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Semimetal to semiconductor transition and
polymer electrolyte gate modulation in single-
crystalline bismuth nanowires

Jeongmin Kim and Wooyoung Lee*

A semimetal to semiconductor transition in low-dimensional Bi nanowires is theoretically predicted

based on the quantum confinement effect, which results in the enhancement of the thermoelectric

performance. However, this transition has rarely been observed in the transport properties of gate

modulation because of there being too few charge carriers induced by a typical electric field effect. In

this paper, we report on our observations of the on–off state in a Bi nanowire using a polyethylene

oxide/LiClO4 electrolyte gate, which produces a much larger effect than a back-gate. The carrier

density of the surface state was found to be consistent with previously reported results. The intrinsic

properties of the Bi nanowires, as obtained by temperature- and diameter-dependent gate modu-

lations, are also discussed.

Introduction

The semimetal to semiconductor (SMSC) transition due to the
quantum confinement effect in low-dimensional bismuth (Bi)
has been intensively investigated since it was first predicted by
theoretical calculations.1,2 This transition phenomenon origi-
nates from the unique properties of semimetal Bi including
the small band-overlap energy (3 meV), small effective mass
(0.001 me), and long Fermi wavelength (70 nm).3–5 In particu-
lar, Bi nanowires (NWs) have been widely employed for low-
dimensional thermoelectrics because their thermoelectric per-
formance can be enhanced by the SMSC transition.6 However,
despite the development of various growth methods for low-
dimensional Bi NWs, the experimental demonstration of this
transition based on electrical transport has rarely been
reported.7–9 In practice, it is difficult to verify that the band
gap opening from the magneto-transport properties and the
transition cannot be determined solely from the semiconduct-
ing temperature coefficient of the resistance of a Bi NW.10–13

Moreover, the expected enhancement of the Seebeck coeffi-
cient has not been confirmed at the predicted critical diameter
at which the SMSC transition occurs.8,14–16 Although a signifi-
cantly enhanced Seebeck coefficient was demonstrated using
the quantum point contact of Bi obtained by the electromigra-
tion effect, the dimension of Bi was found to be much smaller
than the predicted diameter.17 This inconsistency can be

attributed to the strong electron–hole coupling effect between
the conduction and valence sub-bands at the L-point of Bi.5 As
the diameter decreases, the increase in the effective electron
mass caused by the coupling effect causes the critical diameter
to decrease according to the relationship between the
quantum confinement effect and the carrier effective mass.18

Furthermore, the carriers induced from the surface states of
the Bi dominate the bulk carriers at diameters of less than
50 nm, resulting in two-dimensional transport character-
istics.13,15,19 Because of the high density of the Bi surface car-
riers, it is challenging to verify the band gap opening by the
field effect gate modulation using a typical back-gate structure
such as the Si/SiO2 substrate. However, a polymer electrolyte
gate can be used to deal with such a large amount of charge
carriers. Particularly, polyethylene oxide (PEO)/LiClO4 has
been used to demonstrate the strong gate effect and low gate
voltage operation of nano-materials.20–22

In this work, we studied the gate-modulated transport pro-
perties of single-crystalline Bi NWs with diameters between 18
and 250 nm to investigate the change in the intrinsic pro-
perties and SMSC transition in terms of the diameter (d ). The
back-gate effect when using a Si/SiO2 substrate and the
polymer electrolyte gate effect when using PEO/LiClO4 were
used to generate a sufficiently large electric field corres-
ponding to the high surface carrier density of Bi.20,23 The elec-
tric field effect produced by the electrolyte gate was found to
be several orders of magnitude larger than that of the back-
gate. The reversible on/off switching and the obtained carrier
density are consistent with the predicted SMSC transition and
the reported surface carrier density of Bi, respectively.
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Experimental section

Single-crystalline Bi NWs were obtained by the spontaneous
growth of Bi NWs on the Bi film, termed the “on-film for-
mation of nanowire” (OFFON).9 High-quality Bi NWs were
grown by releasing the thermal stress during the annealing
process (250 °C for 5 h) of the 50 nm Bi film deposited by
using a specially made ultrahigh vacuum (UHV) sputtering
system. Bi NWs having a range of diameters were obtained
using the grain size control of the Bi films.12 High-resolution
transmission electron microscopy analysis revealed that the
crystalline structure of the NWs was aligned with the [100]
orientation of the Bi (binary axis).16 We successfully fabri-
cated Bi NW devices with diameters of 18, 40, 60, 90, 150,
and 250 nm and four-point contact, using a typical electron-
beam lithography system (JSM-7001F JEOL and ELPHY
Quantum Raith). To obtain ohmic contact, the Bi oxide layer
on the surface of the NWs was removed by using a specially
made Ar plasma etching system, after which Cr/Au electrodes
(5 nm/200 nm) were deposited using the UHV sputtering
system. The details of the sample preparation are available
in the literature.13,16,18 The transport properties were
measured by using a DAQ module (6251BNC NATIONAL
INSTRUMENTS) and a nanovoltmeter (2182A KEITHLEY)
using the four-probe method to remove the contact resistance
between each Bi NW and the electrodes. A voltage divider was
applied to the current source to provide overpower protection
at the high resistance off-state, while a source-meter system
(2400 KEITHLEY) was used to generate the gate voltage (VG).
In the measurement of gate modulations, the current–voltage
sweeps were independently performed at each gate voltage
point instead of increasing the number of points, in order to
reduce damage to electrically vulnerable Bi NWs and to
obtain convincing data.

