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Transport properties of Bi1ÀxSbx alloy nanowires synthesized
by pressure injection
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Various transport measurements are performed to assess the alloying and size effects in sub-100 nm
Bi1⫺x Sbx 共0⭐x⭐0.15兲 nanowires. Temperature-dependent resistance measurements exhibit
non-monotonic trends as x increases, and a theoretical model is presented to explain the features
which are related to the unusual band structure of Bi1⫺x Sbx systems. Magnetoresistance
measurements of these Bi1⫺x Sbx nanowires show interesting size-dependent behaviors similar to
those in Bi nanowires. © 2001 American Institute of Physics. 关DOI: 10.1063/1.1385800兴

Nanostructured materials have received much attention
recently because they are expected to exhibit very different
properties from their bulk counterparts due to quantum confinement effects. The ability to tailor materials properties by
exploiting quantum confinement effects1 not only provides a
promising approach for device optimization, but also creates
possibilities for fundamental studies and nanotechnological
applications.2
Bismuth 共Bi兲 is a very attractive material for transport
studies in low-dimensional systems. The electrons in Bi are
distributed in three highly anisotropic carrier pockets at the L
points of the Brillouin zone, and the holes are contained in
one pocket at the T point.3,4 Quantum confinement effects
can be readily observed in Bi at a larger size scale 共⬃50 nm兲
than for most other metals or semiconductors.5 Bi1⫺x Sbx
alloys form substitutional solid solutions, and the band structure of these alloys changes gradually from that of Bi to that
of Sb as x increases.6,7 Thus, Bi1⫺x Sbx nanowires constitute
a unique 1D system in which the band structure and other
related properties can be tailored by combining quantum
confinement effects with Sb alloying effects. With the addition of Sb, it is possible to increase the critical diameter for
the semimetal–semiconductor transition from ⬃50 nm to
⭓100 nm in a controlled manner and to study this transition
behavior systematically.8,9
The transport properties of Bi1⫺x Sbx alloys in bulk
form10,11 and in thin films12,13 have been studied extensively
because of their promising thermoelectric efficiency at low
temperatures. In Bi1⫺x Sbx alloys, the six H-point hole pockets have to be considered for transport phenomena in addition to carriers in the L- and H-point pockets, especially for
x⭓0.10. By manipulating carriers in these various pockets,
many ideas that are central to the carrier pocket engineering
concept14 can be applied to the Bi1⫺x Sbx nanowire system. It
has thus been recently predicted that the thermoelectric efficiency of Bi1⫺x Sbx nanowires can be significantly enhanced
relative to Bi nanowires,9 especially for p-type wires.
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We here report experimental temperature and magnetic field
dependent transport studies of Bi1⫺x Sbx nanowires for
0⭐x⭐0.15 and compare them with theoretical calculations
to better understand their transport properties and to test the
validity of the model calculations regarding alloying and size
effects.
Bi1⫺x Sbx nanowire arrays were synthesized by pressure
injecting the molten alloys into anodic alumina thin
films,15,16 following similar procedures described
previously.17–19 Bi1⫺x Sbx nanowires of two different diameters 共40 and 65 nm兲 with x⫽0, 0.05, 0.10, and 0.15
were prepared. X-ray diffraction experiments show that the
nanowire crystal structure is not affected by alloying with Sb
共⭐15 at. %兲, and the nanowires have a preferred crystal orientation with the 共012兲 lattice plane perpendicular to the wire
axes, consistent with previous observations on pure Bi
nanowires.17
Figure 1 shows the measured R(T)/R(270 K兲 of
40-nm Bi1⫺x Sbx nanowires with various x values for
2⭐T⭐300 K. The resistance of these nanowires increases as
T decreases from 300 to 2 K, and saturates at low T, which is
due to an impurity band resulting from uncontrolled impurity
atoms. Because of the low intrinsic carrier density n int in
Bi1⫺x Sbx alloys (⬃1017 cm⫺3 at 80 K兲,6 even with the highest purity 共99.9999%兲 material, the impurity concentrations
(⬃1016 cm⫺3) are still comparable to n int. Since
Bi and Bi1⫺x Sbx have very small electron effective masses
and a high dielectric constant 共⬃100兲,20 the binding energies
of the electrons to impurity atoms are very small (⬃1.4
⫻10⫺5 eV兲.13 Therefore, essentially all impurity atoms are
ionized, and the extrinsic carriers contribute significantly to
the transport phenomena, even at low T.
In Fig. 1, although the 40-nm Bi1⫺x Sbx nanowires
(x⭐0.15) all exhibit a qualitatively similar T-dependent resistance, the trends are different in detail as a result of Sb
alloying. The normalized low-T resistance R(4 K兲/R共270 K兲
shows a non-monotonic behavior as x increases, due to competing interactions, resulting from variations in the band
structure and carrier mobilities, as explained by the following theoretical modeling. Since the band structure parameters
of Bi1⫺x Sbx alloys are highly T dependent for T⭓80 K,21
and most of them are well known at lower temperatures
(T⭐100 K兲, it is proper to compare the experiments with
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FIG. 1. Measured temperature dependence of the normalized resistance
R共T兲/R共270 K兲 40-nm Bi1⫺x Sbx nanowires for 0⭐x⭐0.15.

