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amide. This led to 0.83 g of 6. The NMR characterization was as for 1, which in-
dicates that no substantial substitution occurred.
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Superconducting MgB, Nanowires**
By Yiying Wu, Benjamin Messer, and Peidong Yang*

The recent discovery of superconducting MgB, with transition
temperature (T¢) of 39 K has stimulated great interest.' %) With
its remarkably high 7 and the strongly coupled nature of the
grain boundaries, MgB, is a promising material for practical
application in superconducting devices. Many groups have put
efforts in preparing superconducting MgB, thin films and
wires.>®! Until now, there is no report on the preparation of
MgB, nanowires. It is fundamentally interesting to study the ef-
fect of dimensionality and size on superconductivity using MgB,
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nanowire as model system.”’gl In addition, MgB, nanowires can
also serve as the building blocks in superconducting nanodevices
such as low dissipation interconnects. Here we report the first
preparation of MgB, nanowires by a two-step vapor transport
and reaction process. In the first step, boron nanowires are pre-
pared by chemical vapor transportation reaction. These boron
nanowires are then transformed into MgB, nanowires by react-
ing with Mg vapor. The as-prepared nanowires have diameters
of 50-400 nm and length up to tens of micrometers.

The preparation of boron nanowires was carried out in a
sealed quartz tube. 20-35 mg boron, 0.5-1 mg I,, and 0.1-
0.5 mg Si were put in one end of the tube (diameter 0.5 inch,
length 3 inch, 1 inch = 2.5 cm) and an MgO substrate was put in
the other end of the tube. The MgO substrate was coated with
5 nm Au thin film using Desktop II Denton sputtering system.
The tube was evacuated to 100 mtorr, sealed and then heated
to 1000-1100°C. A temperature gradient of 100 °C was kept
between the source materials and the MgO substrate. At the
hot zone, boron reacts with I, and forms BI; vapor. At low tem-
perature zone, Bl; vapor decomposes, as a result, boron depos-
its onto the MgO substrate. After 30 min of transport reaction,
the furnace is cooled down to room temperature. Fluffy black
products were observed on MgO substrate.

Figure 1a shows the scanning electron microscopy (SEM)
image of the prepared boron nanowires. The whole substrate is
covered with nanowires hundreds of micrometers long and 50—
100 nm in diameter. Transmission electron microscopy (TEM)
provides a closer look of the nanowires as shown in Figure 1b.
Selected area electron diffraction (SAED) shows that these
nanowires are amorphous and no diffraction spots or rings were
observed. The elemental composition of these nanowires are
analyzed by electron energy loss spectroscopy (EELS, Fig. 2c)
and energy dispersive X-ray spectroscopy (EDX), which unam-
biguously show that the prepared nanowires are indeed boron
nanowires slightly doped with Si. The inset of Figure 1b shows
a TEM image of the tip of one boron nanowire. EDX analysis
shows that this nanowire tip is composed of Au, Si, and boron.
The presence of this Au/Si/B alloy droplet suggests the growth
mechanism is the well-known vapor-liquid-solid (VLS) pro-
cess” ! with Au as the liquid solvent at high temperature. In
the current experiments, it’s important to add small amount of
Si into reactants. Contrast experiments where no Si was added
in the system show essentially no nanowire growth on the sub-
strate. We believe that the small amount of Si is critical for the
easy formation of liquid alloy droplets on the substrate and the
initiation of VLS nanowire growth. In fact, the eutectic temper-
ature in B-Au binary phase diagram is as high as 1056 °C at
1 atm while it’s only 363 °C for Si-Au system.?

The transformation of boron nanowires into MgB, nanowires
is carried out in a sealed Ta tube by reacting with Mg vapor. The
as-prepared boron nanowires and a Mg pellet were sealed into
a Ta tube under Ar gas. Since MgB, is the Mg richest compound
in Mg-B phase diagram, excess Mg was loaded in the tube. The
Ta tube was further sealed in quartz tube and heated up to
800-900°C for 2 h. The reaction ampoule was then removed
from the furnace and quenched to room temperature.
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Fig. 1. a) SEM image of the boron nanowires. b) TEM image of the boron nano-
wires. The inset shows the tip of one nanowire. ¢) EELS spectrum recorded on
the boron nanowires.

