the Si
bandgap. These deep levels strongly influ-
ence the minority carrier lifetime thereby
limiting the efficiency of SiNW-based solar
cells as recently suggested.* Overcoming
this difficulty has sparked a surge of interest
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in using non-Au catalysts to grow SiNWs. In this regard,
Cu (a type 3 catalyst) was recently presented as an
alternative to Au, and Cu-catalyzed SiNWs were de-
monstrated to perform better (see ref 4 and references
therein). This was tentatively attributed to the high
diffusivity of Cu in Si and its segregation to the
nanowire surface,® which can presumably alleviate
the nanowire bulk contamination. Nevertheless, the
presence of Cu with even trace contamination remains
undesired in Si device processing as it generates, for
example, a substantial increase in the leakage current
of p-n junctions, which can be detrimental for solar
energy applications. Recently, Al-catalyzed SiNWs
(Al—SiNWs) were suggested to be highly suitable to
photovoltaic cells.">'® For this specific application, the
long-standing issue of metal catalyst contamination of
the grown SiNWs is no more a concern when Al (a type
1 catalyst) is used. Here, being a shallow acceptor in Si,
Al acts as both a catalyst and a dopant yielding p-type
SiNWs.

In this work, in addition to circumventing the detri-
mental deep level doping, we demonstrate that the
use of Al as a catalyst yields SiNWs with distinct
structural and morphological characteristics. In fact,
we found that Al—SiNWs display atomically smooth
sidewalls in contrast to the rough sidewall surface
characteristic to Au-catalyzed SiNWs grown in an
ultrahigh vacuum (UHV) environment.'”” 2" This ab-
sence of sidewalls faceting and irregularities is demon-
strated to be due to the stabilizing effect of the SINW
surface by Al atoms. Owing to the high surface-to-
volume ratio, the surface structure and morphology
define the nanowire transport properties.?*** Thus
improved charge carrier transport should be expected
for smooth nanowires due to the weak surface scatter-
ing as compared to rough surfaces. Similarly, the
reduced phonon scattering at smooth surfaces can
lead to higher thermal conductivity, which is suitable
to manage the heat in SINW-based devices. Smooth
surfaces are also convenient for the growth of high
quality nanowire heterostructures such as core—shell
p—n junctions. In addition to the impact of the catalyst
atoms on the morphology of the grown nanowires, we
also demonstrate that, despite using low growth tem-
peratures (ca. 110—170 K below the Al—Si bulk eutectic
temperature), the incorporation of Al atoms into the
SiNWs during the growth is sufficient to induce an
effective p-type doping of SiNWs.

RESULTS AND DISCUSSION

Al—SiNWs Growth and Morphological Properties. We used
an UHV chemical vapor deposition (UHV-CVD) reactor
with a background pressure of ~1.0 x 107 '° mbar to
grow monocrystalline AI=SiNWs on a Si(111) substrate
following the procedure described in ref 24 (see
Methods). Unlike the well-established Au-catalyzed
growth, the use of Al as a catalyst is very challenging
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Figure 1. Al—SiNW morphology. (a) SEM image of high-
density SiNWs grown at 470 °C. At this temperature, nano-
wires are slightly tapered and display a narrow size distri-
bution. The scale bar denotes 500 nm. (b) SEM image of
straight AlI—SiNWs grown at 410 °C. Note that reducing the
growth temperature leads to a relatively broader distribu-
tion of SiNW size (see Supporting Information, Figure S1).
The scale bar denotes 100 nm. (c) Top-view TEM image of
radial slices of AlI-SiNWs. Inset: Top-view SEM image of
individual nanowire.