theory for T⭐100 K. The electrical conductivity of a system
with multiple carriers is expressed as

⫽

兺i en i  i ⫽en tot兺i ␥ i  i ,

共1兲

where n i and  i are the carrier density and mobility for each
type of carrier, respectively, n tot⫽ 兺 i n i is the total carrier
concentration, and ␥ i ⬅n i /n tot are their relative populations.
In Fig. 1, the resistance ratios R(10 K兲/R共100 K兲 of
Bi1⫺x Sbx nanowire arrays are 1.34, 1.19, 1.30, and 1.29 for
x⫽0, 0.05, 0.10, and 0.15, respectively. To understand the
transport behavior of Bi1⫺x Sbx nanowires as a function of x,
we examine both the change of n tot and ␥ i between 10 and
100 K. The carrier concentrations of Bi1⫺x Sbx nanowires are
calculated for wires oriented along the trigonal direction,
based on the band structure parameters of bulk Bi1⫺x Sbx
alloys,7,9 using a numerical method for cylindrical quantum
wire calculations.8 Assuming a modest n-type impurity
concentration of 1016 cm⫺3, the total carrier concentration
ratio n(100 K兲/n共10 K兲 of 40-nm Bi1⫺x Sbx nanowires
is calculated as a function of x 关see Fig. 2共a兲兴. Here
n(100 K兲/n共10 K兲 decreases rapidly as x increases from 0 to
0.10, and becomes relatively flat for x⭓0.10. Figure 2共b兲
shows the difference in the relative carrier population ⌬ ␥ i
⫽ ␥ i (10 K)⫺ ␥ i (100 K兲 calculated for 40-nm Bi1⫺x Sbx
nanowires between 10 and 100 K for the L-, T-, and H-point
carriers, and ␥ L includes contributions from the light-mass
L-point electrons and holes, which have mirror-like
dispersion relations. Since the L-point carriers have a much
higher mobility than the T- and H-point holes, the average
mobility  avg⫽ 兺 i ␥ i  i is usually dominated by ␥ L . Qualitatively, a larger value of ⌬ ␥ L implies a larger increase in  avg
as T decreases, which tends to lower the value of
R(10 K兲/R共100 K兲. In Fig. 2共b兲, ⌬ ␥ L , ⌬ ␥ T , and ⌬ ␥ H are
relatively constant for x⭐0.05, because the L-point electrons
and the T-point holes are still the two dominant carrier types.
As x increases (0.05⭐x⭐0.12), the valence band edge
energy at the T point moves down, eventually reaching
below the L-point holes, and the alloy behaves more like a
direct-gap semiconductor, with more holes being distributed
to the L-point pockets. Therefore, ⌬ ␥ L drops rapidly
as x increases from 0.05 to 0.12. The H-point holes, which
gradually become the dominant hole carriers for x⭓0.12,

FIG. 2. 共a兲 Calculated ratios of n(100 K兲/n共10 K兲 for 40-nm Bi1⫺x Sbx alloy
nanowires as a function of x. 共b兲 Calculated difference of the relative populations ⌬ ␥ i ⫽ ␥ i (10 K兲⫺ ␥ i (100 K兲 for L-, T-, and H-point carriers in
40-nm Bi1⫺x Sbx nanowires.

