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Oscillations of electrical conductivity in single bismuth nanowires
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Bismuth nanowires were electrochemically deposited in ion track-etched polycarbonate membranes. Single
wires with diameters ranging between 70 and 550 nm were created in membranes with one single nanopore
and their electrical resistance was investigated while leaving them embedded in the template. The specific
electrical conductivity oscillates as a function of wire diameter. The modulations are discussed on the basis of
quantum-size effects which lead to a splitting of the energy bands into subbands and, thus, cause an oscillation
of the density of states at the Fermi level depending on the diameter.
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INTRODUCTION

In recent years, the electrical transport properties of
nanoscaled objects raised enormous interest. Several studies
focused on classical size effects occurring in objects of di-
mensions comparable with the electron mean free path .
Detailed models have been established,' and some predic-
tions have been confirmed by experimental results on bis-
muth nanowires. Bismuth exhibits unique electronic proper-
ties, such as extremely small electron effective mass m*
(1073m, depending on the crystalline direction*), highly an-
isotropic Fermi surface, and long /, [~100 nm at room tem-
perature (RT)]. Because of the minute m* and the large
Fermi wavelength A (40—70 nm at RT®’), Bi nanowires are
excellent objects for studies on how quantum confinement
influences the electronic properties of quasi-one-dimensional
(quasi-1D) systems. Further, bismuth is a semimetal with a
very small band overlap (E;~38 meV at 0 K). The Fermi
energy in bismuth is only Ep~56 meV at room
temperature.® Electrons and holes are located at the L point
and at the T point of the Brillouin zone, respectively. The
charge carrier density n amounts to only 3 X 10'® cm™ at RT
and decreases by 1 order of magnitude when cooling Bi
down to liquid helium temperature.

When the object size is comparable to Ay, quantum-size
effects (QSEs) are expected to occur.” QSEs cause a splitting
of the energy bands in subbands and, consequently, a shift of
the band edges away from each other [Fig. 1(a)]. Due to the
subband splitting, the electronic density of states (DOS) at
the Fermi level changes [Fig. 1(b)] and, thus, the two-
dimensional quantum confinement of the resulting quasi-
one-dimensional electron gas in nanowires provides a
method to manipulate the electronic transport properties of
the material. This gives rise to utilizing the electronic trans-
port properties of various quasi-1D material systems for a
wide range of practical devices. For instance, Bi and its al-
loys are regarded as promising candidates for future thermo-
electric nanodevices. In bulk materials, the parabolic DOS
means that the electron density around the Fermi level is
small, while in nanowires, the spikes in the DOS suggest that
the thermoelectric power factor can be increased and, thus,
the thermoelectric performance can be improved.

Furthermore, the band shift involves a decrease of the
band overlap E,, implying that a critical diameter d,. exists
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for which the band overlap vanishes and, as a consequence,
the nanowires undergo a transition from a semimetal to a
semiconductor.* In a previous study, we found an infrared
absorption whose edge is blueshifted with decreasing wire
diameter, which was attributed to a shift of the band edges
caused by QSE.!0

In this work, we report electrical conductivity oscillations
in bismuth nanowires with diameters between 70 and
550 nm, which are caused presumably by subband splitting
arising from QSE. To our knowledge, modulations in electri-
cal transport characteristics were detected for thin films,”!!
however, until now not found in nanowires. This can be un-
derstood by the fact that most experiments were performed
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FIG. 1. (Color online) (a) Schematic of the three-band model of

bismuth including the subband splitting caused by QSE. (b) Density
of states for three- and one-dimensional materials.
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on nanowire arrays'>!3 prohibiting the determination of ab-

solute resistance and, thus, of the specific electrical conduc-
tivity for a single wire. Up to now, only few studies deal with
single wires. In Ref. 5, Cronin et al. reported the fabrication
of wire arrays by pressure injection in alumina templates and
the subsequent removal of the matrix with a strong acid.
Though a single wire was contacted lithographically, reliable
contacting failed due to the presence of a modified surface
layer forming during matrix dissolution. Further, single wires
consisting of very small grains were prepared and contacted
by an electron-beam writing technique on a Si substrate.'®
However, in order to detect quantum-size effects, the degree
of crystalline quality of the wire plays a crucial role. In ad-
dition to the condition of size quantization, Az~ d, it is nec-
essary that [, exceeds d. If the grains of the wire are too
small, the electrons are scattered predominantly from grain
boundaries and QSE will be suppressed.

