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Silicon nanowires have been identified as important components
for future electronic and sensor nanodevices1. So far gold has
dominated as the catalyst for growing Si nanowires via the
vapour–liquid–solid (VLS) mechanism2–5. Unfortunately, gold
traps electrons and holes in Si and poses a serious
contamination problem for Si complementary metal oxide
semiconductor (CMOS) processing. Although there are some
reports on the use of non-gold catalysts6–9 for Si nanowire
growth, either the growth requires high temperatures and/or the
catalysts are not compatible with CMOS requirements. From a
technological standpoint, a much more attractive catalyst
material would be aluminium, as it is a standard metal in Si
process lines. Here we report for the first time the epitaxial
growth of Al-catalysed Si nanowires and suggest that growth
proceeds via a vapour–solid–solid (VSS) rather than a VLS
mechanism. It is also found that the tapering of the nanowires
can be strongly reduced by lowering the growth temperature.

Semiconductor wires, in particular Si nanowires, have been
studied for more than forty years10. Si nanowires can be
synthesised by coating a Si substrate with a thin Au film and
annealing the substrate in a vacuum chamber to obtain Au–Si
catalyst particles. When a vapour-phase Si precursor is introduced
at a substrate temperature above the eutectic point (that is, the
lowest temperature at which the Au–Si mixture will melt, see
Fig. 1), the catalyst particles become supersaturated with Si and
crystalline Si nanowires will nucleate out of the melt and grow.
In this vapour–liquid–solid (VLS) growth mechanism, proposed
by Wagner and Ellis10, the Au catalyst particle, located at the tip of
the nanowire, is in a liquid state during growth. This liquid
particle serves as the preferential site for adsorption of the Si from
the vapour precursor species.

In addition to VLS growth, vapour–solid–solid (VSS) growth
via a solid catalyst particle is also possible. VSS growth has been
reported for TiSi2-catalysed Si nanowires11, SiOx-catalysed InAs12

and Au-catalysed InAs13 and GaAs14 nanowires. The question of
whether Au-catalysed GaAs nanowire growth should be described
by the VLS or the VSS mechanism is in dispute14,15. However,
note also that in this context a mixed liquid–solid phase exists in
the Au–Ga phase diagram (9–20% Ga, at 540 8C; ref. 16). Thus,
in addition to VLS and VSS growth, a third possible growth
mode, via a partly liquid, partly solid catalyst particle, has to be
taken into account.

In this paper, we use an ultra-high vacuum chemical vapour
deposition system to grow Si nanowires epitaxially on a Si (111)

substrate using Al catalyst particles. Figure 1 shows the Al-rich
part of the Al–Si binary phase diagram. As indicated therein, two
different growth modes are possible depending on temperature:
VLS and VSS. For VLS growth, the growth temperature has to be
higher than the eutectic temperature of 577 8C so that the Al–Si
catalyst particle is liquid. Due to the supersaturation of Si in the
droplet, the position in the phase diagram will be on the right-
hand side of the liquidus line, as indicated in Fig. 1. Al-catalysed
non-epitaxial VLS growth of Si wires has been reported by Osada
et al.17 and Whang et al.18, even though Al as the catalyst for Si
nanowire growth has proven to be difficult19. In addition to the
VLS growth of Si nanowires, VSS growth using temperatures
below 577 8C also may be possible. In this case, the catalyst
particle remains in its solid a-Al phase (Fig. 1). The Al-catalysed
VSS Si nanowire growth is similar to the Al-mediated solid-phase
epitaxy (SPE), by means of which epitaxial Si layers can be
produced in the temperature range 350–525 8C (ref. 20, 21).
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Figure 1 Schematic of the Al-rich region of the Al–Si binary phase diagram

(data from ref. 16). VLS and VSS are indicated for arbitrarily

chosen temperatures.
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Note that in contrast to VSS growth, where a gaseous Si precursor
is used as the Si source, a solid Si layer serves as the Si source for
SPE. Both processes, SPE and VSS, occur in the same region of
the phase diagram, and in both cases Si has to diffuse through a
layer/particle of solid Al. Compared with the VLS growth mode,
the Al-catalysed VSS growth of Si nanowires offers two major
advantages. First, the growth temperature can be lowered to
the technologically important regime below 500 8C, and second,
the solubility of Si in the catalyst particle is reduced by about one
order of magnitude. This low Si solubility of about 2% might
become decisive if, for example, Si–Ge heterostructure nanowires
with sharp interfaces are to be produced.

