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The authors have carried out measurements of the electrical conductivity of single bismuth
nanowires fabricated by the low energy electron beam lithography using the silver/silicon nanowire
shadow masks. The examined nanowires had cross-sectional dimensions of 40�30 and 40
�50 nm2. The chosen nanowire sizes had been slightly below the critical diameter D ��50 nm� at
which a semimetal to semiconductor phase transition was predicted to occur. The results reveal a
semiconductorlike temperature dependence of the electrical conductivity of a bismuth nanowire,
which is strikingly different from that of the bulk bismuth. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2357847�

Low-dimensional structures continue to attract consider-
able interest because of their great promise for applications
in future electronic, optoelectronic, and thermoelectric
devices.1,2 The potential advantage of these structures arises
from spatial confinement of carriers and phonons and corre-
sponding modification of their densities of states. Most re-
cently the attention was focused on bismuth �Bi� quantum
wires. While Bi is a semimetal in its bulk form, it was theo-
retically predicted that at the critical wire width of Do
�52 nm a transition to the semiconductor phase occurs.3

Numerous high-speed electronic and thermoelectric applica-
tions have been suggested for Bi nanowires owing to their
useful properties such as small effective mass, low thermal
conductivity, long mean free path of the carriers, and the
possibility of inducing the phase transition by quantum
confinement.3

Despite predicted superior properties of Bi quantum
wires, the experimental work has been far short of those
done on other low-dimensional structures. This is primarily
due to difficulties in fabrication of high quality crystalline Bi
nanowires and in making good ohmic contacts to a single
wire. To date the best experimental results achieved in this
area was an investigation of magnetotransport of the arrays
of Bi nanowires embedded in a porous alumina matrix.4,5

Recently, size-dependent transport and thermoelectric prop-
erties of polycrystalline Bi nanowires were studied

elsewhere.6 However, the measurements were done on about
ten Bi nanowires and not a single nanowire and the exam-
ined nanowires were polycrystalline.6 In this letter, we report
results of the transport study of a single and crystalline Bi
quantum wire with the characteristic dimensions below the
critical width Do.

For this study, Bi nanowires with widths of 50 and
30 nm were fabricated by low energy electron beam lithog-
raphy using organically functionalized silver �Ag� nanocrys-
tal nanowires and silicon �Si� nanowires as shadow masks.
Figure 1 shows field emission scanning electron microscope
�FESEM� images of the 50 and 30 nm wide Bi nanowires to
which platinum �Pt� submicron-size contacts have been made
by in situ focused ion beam �FIB� metal deposition. The
40 nm thick Bi single-crystal films were grown on indium
doped semi-insulating CdTe �111�B substrates by molecular
beam epitaxy �MBE�. The crystal quality and orientation of
MBE-grown Bi films with rhombohedral crystal structure
were investigated by x-ray diffraction �XRD� experiments.
The XRD powder patterns shown in Fig. 2 revealed only
sharp �000l� peaks, which implied c-axis growth of Bi per-
pendicular to the substrates.

The low energy electron beam lithography using the Ag
nanocrystal shadow mask process was reported earlier.7 The
self-assembled high-aspect-ratio Ag nanocrystal wires were
prepared by organically functionalized Ag nanoparticles
3 nm in diameter. The wires were found to keep their struc-
tures aligned with an interwire separation of just a few
nanometers.8 The nanocrystal Langmuir film was then trans-
ferred as a Langmuir-Schaeffer film to 40 nm thick polym-
ethyl methacrylate �PMMA� coated Bi/CdTe substrates. A
FESEM was used to expose the samples to a 600 pA, 700 V
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electron beam over an area of 100�100 �m2 for 10 min.
The total electron dose to the PMMA was 50 �C/cm2. At
700 V, the electron stopping effective range for Ag was es-
timated to be about 4 nm, which is smaller than the thickness
of the Ag nanocrystal shadow mask. Following the e-beam
exposure, samples were developed for 1 min in a mixture of
methyl isobutyl ketone and isopropanol in the ratio of 3:1. As
a result of a subsequent reactive ion etching process using a
mixture of BCl3 and Ar2 gases, 50 nm wide and 40 nm high
Bi nanowires were fabricated on the indium doped semi-
insulating CdTe substrates.

Similarly, 30 nm wide, 40 nm high Bi nanowires were
fabricated using the same technique with a Si nanowire
shadow mask. Si nanowires were prepared by a vapor-liquid-
solid process.9

The measured temperature dependence of the electrical
conductivity ��� of a single Bi nanowire is shown in Fig. 3.
A four-point probe geometry was employed to avoid effects
from contact resistances for temperature-dependent I-V mea-
surements on a single Bi nanowire. On both the 30 and
50 nm wires, the conductivity increases with increasing tem-

perature. This temperature dependence is characteristic of
semiconductors and not semimetals. It is known that the con-
ductivity of metals and semiconductors approximately obeys
the relationship �=�o / �1+�T�, where � is the temperature
coefficient, T is the temperature in °C, and �o is the conduc-
tivity at 0 °C. For metals ��0, while for intrinsic semicon-
ductors ��0. For bulk Bi, �=4.2�10−4 K−1 in the tempera-
ture range t=0–100 °C. Thus, in the case of our narrow
quantum wires the measured results indeed show that the Bi
nanowire is in its semiconductor rather than the semimetal
form. This experimental observation is in line with theoreti-
cal predictions of the critical wire width of D=52 nm at
which the semiconductor-semimetal transition occurs.3

The quantitative description of the electrical conductiv-
ity requires the knowledge of the thermal activation process
for a particular material as well as the type of doping. The
intrinsic carrier density increases exponentially with the tem-
perature as

� = �o exp�−
Eg

2kT
� , �1�

where �o is a preexponential constant, Eg the energy band
gap, k the Boltzmann constant, and T the absolute tempera-
ture.

