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Bismuth quantum-wire arrays fabricated by a vacuum melting
and pressure injection process
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Ultrafine bismuth nanowire arrays were synthesized by injecting its liquid melt into
nanochannels of a porous anodic alumina template. A large area (1 cm3 1.5 cm) of
parallel wires with diameters as small as 13 nm, lengths of 30–50mm, and packing
density as high as 7.13 1010 cm22 has been fabricated. X-ray diffraction patterns
revealed these nanowires, embedded in the insulating matrix, to be essentially single
crystalline and highly oriented. The optical absorption spectra of the nanowire arrays
indicate that these bismuth nanowires undergo a semimetal-to-semiconductor transitio
due to two-dimensional quantum confinement effects.
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Highly regular metal and semiconductor nanowi
arrays embedded in a dielectric matrix have attract
a great deal of research attention because of their
tential applications in electronic and optical device
and promise for studying one-dimensional (1D) qua
tum properties. The quantum confinement of carriers
two dimensions will significantly change their electron
energy states and make the properties of these
systems very different from their bulk counterparts.
promising approach to fabricate nanowire systems is
fill an array of nanochannels with the media of interes
Porous anodic alumina,1–3 which has hexagonally packed
nanometer-sized channels, is one such possible h
template. Besides its desirable geometry, the wide ba
gap energy of alumina makes it an excellent host mate
for quantum wires. Anodic alumina has previously bee
used to synthesize a variety of metal and semiconduc
nanowires, such as Ni, Pd, Au, Pt, and CdS, throu
chemical or electrochemical processes.4–7 However, the
diameters of those nanowires have not reached
quantum confinement regime. In order to exhibit stron
quantum confinement characteristics, the wire diame
should be smaller than the exciton diameter, which
given by dex  2eh̄2 (m21

e 1 m21
h )ye2, wheree is the

static dielectric constant, andme andmh are the effective
masses of electrons and holes, respectively. Bismu
which is a semimetal and has a very small electr
effective mass (me ø 0.014m0 at the band edge along
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the trigonal direction, andme ø 0.0036m0 for heavy
electrons along the bisectrix direction), is considered
good candidate to study quantum confinement effec
in the 1D system. Our theoretical calculations estimat
that Bi makes a transition from a semimetal to a 1D
semiconductor at a wire diameter of about 45 nm o
81 nm if the wire is oriented along the trigonal direction
or the bisectrix direction, respectively.8

In this paper, Bi quantum-wire arrays were fabri-
cated by a novel vacuum melting and pressure injec
tion technique which can produce continuous, dens
nanowire arrays, as required by many practical electron
applications. High-pressure injection of molten meta
has been used to fill a single glass nanotube,9 and
more recently, porous anodic alumina having channe
diameters larger than 200 nm.10 The injection rate at
time t is given by11:

lstd 
q

sPa 1 2glv cos uyrd sr2 1 4n 3 rdtys4hd ,

(1)

where Pa is the external pressure,glv is the liquid-
vapor surface tension,u is the contact angle,r is the
channel radius,h is the viscosity of the liquid, andn
is its coefficient of slip.u is determined by Young’s
equation12: glv cos u  gsv 2 gsl, wheregsv andgsl are
the solid-vapor and solid-liquid surface tensions, respec
tively. For a ceramic/metal melt system, the difference
betweengsv and the solid-vacuum surface tensiongso is
negligible. Through simple thermodynamic calculations
we end up with the relation:cos u  (2VslyVll) 2 1,
 1998 Materials Research Society 1745
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whereVsl and Vll are the solid-liquid and liquid-liquid
interaction energies, respectively. In previous studies,9,10

u was assumed to be close to 180± since Vll is very
high for a metallic liquid. However,Vsl is not always
small compared toVll , and by selectively changing the
surface composition of the channel wall, it should b
possible to reduceu for a given liquid. For an anodic
alumina template, it is known that the surface of th
alumina channels is contaminated by anions from t
anodizing electrolyte13; thusVsl may be enhanced for a
specific metal melt by using a suitable electrolyte. Th
is exactly what we achieved in our study. By preparin
an anodic alumina template using a sulfuric acid solutio
as the electrolyte, molten Bi was successfully driven in
channels with diameters as small as 13 nm at a press
of only 315 bar. Since the surface tension of Bi is abo
375 dynycm, a pressure of 1150 bar would have bee
needed to fill 13-nm channels if we assume thatu 
180±. Operating at such a high pressure at the melti
temperature of Bi (Tm  271.5±C) would have greatly
complicated the filling of the channels with ultrafine
diameters using a conventional experimental setup.