Figure 2 shows scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of well-aligned
Si nanowires grown on a Si (111) substrate using Al catalyst
particles. The first step of the nanowire synthesis is the room-
temperature deposition of an Al film onto the hydrogen-
terminated silicon substrate followed by the annealing of the
substrate at 580 8C for 20 min. Upon annealing, the Al film
breaks up into a distribution of Al–Si alloy particles. After the
annealing, the temperature is lowered to the growth temperature
of 465 8C. According to Fig. 1 this temperature reduction should,
assuming the catalyst particles have been liquid during annealing,

cause a solidification of the Al–Si alloy particles. A considerable
reduction of the eutectic temperature due to size effects is not
expected, as these only become significant for diameters less than
10 nm (ref. 22), whereas the catalyst particles in our experiment
typically have diameters of �35 nm. The resulting nanowires
grow preferentially along the [111] direction perpendicular to the
substrate surface. This can best be inferred from the top-view
SEM image (Fig. 2a), in which nanowires that grow vertically
from the (111) substrate are projected along their length as spots.
The [111]-directed growth can also be seen in Fig. 2b, which
shows an SEM image of the cross-section. Note that only a very
small percentage of the nanowires initially grown along the [111]
direction perpendicular to the substrate are kinked (white circles
in Fig. 2b) particularly compared with the �30% of kinked wires
typically present if Au-catalysed wires of comparable diameters
are grown at comparable temperatures23,24.

The TEM image shown in Fig. 2c reveals that the nanowires
are slightly tapered. The catalyst particles at the nanowire tip are
clearly visible in Fig. 2c (black circle). In addition, the inset of
Fig. 2c shows a selected area electron diffraction (SAED) pattern
of one individual Si nanowire. The two sets of diffraction spots
visible in the SAED pattern reveal that this particular Si nanowire
contains a twin. X-ray energy dispersive spectroscopy (EDS)
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Figure 2 Characterization of the epitaxially grown Si nanowires. a, Top-view SEM image of the nanowires grown on the Si (111) substrate. b, Cross-sectional

image of the sample shown in plane view. c, TEM and SAED pattern (inset) taken with the electron beam parallel to the [1̄1̄2] and [11̄0] directions of the Si (111)

substrate, respectively. d, EDS spectra taken from the particle and nanowire, respectively.
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spectra taken from the nanoparticle and the nanowire (Fig. 2d)
confirm that the tip mainly consists of Al, whereas the nanowire
mainly consists of Si. The limited sensitivity of the EDS
measurements can only place an upper limit on the Al
concentration in the wire of approximately 10%. However, SPE
experiments carried out at 530 8C indicate a strong p-doping of
Si by Al of about 2 � 1018 cm23 (0.004%) (ref. 25). This can be
compared with a greater Au concentration of 4 � 1019 cm23

(0.07%) (ref. 26) in high-temperature (1,300–1,450 K) grown
Si wires.

In order to verify if growth via a solid particle is plausible, we
need to estimate the concentration gradient DC across the solid
particle that is necessary to transport Si from the vapour phase,
through the solid Al catalyst particle, to the Si nanowire. Using
the relation DC ¼ rvr/D, where r is the atomic density of Si
(5.0 � 1022 cm23), v the growth rate (0.3 nm s21), r the radius of
the particle (17 nm), and D the diffusion constant for Si in solid
Al (1.54 � 10214 m2 s21 at 430 8C; ref. 27) we obtain
DC � 2.0 � 1019 cm23. A comparison with the equilibrium
concentration of Si in solid Al (3.0 � 1020 cm23 at 430 8C;
ref. 16) shows that a relative concentration change of 7% within
the catalyst particle is sufficient to transport the necessary amount
of Si through the solid particle. This demonstrates that a liquid
catalyst particle is not required, and that VSS growth is possible.