and requires a meticulous control of the experimental
parameters and a very clean deposition system because
Al is sensitive to impurities and oxidizes rather quickly.
Figure 1a shows a scanning electron microscopy (SEM)
image of AI—SiNWs grown at the highest temperature
(470 °C). A high density ((~3.81 4+ 0.42) x 10° cm ™ ?) of
uniform nanowires is obtained at a growth rate of ~20
nm/min. The grown nanowires have a height of ~(500
=+ 28) nm and a diameter of ~(81 £ 7) nm. The growth
at this temperature resulted, however, in slightly ta-
pered nanowires due to the homoepitaxy on the side-
wall surfaces, which appears to be significant at this
temperature. This tapering is not observed for growth
temperatures below 450 °C as demonstrated in
Figure 1b displaying a SEM image of straight Al—SiNWs
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Figure 2. Al—SiNW sidewall surface properties. High resolution XTEM image of SiNW sidewall. Inset is a close-up image of the
nanowire surface. Note the absence of short-range as well as long-range surface irregularities and faceting.
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Figure 3. A typical EDX spectrum recorded from the region indicated with the box in the HAADF STEM image shown in the
inset. The spectrum displays two peaks in the energy range 1.5—2 keV attributed to Al and Si. The estimated amount of Al in
the probed region is about 3 atom %. Note that the observed bright spots in the HAADF image are Cu clusters introduced
during the specimen preparation by ion milling (see Supporting Information, Figure S5).

grown at 410 °C. At this temperature, the grown
nanowires have a height of ~(241 £+ 15) nm and a
diameter of ~(37 4 11) nm. The observed larger dia-
meter at higher temperature is due to higher surface
mobility and coarsening of catalyst nanoparticles.”> We
note that the elimination of the nanowire tapering
comes, however, with a slight broadening of the nano-
wire diameter distribution observed at low growth
temperature (Supporting Information, Figure S1). Most
importantly, in spite of using growth temperatures
below the macroscopic eutectic temperature of the
Al—Si system, one can hardly be conclusive on whether
the growth takes place via VSS or VLS mode. In fact,
earlier observations have shown that the undercooling
of Al=Si droplets becomes already significant at a
diameter on the order of a few micrometers (Sup-
porting Information, Figure 52).?° Independently of the
growth temperature, the grown nanowires show hexa-
gonal faceting with {211}-type sidewalls (Figure 1c, see
also Supporting Information, Figure S3). Identical faceting
was previously reported for Au-catalyzed nanowires
having a diameter above ~10 nm."719~2!

The interesting observation here is that the Al—
SiNW sidewall surface is atomically smooth in contrast
to Au-catalyzed SiNWs, which display a faceted and
rough sidewalls surface. This can be clearly seen in
Figure 2 showing a high resolution transmission elec-
tron microscopy (TEM) image of Al=SiNW (see also
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Supporting Information, Figure S4). In situ electron
microscopy studies have demonstrated that the
roughness of Au-SiNWs originates from a periodic
sawtooth faceting'” resulting from Au-induced (111)
and (113) facets on the Si(112) sidewall surface.'®
Analogously, it is plausible that the nature of the
interaction of Al atoms with the Si(112) surface may
play the key role in defining the morphology of the
Al—SiNW sidewalls since the presence of Al catalyst
atoms on the nanowire surface is inevitable as it seems
to be energetically favorable as suggested by recent
calculations.”” Nevertheless, no evidence of Al in the
investigated nanowires can be obtained from our high
resolution TEM/STEM images. This is because Al and Si
have very close atomic numbers which makes them
undistinguishable in TEM imaging unlike Au which
presents a clear contrast in Si making straightforward
its detection in Au-SiNWs.2® However, our systematic
elemental analysis shows that the regions near the
sidewalls of the grown nanowires contain Al in a
sufficient amount to be detectable by energy-disper-
sive X-ray spectroscopy (EDX). Figure 3 displays a
representative EDX spectrum recorded from the region
near the sidewall of AI=SiNW indicated by the box in
the high angle annular dark field (HAADF) STEM image
(inset). The probed region extends from the surface of
the nanowire to a depth of ca. 1—4 nm below the
surface. The spectrum displays two peaks in the energy
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Figure 4. Alinfluence on Si(112) surface structure and morphology: (a) in situ 1D-SPA-LEED spot profilesin [111] direction as a
function of Al coverage on S(112); (b) in situ SPA-LEED spot profiles in [110] direction as a function of Al coverage on S(112); (c)
RSM along [117] direction and the 2 x 1 diffraction pattern at an Al coverage of 0.6 atom/nm? in phase A; (111) and (337) facets
are observed, which is characteristic of undisturbed Si(112); (d) RSM along [111] direction and diffraction pattern at an Al

coverage of 4.3 atom/nm? in phase B. Only (112) rods are observed. The diffraction pattern indicates 5-fold periodicity. ()
RSM along [117] direction and diffraction pattern at an Al coverage of 7.8 atom/nm? in phase C. Only (112) rods are observed.