EXPERIMENT

Single bismuth nanowires were grown electrochemically
in polycarbonate (Makrofol N, Bayer) membranes of 30 um
thickness containing one single nanopore. Single-pore mem-
branes are produced by irradiating polymer foils with a
single swift heavy ion at the UNILAC linear accelerator of
GSI through a mask with an aperture of 200 um and subse-
quent chemical etching. The ion beam is defocused in such a
way that approximately 1 ion/s penetrates the sample. A
semiconductor detector, placed behind the sample, records
every ion passing through the foils, and by using an electro-
static beam chopper, the irradiation is stopped within 10 us.
This method allows the irradiation of foils with a selected
number of ions, ranging from one to several hundred.!” The
damage trail along the ion trajectory was chemically etched
in 2M NaOH at 60 °C producing a cylindrical channel. The
pore diameter of a given membrane was determined by mea-
suring the electrical current through the nanopore employing
a 1M KCI solution and two Ag/AgCl electrodes. The effec-
tive pore diameter d.; was calculated by applying the fol-

lowing equation:
[ 4L 1
degr= —. 1
eff O'KC17TU ( )

Here, L is the pore length corresponding to the membrane
thickness, ok denotes the conductivity of the 1M KCI so-
lution (10 S/m at 20 °C), U is the applied potential, and [ is
the measured electrical current.

Before electrochemical filling, a gold coating was sput-
tered on one side of the membrane which was reinforced by
an electrochemically deposited copper layer. A single bis-
muth nanowire was electrochemically grown in the nanopore
applying —25 mV at 50 °C.'® The deposition was continued
until a cap was formed on top of the wire. In order to contact
the wire electrically, the cap was coated by an additional
gold layer that was sputtered on top. For electrical measure-
ments, the whole sample (membrane with embedded wire)
was placed between two macroscopic copper plates with the
cap being protected from direct pressure by a caved upper
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FIG. 2. (Color online) Schematic of the electrical contacting of
a single nanowire embedded in the template.

electrode (see Fig. 2).'%%° The contact resistances were ne-
glected because of the high resistance of the wire itself.

When studying the electrical transport properties of nano-
structures, in particular, quantum-size effects, both their mor-
phology and crystallinity are of great importance. These two
characteristics were investigated by preparing arrays of
nanowires in multipore templates under the same conditions
as single wires. Subsequently, the templates were dissolved
in dimethylformamide and the needles were studied by scan-
ning (Philips XL 30) and transmission electron microscopies
(TEM) (Philips CM 20). For the TEM examinations, the
wires were detached from the backing electrode. For this
purpose, the beaker containing the solvent with the sample
was introduced after template dissolution in an ultrasonic
bath. Thereafter, few drops of the wire suspension were put
on a carbon-covered TEM grid.