One may also notice in Fig. 3 that the conductivity of a
30 nm wide Bi nanowire becomes much smaller than that of
a 50 nm wide Bi nanowire as temperature decreases. In order
to explain this we use the formalism developed for a one-
dimensional conductor:10,11

� = De�1

2
F−1/2

e 	 + Dh�1

2
F−1/2

h 	 , �2�

where De and Dh are given by

De =
2e

�a2
�2kBT

h2 �1/2

me
1/2�e,h,

Dh =
2e

�a2
�2kBT

h2 �mh
1/2�e,h. �3�

Here Fi are the Fermi-Dirac functions of 1
2 order, and me, mh,

�e, and �h are the effective masses and mobilities along the
transport direction for electron and holes, respectively. The
reduced chemical potentials for electron and holes are related
to each other as

FIG. 1. FESEM micrographs of 50 nm wide �top� and 30 nm wide �bottom�
Bi nanowires with metal contacts. In situ metal �Pt� contacts were prepared
by FIB metal deposition.

FIG. 2. X-ray diffraction pattern of MBE-grown Bi film on CdTe �111�B
substrate.

FIG. 3. Normalized temperature dependence of the conductivity of a single
Bi nanowire with widths of 50 and 30 nm.
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�e
* + �h

* = − 	/kBT , �4�

where 	 is the energy gap in the presence of quantum con-
finement. The effect of quantum confinement leads to the
energy gap dependence on the wire width as given by the
equation

	 = 	bulk +
h2�2

2my
e,ha2 +

h2�2

2mz
e,ha2 . �5�

As a result, energy gap increases with the decreasing wire
width. A phase transition from the semimetal �	bulk=
−38 meV� to semiconductor �	�0� is predicted by this for-
malism for Bi nanowire at some “critical” wire width a
=52.1 nm �	=0�.3 The phase transition drastically changes
the temperature dependence of the electrical conductivity.

Another important factor that affects the conductivity is
the change in mobility as the wire width decreases. At low
enough temperature, when the elastic scattering is dominant,
mobility is predicted to increase in quantum wires due to the
restriction of the phase space for scattering.12 At moderate
temperatures and for quantum wires with finite lateral di-
mensions the opposite trend can be observed. The mobility
of a nanowire can also be affected by the change in the
electron-phonon scattering rates due to the confinement-
induced phonon spectrum modification in a nanowire.12 In
our calculations we used the following approximate expres-
sion for the mobility dependence on the nanowire radius �
=��a� due to scattering on optical phonons:13

�1D
op

�3D
op = 8K1�h
0/�2kBT���3


0

�

dxE1�a2x

8l2 −
h
0

2kBTx

−
h
0x

8kBTx
�	−1

, �6�

where K1 is the modified Bessel function of the second kind,
E1�x� is the exponential integral function, l2=h /2�mx
0, and

0 is the limiting phonon frequency.

Using Eqs. �1�–�6� we have calculated the electron mo-
bility and electrical conductivity in Bi nanowires. We devel-
oped a model that describes the temperature dependence of
the electrical conductivity of Bi quantum wires. Figure 4
shows the calculated dependence of ln � vs T−1 for 50 and
30 nm Bi wires. The obtained results are in good agreement
with experimental data �see Fig. 3�. The Eg value extracted
from the slope in Fig. 3 is about 10 meV. The conduction
subband and valence subband edges move in opposite direc-

tions to eventually form a positive energy band gap Eg be-
tween the lowest L-point conduction subband edge and high-
est T-point valence band edge. Thus, our work provided for
the first time a comparison between the calculated and ex-
perimental electron conductivities of a single Bi nanowire
with the width smaller than the critical width. The model
which we developed takes into account quantum confine-
ment effects via the reduced chemical potential and modifi-
cation of the mobility due to changed electron-phonon scat-
tering in a quantum wire. The semiconductorlike behavior of
the electrical conductivity of a single quantum wire was ex-
plained by the phase transition that occurred when the wire
thickness dropped below Do�52 nm.

To summarize, we fabricated the 50 and 30 nm wide
single Bi nanowires and measured the temperature depen-
dence of their electrical conductivity. For a narrower wire,
the electrical conductivity was found to be smaller because
of the reduced mobility. The energy band gap of the semi-
conductorlike Bi nanowire has been estimated to be about
10 meV, which is in agreement with our calculations. The
reported increase in electrical conductivity of Bi at higher
temperatures is important for suggested thermoelectric appli-
cations of Bi wire arrays. The increase in the electrical con-
ductivity �e combined with the decrease in the thermal con-
ductivity � of the quantum wires12 may lead to higher values
of the thermoelectric figure of merit ZT=S2�eT /� �where S
is the thermoelectric power and � is the thermal conductiv-
ity�.
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FIG. 4. Calculated normalized temperature dependence of the conductivity
of a single Bi nanowire with widths of 50 and 30 nm.
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