The diffraction pattern indicates 6-fold periodicity.

range 1.5—2 keV associated with Al and Si. Note that
the observed bright spots in the image (inset) corre-
spond to Cu contaminants introduced during the
preparation of TEM specimens (Supporting Informa-
tion, Figure S5).

The Role of Al Atoms in Shaping the Nanowire Surface. As
mentioned above, the observed morphology of
Al—=SiNWs (Figure 2) may result from the interaction
of Al atoms with the {112}-type sidewalls of the
growing nanowires. To test this hypothesis, we inves-
tigated the behavior of Al atoms on Si(112) surface. In
general, the Si(112) surface is composed of quasiper-
iodic nanoscale facets. Each nanofacet consists of a
single unit cell wide (111) terrace opposed by a 6 to
11 nm (337) terrace.?® This unique faceting results from
the low free energy of a single unit cell of the Si(111)
(7 x 7) reconstruction combined with the stability of
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reconstructed Si(337). Substantial rearrangements in
Si(112) nanofaceting were observed upon exposure to
a fraction of monolayer of various metals.3°~33 In the
following, we elucidate the interaction of Al atoms with
the Si(112) surface and its implication for the morphol-
ogy of the AlI—SiNW sidewall surface. Toward this end,
we used spot-profile-analyzing low-energy electron
diffraction (SPA-LEED)***° to probe in situ the faint
changes in the structural characteristics of clean Si(112)
surface exposed to Al atoms (see Methods). To obtain
the Al-induced structural and morphological changes
in the Si(112) surface, one-dimensional (1D) SPA-LEED
scans were recorded at different Al surface densities
using a RHEED-like geometry.3® Moreover, to establish
the role of Al in tailoring nanofacet orientations, we
used SPA-LEED to record the evolution of reciprocal
space maps (RSMs), which represent the surface lattice
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rods in the reciprocal space. These RSMs are a precise
measure of the structural and morphological proper-
ties of the investigated surface.

Figure 4 panels a and b show in situ 1D-SPA-LEED
spot profiles recorded for an increasing amount of Al
on Si(112) surface along the two perpendicular direc-
tions [117] and [110], respectively. The two sets of
profiles were measured simultaneously. We note that
two spots are observed along [111] for the initial
surface (Figure 4a). These spots are diffuse as expected
from the surface disorder in this direction.?® At Al cov-
erage of ~1 atom/nm?, these spots vanish and new,
relatively sharp spots appear at 0 and —0.67 A"
A third spot at +0.67 A~" emerges later at Al coverage
of ~3 atom/nm?. Each of the observed spots is asso-
ciated with a distinct surface morphology with char-
acteristic stepped surfaces and nanofacets. As shown
below, the observed new spots are the (—1 0) and the
(10) of the (112) surface, corresponding to unit cell size
of 9.41 A. The increase of Al coverage up to ~4.4 atom/
nm? enhances the sharpness of the spots, which can be
understood as an increase in the surface order along
the [117] direction. Additional deposition of Al beyond
this coverage does not induce any change in the 1D-
SPA-LEED profiles, indicating that the surface has
reached a steady-state. Interestingly, the profiles along
the [110] direction (corresponding to the ordered
direction?®) show three clear phases. Below ~2 atom/
nm? (phase 1), one spot is observed at 0 A~' and
appears to be insensitive to Al. Above ~2 atom/nm?
(phase Il) two spots (0 —1/5) and (0 1/5) emerge around
4033 A™". Beyond ~5.2 atom/nm’ these spots
smoothly shift inward to smaller momentum transfer
of £0.27 A™" corresponding to (0 —1/6) and (0 1/6)
spots (phase lll). Note that the obtained 1D-SPA-LEED
profiles are independent of the substrate temperature
and do not change even if the temperature increases
above 470 °C (up to 700 °Q).