The transformed nanowires are thoroughly characterized
by SEM, TEM, SAED, EELS, and EDX. Figure 2a shows a
SEM image of the MgB, nanowires on MgO substrate. The
transformed nanowires are thicker than the original boron
nanowires and the surface becomes rough. Before the trans-
formation reaction, the boron nanowires are 50-100 nm in
diameter. After the reaction, the diameter increases to 50—
400 nm. TEM image (Fig. 2b) shows a closer look of these
nanowires. SAED pattern (Fig. 2c) shows that the nanowires
are polycrystalline. The diffraction pattern can be readily in-
dexed as (100), (101), (110), (201) of the hexagonal MgB,
structure with a = 3.08 A and ¢ = 3.52 A. Elemental analysis
by EELS and EDX further confirmed the transformed nano-
wires are MgB, nanowires slightly doped with Si.

Magnetization measurement on the as-prepared MgB,
nanowires was performed with a superconducting quantum
interference device (SQUID) magnetometer (MPM2, Quan-
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Fig. 2. a) SEM image of the MgB, nanowires. b) TEM image of the MgB, nano-
wires. ¢) SAED pattern recorded on the MgB, nanowires. The diffraction rings
are indexed according to the bulk MgB; crystal structure.

tum Design). The magnetization as a function of temperature
is shown in Figure 3, under condition of zero field cooling
(ZFC) and field cooling (FC) in 100 G field. The existence of
superconductivity within the sample is confirmed with the
strong Meissner effect at ~33 K.
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Fig. 3. Magnetization of MgB, nanowires as a function of temperature. Data
are shown for measurements under conditions of ZFC and FC at 100 G.
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In summary, MgB, nanowires with diameter of 50-400 nm
are prepared by reacting boron nanowires with Mg vapor.
The superconductivity of these nanowires is confirmed by
magnetization measurement. These superconducting nano-
wires can be potentially used as the building blocks in super-
conducting nanodevices and as low dissipation interconnects

in nanoscale electronics.
Received: June 25, 2001
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Bicrystalline Silicon Nanowires**
By Altaf H. Carim,* Kok-Keong Lew, and Joan M. Redwing*

A remarkable range of near-one-dimensional nanostruc-
tures can now be synthesized, including carbon nanotubes,[”
oxide nanobelts (ribbons),m and nanowires of metals,’ ox-
ides,*! and semiconductors.”®! These offer many opportunities
for basic understanding of the behavior of matter in restricted
geometries!”! and suggest new electronic device structures
with dimensions smaller than those available by traditional
lithographic methods.® Silicon nanowires have been a subject
of particular attention; they can be grown in single crystal
form,>*1% achieve high aspect ratios,!! and exhibit quantum
confinement effects at sufficiently small diameters."> Here
we demonstrate the synthesis of bicrystalline silicon nano-
wires containing a single (111) twin boundary along the entire
length of the [112] growth axis. The wires are generally
straight and contain no other defects (twins, stacking faults,
etc.). These unusual structures offer model systems for the
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study of charge and mass transport along single defects and
could serve as templates for novel device structures.

The materials discussed here were grown by a method com-
bining vapor-liquid-solid (VLS) growth with the use of an an-
odic alumina membrane as an initial template.™ Electrode-
position was used to position gold particles within the pores of
the membrane (200 nm nominal pore diameter), approxi-
mately 10-30 um from the top surface of the pores. The VLS
growth was then carried out at 500 °C using a 5 % mixture of
SiH, in H,. The gold particles nucleated and catalyzed the
growth of Si nanowires within the membrane, which contin-
ued even after the nanowires reached the top surface and
emerged from the pores. Wires protruding from the top of the
membrane were then physically scraped off and dry dispersed
onto a lacey carbon film supported by a 3 mm copper grid for
microscopic analysis. Transmission electron microscopy
(TEM) was performed on a Hitachi HF2000 cold field emis-
sion instrument with a 200 kV accelerating voltage, a 0.24 nm
point resolution limit, and a 0.15 nm information limit.

A low-magnification image containing several bicrystalline
(singly-twinned) nanowires is shown in Figure la. The long,
vertical wire near the center of the image is aligned with the
beam perpendicular to the growth axis and parallel to the
[110] zone axis. Minor variations in contrast along its length
result from a slight bending of the wire, causing changes in
transmitted and diffracted intensity. In this orientation, the

Fig. 1. Bright-field TEM images of bicrystalline silicon nanowires. a) Low-mag-
nification image of nanowires supported on a lacey carbon film. The nanowire
marked with a double arrow near the center has a diameter of about 83 nm and
is >6 um in length, and is bicrystalline with a single {111} twin boundary parallel
to the long growth axis. A portion of this particular nanowire is shown at higher
magnification in (b), in which the crystal has been slightly tilted to provide
strong contrast between the twin variants. Three other nanowire segments with-
in the field of view in (a) (arrowed) are clearly bicrystals as well.
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