RESULTS AND DISCUSSION

During the electrochemical deposition of bismuth in mul-
tipore as well as single-pore templates, the current transient
was recorded, as displayed in Figs. 3(a) and 3(b), respec-
tively. The I-¢ curves exhibit three sections. (I) At the very
beginning of the deposition, a current peak is observed
which is much less pronounced in the case of a single wire
than for arrays. It originates from an electrical double layer
at the metal-electrolyte interface which is discharged during
the very first seconds of the process. Subsequently, (IT) the
deposition current remains constant for a longer period of
time, (IIT) until it starts to increase and finally saturates. In
the case of potentiostatic depositions, the current density j,
i.e., current per area (j=1/A), is constant. Therefore, a steady
current is recorded during deposition in cylindrical pores.
The deposition current for single wires with diameter of a
few hundreds of nanometers amounts to less than 100 pA. As
soon as the metal reaches the opposite side of the membrane
and the deposition process is no longer restricted to the pore
geometry, a cap is formed on top of the wire. The start of the
cap growth becomes apparent by a significant increase of the
current due to both a larger deposition area during cap for-
mation and a constant current density. This current rise is
much more pronounced for single-wire depositions where
the current increases by 3—4 orders of magnitude within less
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FIG. 3. Current vs time curves for the deposition of (a)
103 wires/cm? and (b) a single nanowire applying —25 mV at
50 °C.

than a minute [see the inset of Fig. 3(b)]. Since the current is
a function of the deposition area, the current gain indicates
that the size of the cap grown on top of a single wire is up to
hundred times larger than the wire diameter, i.e., of the order
of 10 um for a 100 nm wire. In turn, this sudden current
increase is a clear indication that the pore was completely
filled by the metal.

From the deposited charge Q, which is obtained by inte-
grating the area beneath the /- curve for a single-pore mem-
brane before the cap growth, the filled volume V can be
calculated using Faraday’s law,

Ze v 2)
0= am PV (

Here, Z is the ion charge, e is the elementary charge, A is
the number of nucleons contained in the ion, m,, is the proton
mass, and p is the density of the deposited material. Assum-
ing a cylindrical geometry of the nanowire, its diameter can
be computated from the filled volume. For the deposition
shown in Fig. 3(b), the deposited charge amounts to
42.4*0.3 nC equivalent to a wire diameter of 366 = 15 nm.
This is in good accordance with the result of the conducto-
metric measurement in KCI on the as-prepared single nanop-
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FIG. 4. (a) Scanning electron microscopy image of freestanding
bismuth nanowires with 400 nm diameter. (b) High-resolution
transmission electron micrograph of a bismuth nanowire with
30 nm diameter. (c) Scanning electron microscopy image of a cap
grown on top of a single Bi nanowire.

ore with an effective pore diameter of 355+ 22 nm. Hence,
the deposited Bi nanowire completely fills the nanopore, evi-
dencing that the conductivity measurement using KCl is an
appropriate tool to determine the pore and, in turn, the wire
diameter.

Figure 4(a) displays a scanning electron microscopy im-
age of freestanding bismuth nanowires revealing cylindrical
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FIG. 5. (Color online) (a) Electrical resistance and (b) specific
electrical conductivity of single bismuth nanowires as a function of
diameter. The dashed curves take into account electron scattering at
grain boundaries using the MS model. The solid and dotted lines in
part (b) represent exponential fits using o=A+B exp(-d/d,) and
their interpolation to o=0.

needles with uniform diameter of ~400 nm along their com-
plete length. These findings coincide with small-angle x-ray
scattering results on ion track-etched polycarbonate mem-
branes which demonstrated that our templates contain highly
cylindrical nanopores,?! in contrast to commercial mem-
branes where cigar-shaped pores were found.”> A high-
resolution TEM micrograph of a wire with 30 nm diameter is
presented in Fig. 4(b). The image shows the atomic lattice of
the nanowire evidencing the high crystalline quality. The ex-
cellent wire quality (cylindricity and crystallinity) makes
these wires ideally suited for studying electron transport in
the frame of quantum-size effects. It is assumed that the
structural properties of a single wire are the same as for wire
arrays. This is supported by investigations of caps grown on
top of single wires revealing that they contain large crystals
[Fig. 4(c)].