To gain more insights into the detailed step
structure, RSMs were obtained for each coverage-
dependent phase. Figure 4c shows the RSM and
LEED diffraction pattern for phase I. The dominant
features are (337) reciprocal lattice rods which, under
closer inspection, exhibit a fine structure which is
caused by an ordered step sequence with a terrace
width of 115 & 15 A and a step height of 8.0 + 0.5 A.
We conclude that for phase | (less than ca. 2 Al/nm?)
Al atoms stabilize regularly stepped (337) facets. The
relatively large step height of 8 A is explained by the
formation of ultranarrow (111) facets of a width of
only half of the (7 x 7) unit cell as already observed
for the clean Si(112) surface.?? Such a step height of
7.96 A is in agreement with our measurement. Be-
cause these (111) facets exhibit a width of only 23 A
they do not show up in the LEED pattern. A signifi-
cant change is, however, detected in the RSM of the
phase Il (Figure 4d). Remarkably, only the (112)
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Figure 5. Al-stabilized Si(112) surface. Scanning tunneling
microscopy image of the Al—Si(112) (6 x 1) surface (phase Ill).
The image obtained with 0.6 nA tunnel current at a bias
voltage of —2.1 V displays filled states. Ordered atomic
chains of Al are visible along the step edges.

reciprocal lattice rods are observed. Note that the
(112) rods do not exist in a pristine (112) surface.
Furthermore, a 5-fold periodicity is established in
phase Il. For the phase lll, the same (112) reciprocal
lattice rods are detected with 6-fold reconstructions
parallel to the step edges (Figure 4e). This drives us to
conclude that the observed 1D-SPA-LEED spots (0 +
1/5) and (0 £ 1/6) in phases Il and Il correspond to
atomically flat Si(112) (5 x 1) and Si(112) (6 x 1)
surfaces, respectively.

The results described above demonstrate that the
presence of Al atoms on the Si(112) surface revokes the
reconstruction along the [112] direction leading to
equivalent adjacent step edges. Based on earlier
observations,®” models of the corresponding Al-in-
duced (5 x 1) and (6 x 1) surface reconstructions are
presented in Supporting Information, Figures S6 and
S7. Moreover, the observed 6-fold periodicity was
found to originate from the formation of Al atomic
chains along the step edges evidenced by in situ
scanning tunneling microscopy investigations of the
Si(112) surface performed at phase lll as shown in
Figure 5. It is clear that Al strongly stabilizes the
Si(112) surface unlike Au, which induces a multitude
of coverage-dependent facets and exhibits (111) and
(113) nanofacets on Si(112) responsible of the rough
sawtooth-like sidewalls of Au-catalyzed SiNWs.'” 2!
The absence of clear stepped surfaces in high resolu-
tion XTEM images (Figure 2) agrees with the SPA-
LEED data demonstrating that the stabilizing effect of Al
atoms is behind the grown atomically smooth nanowires.
These observations set the lower limit of the Al surface
density on the nanowire sidewalls at ~2 atom/nm?

p-type Doping through the Incorporation of Al Catalyst
Atoms. Besides the aforementioned influence of Al on
the structural and morphological properties of
Al=SiNW surface, the incorporation of Al into the
growing nanowires is expected to yield p-type doping.
Indeed, calculations of the formation energy of Al-
related defects in SINW suggest that the formation of
Al substitution impurities in SINW is favored over the
occupation of interstitial sites.?” Al is a single acceptor,
thus its incorporation during the growth leads to p-
type SiNWs as was recently observed .">'® To investi-
gate the possible incorporation of Al into SINWs grown
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Figure 6. Electrical properties of Al—SiNWs. (a) Schematic illustration of C-AFM measurement of the electrical properties a

single nanowire. (b) The I—V characteristic curve of a single Al—SiNW grown on a p-type Si(111). (c) /- characteristic curve of

a single AI—SiNW grown on a p-type Si(111) (circles). The sold line corresponds to the best linear fit of the experimental data.
(d) The I—V characteristic curve of a single Al—SiNW grown on a n-type Si(111). Note that the /—V curves recorded immediately
after a dip in a diluted HF solution were found to be identical to those recorded for as-grown nanowires.