An outline of the fabrication process is presented
Fig. 1. The porous template was generated by anodiz
a mechanically and electrochemically polished hig
purity aluminum substrate (99.991%) in a 4 wt. %
oxalic acid solution or a 20 wt. % sulfuric acid solution
as the electrolyte. Each nanochannel in Fig. 1(a) has o
one opening entrance due to the presence of the de
alumina barrier layer between the nanochannels and
Al substrate. After a brief thermal treatment, the porou
film, which was kept on the Al substrate, was place
inside a high pressure reactor chamber and surroun
by high-purity (99.999%) Bi pieces. To degas the poro
film, the reactor chamber was evacuated to,1022 mbar
while heated to a temperature slightly lower tha
Tm, the melting point of Bi. After the film was degassed
the temperature of the reactor was raised aboveTm. The
vacuum pump was then disconnected, and high-press
argon gas was introduced to drive the molten Bi in
the evacuated channels of the anodic alumina host. T
low Tm of Bi and the high thermal stability (up to
800 ±C14) and rigidity of the anodic alumina film make
this filling process possible. After the injection proces
was completed, the reactor was slowly cooled down
room temperature, and the impregnated Bi was solidifi
and crystallized inside the nanochannels. The press
was then slowly released. Next, the sample [Fig. 1(b
was mechanically extracted from the surrounding B
metal, and the Al substrate was etched away by
amalgamation process.15 The barrier layer was dissolved
using a 4 wt. % phosphoric acid solution to yield the fin
Bi-filled anodic alumina film sample shown in Fig. 1(c)

In this work, we prepared films with channel diam
eters of 566 9.3 nm (anodized in oxalic acid), 236
1746 J. Mater. Res., Vol. 1
e

e
e

s
g
n
o
ure
t
n

g

n
ng
-

ly
se

he
s
d
ed
s

,

re
o
he

s
o
d
re

)]
i
n

l

FIG. 1. Schematic diagram of the fabrication process of the nanowire
array composite: (a) an as-prepared porous anodic alumina template
(b) pressure injection of molten metal into evacuated channels of the
porous template, and (c) the metal-filled composite film which can be
used in practical applications.

6.7, and 136 4.3 nm (anodized in sulfuric acid) and
channel densities of 7.43 109 cm22, 4.6 3 1010 cm22,
and 7.13 1010 cm22, respectively. These dimensions
were determined from transmission electron microscopy
(TEM) images of the films, after they were thinned from
both sides by argon ion milling. As an example, Fig. 2
shows one of these TEM images.

To confirm that the nanochannel arrays have been
filled by continuous dense Bi nanowires, the alumina
matrix was dissolved in a solution of phosphoric acid
and chromic acid, which did not attack the Bi nanowires.
Figure 3(a) shows a typical SEM image of the Bi-filled
films after the alumina matrix was partially dissolved
from the bottom side of the film to expose the Bi wires.
The portion of the nanowires without support tended to
agglomerate with and adhere to each other, making it
difficult to resolve the individual wires. Although bulk
Bi is very brittle, the Bi nanowires were amazingly
ductile, indicating their excellent crystallinity. Since the
whisker-like features shown in Fig. 3(a) were observed
throughout the entire film, we conclude that most of
the channels have been filled by Bi. In order to further
resolve individual wires, we fully dissolved the alumina
matrix to make freestanding Bi wires. Figures 3(b)
3, No. 7, Jul 1998
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FIG. 2. TEM image of the cross section of the anodic alumin
template with an average channel diameter of 56 nm after ion millin
(argon ions at 6 keV).

and 3(c) show TEM images of such freestanding B
nanowires.