The electrical resistance measurements of single bismuth
nanowires with diameters ranging between 70 and 550 nm
are displayed in Fig. 5(a). All wires show resistances signifi-
cantly higher than the classically calculated value based on
the resistivity of bulk bismuth (pp =114 u) cm); i.e., the
data points of the nanowires are well above the solid curve.
The smaller the wire diameter is, the larger the deviation
gets. In a previous work, we showed that the discrepancy
between the resistance of wires with d>150 nm and the
bulk value can be ascribed to additional electron scattering
from grain boundaries.”® Mayadas and Shatzkes developed a

PHYSICAL REVIEW B 77, 125425 (2008)

model (MS model) in order to take additional electron scat-
tering at grain boundaries into account, which is a function
of a coefficient a being dependent on the electron mean free
path, the mean grain size D, and the reflectivity of the grain
boundaries R,2

11 !
Poulk _ —_—a+a2—a3ln(1+_>]’ (3)
po 13 2 “

with a=(l,/D)[R/(1-R)].

The resistance as a function of d, employing this model
and considering a=1.5 (p=3pp,), is represented by the
dashed curve which describes the data down to d ~ 150 nm,
much better than without taking into account any finite-size
effects. These findings are in agreement with our previous
results.2® However, for smaller diameters, the data deviate
toward larger resistances than predicted by this approach.

The specific electrical conductivity of the nanowires de-
rived from the resistance as well as the conductivity calcu-
lated by means of the MS model are plotted in Fig. 5(b). The
data reveal oscillations as a function of wire diameter that
cannot be explained by mesoscopic effects. They can be de-
scribed well by an exponential law corresponding to o=A
+B exp(-d/d,), with A and B being fitting parameters, where
A is related to the wire conductivity given by the MS model.

The specific electrical conductivity is a function of both
the charge carrier density 7 and the mobility u (c=new). As
already mentioned above, QSE causes a splitting of the en-
ergy bands in subbands and, thus, a shift of the band edges
away from each other. The energy shift can be described by
the following expression with N being the number of the
subband:

AE =~ . (4)

The number of subbands corresponds to discrete values of
the wave vector along the “quantizing” dimensions of the
nanowire. Owing to the spikelike DOS for nanowires, the
kinetic properties of the system will oscillate as a function of
d, as long as the carrier gas is degenerate. These oscillations
are connected with abrupt changes of the density of states on
the Fermi surface as one subband after another passes Ep.
According to Sandormiskii® and Farhangfar,?? the periodicity
for films and rectangular nanowires is given by the critical
thickness and width, respectively. Assuming that the Fermi
level does not shift with the wire diameter, and according to
Eq. (4), d, is approximately given by

Nt Nh
d.= — = . (5)
VAEm* VAEpm*

The electron effective mass is a function of the band gap.
This function involves an increasing m* with enlarging band
gap because of strong coupling between conduction and va-
lence bands at the L point which is represented by the matrix
element (v|p|c). This strong coupling is taken into account
by the Lax two-band model,>*? resulting in the following
expression:
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VAEgm, m, Eg Egme

(6)

with m, being the free electron mass.

As already mentioned, exponential curves can be fitted to
the oscillations of the electrical conductivity vs wire diam-
eter. The periodicity is extracted from the intersection points
of the extrapolated fitting curves (represented by dotted
lines) with the x axis. The first intersection point represents
the critical diameter for the semimetal-semiconductor transi-
tion amounting to d.=40 nm. Fitting Eq. (6) using Ep
=56 meV (Ref. 8) to this experimental value, m*
=0.0022m, at the band edge (k=0) is derived for bulk Bi
being a reasonable value for electrons at the L point.