_o.0s(C) T

1= @

= g
o004} &
g™ : 25
g £ &
3002} 4 w

e A =y
— Dark | @ f 8
— Light 0.00 % L L L L9
g 3 5 4 200 400 600 800 1000
VvV, [V] Wavelength [um]

Bias

Figure 7. (a) Schematic illustration of a device made of an array of Al—SiNWs vertically aligned on n-type Si(111). For the
fabrication of the device, as-grown Al—SiNWs were first capped in a polymer. By using reactive ion-etching, the deposited
polymer cap was partially etched until the tips of the SiNWs emerge. Afterward, a metal contact was deposited by evaporation
on an area containing up to ~9 x 10* nanowires. (b) The dark and under illumination /—V characteristic curves of the device
described in panel a. Note that the reverse current does not reach the saturation and instead increases linearly as a function of
the applied voltage. This phenomenon is attributed to surface leakage,® which becomes important due to the high surface-
to-volume ratio associated with the geometry of the nanowire. (c) The spectral distribution of the generated photocurrent in

the device described in panel a.

at 410 °C, the current—voltage characteristics (I—V
curves) of individual Al—SiNWs still attached to the
substrate were measured using conductive atomic
force microscopy (C-AFM) as illustrated in Figure 6a.
Two sets of samples were probed using this setup. The
first set consists of single AI=SiNW grown on a p-type
Si(111) at 410 °C. Figure 6b shows the /—V curve of a
single nanowire measured in the range of —0.2t0 0.2 V.
The observed deviation of the /I—V curve from the
linear behavior originates from space-charge-limited
current.*® Indeed, a quadratic /—V characteristic (/ o< V)
is obtained for AI=SiNWs grown on p-type Si(111) as
shown in Figure 6c. Interestingly, the I—V curve of the
second set of AlI—=SiNWs grown on a n-type Si(111) is
similar to the characteristic curve of a p—n junction
(Figure 6d). This provides clear evidence that the
grown SiNWs are p-doped as a result of the incorpora-
tion of Al atoms during the growth at a temperature
as low as 410 °C. Nevertheless, at this stage, the dop-
ing level in the as-grown Al—SiNWs can hardly be
quantified with confidence. However, the fact that
these nanowires are very uniform with high-density
(Figure 1) can be exploited to implement a device
made of an array of vertically aligned as-grown
Al—SiNWs grown on n-type Si(111) as schematically
illustrated in Figure 7a. The device was fabricated by
capping the as-grown Al—SiNWs with a polymer layer.
Using reactive ion-etching, the deposited polymer cap
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was partially etched until the tips of the SINWs emerge.
Afterward, a metal contact was deposited by evapora-
tion on an area containing up to ~9 x 10% nanowires.
We found that this device behaves as a well-defined
p—n junction (Figure 7b). The spectral distribution of
the photocurrent generated by this array of as-grown
Al—=SiNWs is identical to a Si-based photodiode
(Figure 7¢). It emerges from these observations that,
despite the relatively low growth temperature,
the incorporation of Al is sufficient to induce an
effective p-type doping in as-grown Al—=SiNWs. This
makes Al—SiNWs of some relevance to photovoltaic
applications.

CONCLUSION

Our work demonstrates that the catalyst atoms play
a critical role in shaping the structural and electrical
properties of SiNWs synthesized by metal-catalyzed
vapor phase epitaxy in an UHV-CVD reactor. We have
found that the use of Al as a catalyst leads to atomically
smooth SiNWs in contrast to the rough {112}-type
sidewalls observed in Au-catalyzed SiNWs. This effect is
attributed to the Al stabilizing effect of Si(112) surfaces,
which manifests by revoking the reconstruction along
the [172] direction leading to equivalent adjacent
step edges and flat surfaces. This finding suggests that
the Al density on the nanowire surface is at least
2 atom/nm?. Smooth nanowire surfaces present certain
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advantages expected from the weak charge carrier and
phonon scattering. Smooth surfaces are also convenient
for radial overgrowth used in the fabrication of nanowire
core—shell heterostructures. Nevertheless, the Al high
surface density might cause some difficulties in control-
ling the overgrowth on Al—SiNWs. This issue can be
overcome through ex situ cleaning of the as-grown