cause ⌬ ␥ L and 兩 ⌬ ␥ H 兩 to rise with increasing x. The measured R共10 K兲/R共100 K兲 of 40-nm Bi1⫺x Sbx nanowires then
can be understood based on the calculations shown in Figs.
2共a兲 and 2共b兲. For x⭐0.05, since ⌬ ␥ L is almost constant,
R共10 K兲/R共100 K兲 is mainly determined by the variation of
n共100 K兲/n共10 K兲, both of which decrease as x increases. For
x⭓0.5, n共100 K兲/n共10 K兲 is less sensitive to x, and the variation of ⌬ ␥ L becomes the dominant factor. The decrease of
⌬ ␥ L from 0.43 to ⬃0.2 is mainly responsible for the increase
of R共10 K兲/R共100 K兲 as x increases from 0.05 to 0.10.
Finally, since the values of n共100 K兲/n共10 K兲 are approximately equal for x⫽0.10 and 0.15 while ⌬ ␥ L is slightly
higher for x⫽0.15, we expect a lower value of R共10 K兲/
R共100 K兲 for x⫽0.15 than for x⫽0.10, consistent with our
experimental results.
Figure 3共a兲 shows the longitudinal magnetoresistance
共MR兲 of 40-nm Bi1⫺x Sbx nanowires (x⫽0.15) as a function
of magnetic field B at different temperatures. Other 40-nmnanowire samples with smaller x values were also measured,
and they exhibited MR共B兲 trends similar to Fig. 3共a兲. For
T⭓4 K, the MR at low B can be described by a parabolic
relation MR⬅ 关 R(B)⫺R(B⫽0) 兴 /R(B)⫽A 0 B 2 , where A 0 is
the magnetoresistance coefficient. In Fig. 3共a兲, A 0 increases
with decreasing T, consistent with a decrease in electron–
photon scattering as T decreases. For all samples, as T decreases below 4 K, the MR exhibits a behavior rather distinct
from that at higher T, as indicated by the arrow in Fig. 3共a兲.
This special feature is seen in the first derivative of each of
the MR curves 关see inset of Fig. 3共a兲兴. This feature, observed
previously in Bi nanowires,22 is attributed to transitional
1D–3D localization effects associated with having the magnetic length L H ⫽(ប/eB) 1/2 equal the wire diameter d w , and
having a long phase breaking length (L  ⭓d w ). The peak of
the dR/dB curve at 2 K in Fig. 3共a兲 occurs at B p ⬃0.3 T,
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greater field is needed to reduce the wire-boundary scattering
and observe a decreased MR. Our results show that the addition of Sb does not destroy the ballistic transport in pure Bi
nanowires,23 and also confirms long carrier mean free paths
and a high crystalline quality in our Bi1⫺x Sbx nanowires.
In summary, we present transport measurements of
Bi1⫺x Sbx nanowire arrays for 0⭐x⭐0.15. The 1D–3D localization behavior and the wire-boundary scattering effects
are observed in the longitudinal MR. Most importantly, the
normalized T-dependent resistance of 40-nm Bi1⫺x Sbx
nanowires 关 R(T)/R(270 K兲兴 exhibits an unusual nonmonotonic variation as a function of x, which is explained by
our model calculations, confirming the validity of our theoretical models and giving vital information on the unusual
band structure of Bi1⫺x Sbx nanowires, validating the use of
carrier pocket engineering14 to design devices based on this
system.
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FIG. 3. 共a兲 Longitudinal magnetoresistance of 40-nm Bi1⫺x Sbx (x⫽0.15)
nanowires as a function of magnetic field at different temperatures. The inset
shows the first derivative (dR/dB) of the MR. 共b兲 Longitudinal MR as a
function of B for larger-diameter (d w ⫽65 nm兲 Bi1⫺x Sbx nanowire arrays.
The maximum in MR is attributed to boundary scattering effects.

corresponding to L H ⬃47 nm, very close to the nominal dw of
40 nm. It is interesting that B p is independent of x, suggesting that the 1D–3D localization phenomenon is a universal
effect in nanowires at low T.
Figure 3共b兲 shows the measured MR as a function of B
for Bi1⫺x Sbx nanowires of a larger diameter (d w ⫽65 nm兲.
The 1D–3D transitional localization effect, although weaker
than in the 40 nm diameter wires, is observed at a lower B,
consistent with theoretical expectations.22 Other interesting
features are the non-monotonic MR共B兲 behavior and the
maximum observed in the longitudinal MR 共e.g., at B⬃4 T
for x⭓0.05), which is attributed to wire-boundary scattering
effects.23 In the presence of a magnetic field, the trajectory of
the mobile carriers is deflected, increasing the probability of
wire-boundary scattering at low B. However, as B increases
beyond a critical field B M , such that the cyclotron orbits of
the carriers lie within the wires, the probability of wireboundary scattering will be reduced, resulting in a decrease
in the MR. In Fig. 3共b兲, the field B M for the maximum MR
increases with increasing x due to the relative strengths of
wire-boundary and impurity scattering for electrons. Since
neutral impurity scattering makes a greater contribution to
the transport in the alloy wires than in pure Bi nanowires, a
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