Shown in Fig. 4 are x-ray diffraction (XRD) patterns
of the Bi-filled films (taken from the bottom side) after
removal of the barrier layer. All the XRD peaks are
located very close to the peak positions of 3D bulk B
revealing that the rhombohedral lattice structure of bul
Bi is also preserved in the nanowires. The XRD peak
are very narrow and no peak broadening was observ
within the instrumental limit, which indicates long-range
periodicity of the lattice structure along the wire. For the
sample which was synthesized from a template with a
average pore diameter of 56 nm, only three strong pea
[(012), (110), and (202)] were observed [Fig. 4(a)]. Fo
the samples with diameters of 23 and 13 nm, only (012
and (024) peaks were found [Figs. 4(b) and 4(c)]. W
therefore conclude that these individual Bi nanowires a
essentially single crystal and are similarly oriented. Thi
single-crystal orientation of the array of Bi nanowires
will be very important for many applications involving
the transport properties of 1D Bi nanowires. The singl
crystallinity is also confirmed by selected-area electro
diffraction experiments, and a detailed study of th
crystal structure of the Bi nanowires will be reported
in a subsequent paper.

The porous alumina film, which is clear and
transparent originally, changed color after it was filled
with Bi, with a color that depends on the diamete
of the Bi nanowires. The samples with Bi nanowire
diameters of 56 nm, 23 nm, and 13 nm are dark
yellowish, and near transparent, respectively. Figure
shows the optical absorption spectra of these B
nanowire composite films and their correspondin
unfilled anodic alumina templates. The composite film
J. Mater. Res., Vol. 13
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FIG. 3. (a) SEM micrograph of the exposed Bi nanowires after th
alumina matrix was partially dissolved from the bottom side of the
film. (b, c) TEM images of the freestanding Bi nanowires. Shown ar
Bi nanowires prepared from templates with average channel diamete
of (a, b) 23 nm and (c) 56 nm.

with 56-nm diameter nanowires is opaque over th
entire wavelength range [Fig. 5(a)], representing
metal or a narrow band gap semiconductor, while th
composite films with nanowires of 23-nm and 13-nm
, No. 7, Jul 1998 1747
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FIG. 4. XRD patterns of the Bi nanowire/anodic alumina composi
made from templates with average channel diameters of (a) 56
(b) 23 nm, and (c) 13 nm. Marked above individual peaks are
Miller indices of the corresponding lattice planes.

FIG. 5. The room-temperature optical absorption spectra of the
nanowire/anodic alumina composite films with average wire diame
of (a) 56 nm, (b) 23 nm, and (c) 13 nm, and the corresponding unfi
anodic alumina templates (d), (e), and (f ).

diameters have an absorption edge at the short wa
length [Figs. 5(b) and 5(c)], the signature of a sem
conductor, and the absorption edge is blue-shif
from (b) to (c) with decreasing wire diameter. The
differences in the optical absorption spectra cannot
explained by the effective medium theory,16 which does
account for the color changes observed in other me
ceramic composite films.17 The results of Fig. 5 indicate
a dramatic change in the band gap energy of the
1748 J. Mater. Res., Vol.
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nanowires as a function of wire diameter. They are
consistent with our theoretical expectations8 that a Bi
nanowire makes a semimetal-to-semiconductor transition
as the electron gas experiences quantum confinement
the two directions normal to the wire.

Considering the high thermal and chemical stabil-
ity of the anodic alumina template, the process of the
pressure injection of molten Bi into the evacuated chan-
nels described in this paper can be applied to othe
low melting temperature metals, semiconductors, alloys
polymers and gels. The resulting nanowire array com-
posites, especially the 1D Bi quantum wire systems, are
expected to lead to interesting applications in thermo-
electricity, magnetoresistance, and other electronic an
optical devices.
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