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For the growth of Si and Ge nanowires using metal catalysts, experimental and theoretical studies
[1-4] have shown that the vapor-solid-solid (VSS) growth mode is more favorable than the vapor-
liquid-solid (VLS) growth mode for producing heterojunctions with sharp interfaces. This is because
solid catalysts that have low solubility for the growth species do not act as a reservoir when
switching between Si and Ge. However, achieving this benefit from VSS growth requires a catalyst
that is convenient to use and that has a suitable eutectic temperature (Tey).

Here, we explore Ag-Au alloys for nanowire growth. Ag and Au are miscible and do not form
intermetallic compounds; both have simple eutectic reactions with Si, but the Te, of Ag and Si is
higher than that of Au and Si [5]. Thus, we may expect Ag-Au alloys to form simple eutectics with
Si, and we may also expect to be able to tune T, by adjusting the Ag/Au ratio, allowing VSS growth
at high enough temperatures to achieve reasonable growth rates. A similar approach has been
described for Al-Au alloys [4], but Ag-Au is potentially more exciting for scale-up to standard
chemical vapor deposition (CVD) reactors because Ag is more resistant than Al to oxidation.

In situ transmission electron microscopy movies of nanowires during growth [6] provide an ideal
and direct way to test these ideas. For a particular Ag-Au alloy composition, we can obtain both
VSS and VLS growth by varying the temperature. VLS Ag-Au Si nanowires resemble those reported
for pure Au [6], but VSS nanowires (Fig. 1) exhibit hexagonally faceted catalysts and sidewalls with
sawtooth faceting similar to that seen in VLS growth with Au [6]. The growth kinetics, determined
directly from in situ movies (Fig. 2), also reflect the catalyst state. For an individual nanowire, we
find substantial hysteresis in the solidification and melting temperatures of the catalyst, presumably
due to undercooling. For a range of temperatures we can therefore achieve either VSS or VLS
growth. Such experiments show that VSS growth is 3-4 times slower than VLS growth for a fixed
composition of AgAu,. This may be expected because of lower adsorption probability on the solid
surface [7]. Both VLS and VSS growth rates increase with temperature, and activation energies can
be determined.

Based on in situ measurements, we will discuss the transition temperatures and the fascinating
morphology changes for both catalysts and nanowires on switching between VLS and VSS growth.
We will then compare growth morphology and kinetics for nanowires that were grown using the
same metals but at higher pressures in an ex situ CVD growth chamber. We conclude by discussing
the promise of Ag-Au catalysts for Si/Ge heterostructure formation. We believe that alloy catalysts
in general open up a promising route towards control of nanowire and heterostructure growth and
morphology.
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Fig. 1 In situ bright field TEM images of VSS Si nanowires grown with Ag-Au catalysts. Ag and Au
were deposited in vacuum sequentially onto a Si substrate which was then heated to 400-510 °C and
exposed to 1x107 torr disilane. (a) View from the side showing three Si nanowires with Ag,Au
catalysts at 510 °C. (b) Higher magnification image of a single nanowire growing from a solid
Au,Ag catalyst at ~400 °C. Sawtooth faceting is indicated on one sidewall (S). (¢) Plan view image
of a Si nanowire showing the hexagonal Ag,Au catalyst shape at ~510 °C.
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Fig. 2 The growth rates of three individual Si nanowires during growth from catalysts of nominal
composition AgAu, and exposed to 1x107 torr disilane. In each case, the growth rate was measured
over a range of temperatures while also noting whether the catalyst was solid or liquid. Open
symbols represent liquid catalysts while solid ones represent solid catalysts.
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