METHODS

Nanowire Growth. Phosphorus- and boron-doped Si(111) wa-
fers were used as substrates in our experiments. The substrates
surface was conditioned by a standard wet chemical cleaning
followed by a dip in 2% hydrofluorid acid to hydrogen-passivate
the surface. The wafers were immediately transferred into the
UHV-CVD reactor. A T nm-thick Al film was then deposited in situ
on the substrate by a thermal evaporation source. Immediately
after Al deposition, the substrate was annealed for 30 min at
600 °C. The growth of AI=SiNWs was accomplished by using
monosilane (diluted to 5% in argon) as a precursor in the
temperature range of ~400—470 °C, which is below the Al—Si
bulk eutectic point (577 °C). The partial pressure of the silane
was kept below 0.15 mbar during the growth.

Morphology: Electron Microscopy. The morphology of Al—SiNWs
was characterized using a FEI Dualbeam Nanolab 600 scanning
electron microscope, a Philips CM 20T transmission electron
microscope operating at 200 kV, JEOL JEM-4010 transmission
electron microscope operating at 400 kV, and aberration-corrected
(Cs probe corrector) FEI TITAN 80—300 analytical scanning trans-
mission electron microscope operating at 300 kV and allowing a
spatial resolution of about 100 pm in both modes. In addition, this
microscope is also equipped with an energy dispersive X-ray (EDX)
detector having a detection limit of about 0.5 at.%.

Surface Properties: 1D-SPA-LEED. Spot profile analyzing low en-
ergy electron diffraction (SPA-LEED) was performed in a UHV
system with a background pressure of 2 x 10~ '° mbar. Spot
profiles were measured in situ during adsorption using a second
electron gun in a RHEED-like geometry at an incident angle of
57.4°. After quenching to room temperature reciprocal space
maps were obtained under normal incidence using the internal
electron gun of the SPA-LEED. Si(112) samples with an azimutal
miscut of less than 0.2° were used in this study. The samples
were degassed at 600 °C for at least 24 h in high vacuum at a
background pressure of 10”7 mbar. Al was deposited using a
filament heated graphite crucible at rates of 0.07—0.11 mono-
layer/min (1 monolayer on a Si(111) surface ~7.8 x 10'* atoms/
cm?). The evaporated mass flux was calibrated using the Al (3'/2
x 3"?) reconstruction on Si(111), which corresponds to /50fa
monolayer. To obtain the Al-induced structural and morpholo-
gical changes in the Si(112) surface, one-dimensional (1D) SPA-
LEED scans were recorded at different Al surface densities using
a RHEED-like geometry.>® We used an electron energy of 122.6
eV at a grazing angle of 32.6° corresponding to a vertical
momentum transfer of 6.11 A™" or an electron scattering phase
of S = 1.08 for the {112} step height of 1.1 A.

Electrical Properties: Conductive Atomic Force Microscopy. The local
electrical measurements were performed using a conductive
atomic force microscopy (C-AFM) module of a commercial AFM
(XE-100, Park Systems). The measured current was calibrated
using a 100 kOhm resistor. The local current—voltage (I—V)
characteristics of Si nanowires were carried out by C-AFM under
applying voltages to the bottom electrode. Au/Cr-coated silicon
cantilevers (NSC18/Au—Cr, MikroMasch) with a spring constant
of 3.5 N/m and a resonant frequency of 75 kHz were used as a
movable top electrode to apply voltage bias.

Supporting Information Available: Detailed analysis of
Al—=SiNWs morophology, comparison of the sidewall structures
in Au-SiNW vs Al—SiNW, influence of undercooling on the Al—Si
phase diagram, and models of Al-induced (5 x 1) and (6 x 1)
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nanowires using treatments (e.g., HNOs:HCl solutions)
that can selectively etch Al. Additionally, we found that
the growth at low temperatures (up to 170 K below the
Al=Si bulk eutectic temperature) is associated with a
significant incorporation of Al atoms into the growing
nanowires leading to an effective p-type doping of
SiNWs.

reconstruction of the Si(112) surface. This material is available
free of charge via the Internet at http://pubs.acs.org.

Note Added After Asap Publication: Due to a production error
this paper was published without its funding acknowledg-
ments. The corrected version was published on January 10,
2011.
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