Assuming a constant Fermi energy and taking into ac-
count only coupling between the Nth subband of the conduc-
tion band and the Nth subband of the valence band, the ex-
pression under the square root is the same for all subbands.
Thus, the electron effective mass is the same for all levels
when they pass the Fermi level and, in turn, the periodicity
of the conductivity oscillations is a multiple of d.. Though,
the experimental periodicity does not follow this rule. The
critical diameters amount to 40, 115, 182, 281, and 358 nm.
This progression can be approximated by a dcn~ (n
+1/2)d,, proportional with d,=80 nm and n being a natural
number including zero similar to the energy levels of a har-
monic oscillator. This discrepancy may arise from at least
three simplifications made for the computations above. (i)
For the calculations, an infinitely deep rectangular potential
well was assumed. However, the potential may be deformed
by charge states located at the wire surface leading to a be-
havior as observed. For instance, Komnik et al. found sur-
face defects which acted as additional charge carriers for
bismuth thin films.?® The surface charge density amounted to
2.75X 102 ecm™. (ii) A constant Fermi energy was assumed.
Besides the subband splittings of the electron bands at the L
point, the bands at the T point, where the holes are located,
split into separate energy levels. Due to the much larger mass
of the holes compared to the electrons, the splittings at the T
point are less pronounced than at the L point. However, it
may affect the electron density and lead to a variable Fermi
energy because of the charge neutrality principle. (iii) For the
evaluation of Eq. (6), only the coupling between the Nth
subband of the conduction band and the Nth subband of the
valence band was taken into account. However, there may
also be coupling to other subbands involving different elec-
tron effective masses for the different energy levels when
passing E. Thus, the expression under the square root is not
the same anymore for all subbands, which may lead to the
observed periodicity.

The exponential behavior of the oscillations may be ex-
plained by the thermal excitation of charge carriers. Only
charge carriers close to the Fermi level contribute to the elec-
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trical transport. When a subband passes Ep, it is depleted and
the charge carriers are transferred to lower states. At RT, they
are excited thermally to higher subbands so that they partici-
pate in the electrical transport. With increasing band gap, i.e.,
decreasing wire diameter, the number of thermally excited
carriers decreases and, thus, the electrical conductivity drops.
As soon as a lower subband approaches Er, the charge car-
rier density recovers and, hence, the conductivity increases to
about 3000 S/cm being in agreement with the mean resistiv-
ity of 440 Q) cm (0=2272 S/cm) reported in Ref. 20. The
whole process occurs repeatedly until the lowest subband
passed the Fermi level and the material is transferred into a
semiconductor.

However, in order to observe QSE, two preconditions
have to be satisfied. (i) The relaxation time 7 must be suffi-
ciently long, i.e., 7>#%/(E,,,—E,), with (E,,;—E,) being the
energy separation between two subbands at the Fermi level.
(ii) The thermal broadening of the levels must be small com-
pared to the subband splitting. In order to fulfil the first re-
quirement, the specimens must consist of grains much larger
than /, and should possess only a small number of defects.
As presented in the transmission electron microscopy image
in Fig. 4(b), the wires exhibit very good crystalline structure.
Moreover, the wire resistivity is only about three times larger
than the bulk value, whereas Chiu and Shih'® reported resis-
tivities more than 20 times larger for wires with diameter of
=200 nm than that for bulk Bi. Thus, we assume that the
first requirement is fulfilled for the wires under study. In
order to meet the second precondition, the subband splitting
at the Fermi level must exceed 25 meV which corresponds to
kT at 300 K. Such a large splitting seems to be unreasonable,
especially, when taking into account that the first oscillation
is observed for wires with d ~400 nm. However, there are a
number of studies reporting QSE at RT for Bi thin films with
thicknesses of >100 nm.”!! Since nanowires confine the
electronic wave function in two instead of only one dimen-
sion like in thin films, quantum-size effects are expected to
occur at diameters larger than the reported film thicknesses.

CONCLUSION

In conclusion, single bismuth nanowires with diameters
ranging between 70 and 550 nm were electrochemically fab-
ricated in ion track-etched polycarbonate membranes. Their
electrical conductivity as a function of diameter reveals an
oscillatory behavior. There are reasonable arguments that
these sharp periodic alterations originate from a modulation
of the density of states at the Fermi level.
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