Although well-aligned epitaxial Si nanowires could be
synthesized using Al as a catalyst, it was found that the Si
nanowires obtained tended to be tapered (Fig. 3a). This effect was
predicted by Nebol’sin et al.8. Tapering is disadvantageous, and
in contrast, Si nanowires grown with Au as the catalyst are in
most cases uniform in diameter. Growth experiments were carried
out at temperatures between 430 8C and 490 8C while keeping the
other experimental conditions constant. Comparison of Fig. 3a
(490 8C) with Fig. 3b (430 8C) shows that the tapering of the
nanowires can be strongly reduced by lowering the temperature.
In order to give a more quantitative description of this effect, we
define the tapering parameter s as

s ¼ d1 � d2

2L
ð1Þ

where L is the length of the Si nanowire, and d1 and d2 are the
diameters of the nanowire at its bottom and tip, respectively. In
Fig. 4 the parameter s (averaged over 10 measurements for each

temperature) is plotted on a logarithmic scale as a function of the
inverse of the growth temperature. One can see that by lowering
the temperature from 490 8C to 430 8C, the tapering parameter s
can be reduced by about one order of magnitude. Furthermore,
Fig. 4 implies that s can be approximated by an exponential
function of the inverse of the growth temperature
(s/ exp(22 � 104 K/T)). The exponential dependence signifies
that, in the temperature range in question, the degree of tapering
can be halved by a temperature reduction of about 17 K. Some
reports have pointed out that the tapering of the nanowires is
caused by uncatalysed deposition of Si on the sides of the
nanowires28–30, causing a radial growth of the nanowires with
velocity vradial. Introducing the axial nanowire growth velocity
vaxial, s can equally be expressed as the ratio vradial/vaxial. In our
case, the strong temperature dependence of s is most likely
caused by the strong temperature dependence of the radial growth
velocity vradial. Although the detailed physical mechanism behind
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Figure 3 Effect of growth temperature on the tapering of nanowires. a,b, SEM cross-sectional images (tilt 1088888) of Si nanowires grown at different temperatures:

490 88888C (a) and 430 88888C (b).
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this phenomenon remains unclear, one possible explanation could
be a temperature-dependent change of the surface termination of
the nanowire flanks.

In summary, we have demonstrated in this paper that Al can
be used as a catalyst to grow Si nanowires epitaxially on Si (111)
substrates at temperatures in the range �430–490 8C. These
temperatures are considerably lower than the eutectic temperature
of the Al–Si binary phase diagram (577 8C), so the Al–Si catalyst
particle is most probably in its solid a-Al phase during growth.
This would imply that growth should be described by the VSS
mechanism. Further evidence for VSS growth could possibly be
verified by in situ diffraction experiments using TEM, RHEED
(reflection high-energy electron diffraction) or X-rays. In contrast
with the use of Au as catalyst, Al-catalysed wires have a tendency
to be tapered. However, by lowering the growth temperature, the
degree of tapering can be strongly reduced.

METHODS

NANOWIRE SYNTHESIS

Si nanowire growth experiments were carried out in an ultrahigh vacuum
chemical vapour deposition (UHV-CVD) system with a base pressure
1.0 � 10210 mbar. The low pressure avoids the oxidation of aluminium that
prevented the successful use of Al as a catalyst in earlier investigations19. All our
experiments were performed using silane, diluted to 5% in argon, as the
vapour-phase silicon source. N-type phosphorus-doped Si (111) wafers were
used as substrates in our experiments. The substrates were prepared by a
standard two-step wet chemical cleaning and then dipped in 2% hydrofluoric
acid to obtain a hydrogen-terminated Si surface. The wafers were immediately
transferred into the UHV-CVD system. The Al film was then evaporated in situ
onto the substrate by a thermal evaporation source at a rate of less than
0.1 nm min – 1. The thickness of the deposited film was monitored by a quartz
crystal sensor. Directly after depositing an Al film of �0.6 nm thickness onto
the Si wafer, the wafer was annealed for 20 min at �580 8C. Subsequently,
Si nanowires were grown at temperatures ranging from 430 8C to 490 8C.
The growth time was 20 min and the partial pressure of silane was kept
at 0.25 mbar.

CHARACTERIZATION

The synthesized Si nanowires were characterized using scanning electron
microscopy (JEOL, JSM6340). TEM investigation and X-ray energy dispersive
spectroscopy analysis of the [11̄0] and [1̄1̄2] cross-sectional specimens
prepared using a standard thinning approach were carried out in a
CM20 TEM (Philips).
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