Results and discussion
Electric field gate modulations

Fig. 1 shows the schematic images of the field effect gate
modulation measurements using the back-gate and the
polymer electrolyte gate. Conventionally, gate modulation is
done using the back-gate and a highly doped Si/SiO2 sub-
strate, because additional processes for the dielectric layer
and the gate electrodes are not necessary (Fig. 1(a) and (c)).
However, the charge density as doped by the electric field
effect of the back-gate based on the Si/SiO2 substrate is
insufficient to investigate the SMSC transition. The doped
charge density of the back-gate using the Si/SiO2 substrate is
defined as

nd ¼ C
etSiO2dBi

� �
VG ð1Þ

where C, tSiO2
, and dBi are the capacitance, thickness of

the SiO2 layer (500 nm), and diameter of the Bi NW,

respectively.9,24 The capacitance of the back-gate (CB) is
defined as

CB ¼ 2πðε0εSiO2Þ
ln

2tSiO2

rBi

� � ð2Þ

using the cylinder-above-plane model, where ε0, εSiO2
, and rBi

are the permittivity of free space, permittivity of SiO2, and the
radius of the Bi NW, respectively.20 As the diameter decreases
from 250 to 18 nm, although the calculated nd at a gate voltage
of 40 V increases from 2.05 × 1017 to 1.26 × 1018 cm−3, the
values are smaller than the bulk carrier density of Bi at room
temperature (3 × 1018 cm−3).25 Even at the 100-V-gate voltage,
which is much larger than the break down voltage of the Bi/
SiO2/Si structure, nd is not enough to deplete the carriers
induced from the surface states of the Bi. Moreover, the
effective charge density can be reduced by the screening
effect, when the NW is thicker than the screening length
(40 nm in Bi).24

In this system, the doped charge density is limited by the
thickness and capacitance of the dielectric material.21

Furthermore, the dielectric materials can break down at very
high gate voltages, which are required to obtain a significantly
high doping state. Although high-κ dielectric materials can be
employed to enhance the gate effect, the additional processes
needed to form the dielectric materials present a challenge
when working with low melting point materials such as Bi,
and are still prone to the breakdown issue. Polymer electrolyte
gate modulation was considered as a means of demonstrating
the high doping state.20 When using this method, the ions
form a double layer on the NW and electrodes, which induce
counter charges according to the gate voltage, as shown in
Fig. 1(b) and (d). The electrolyte gate effect is realized by a
significantly lower gate voltage without an electrochemical

Fig. 1 Gate modulation measurements and electric field effect mech-
anism. (a), (c) For back-gate using a highly doped Si/SiO2 substrate and
(b), (d) for a polymer electrolyte gate using PEO/LiClO4. Here I, V, VG,B,
and VG,E are the source current, measured voltage drop, back-gate
voltage, and electrolyte gate voltage, respectively.
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reaction, relative to that of a typical back-gate, because the
mobile ions in the polymer matrix can produce a nanometer-
size gate.21,23 The capacitance of the electrolyte gate (CE) is
given by20

CE ¼ 2πðε0εpolymerÞ
ln

rBi þ λD
rBi

� � ð3Þ

where εpolymer and λD are the permittivity of the polymer matrix
and the Debye screening length, respectively.20 The values of
CE of our systems can be calculated by assigning εpolymer = 5
and λD = 1 nm.20,21 The calculated CE (2.64 × 10−9 F m−1) is
more than 50 times that of the calculated CB (4.54 × 10−11

F m−1) for the 18 nm-diameter. The large-magnitude charge
density, doped by the polymer electrolyte gate with signifi-
cantly high capacitance, can deplete the carriers induced by
the surface and bulk energy states of Bi. The polymer electro-
lyte consisting of PEO and LiClO4 was dispersed using a drop-
casting method on the single Bi NW device, followed by a
baking process.

Temperature dependence

Fig. 2 shows the temperature-dependent transport properties.
Although the large Bi NW with a diameter of 150 nm exhibits a
metallic temperature dependency of conductivity (σ) similar to
bulk Bi, the small Bi NWs (d = 18 and 40 nm) mainly exhibit
nonmonotonic behavior (Fig. 2(a)).16,25 Because the semi-
metallic Bi has a very small carrier density (n = 3 × 1017–3 × 1018

cm−3 at 2–300 K) relative to a typical metal, and the spatial
confinement of the NW reduces the temperature dependency
of the carrier mobility (μ), the conductivity can be affected by
the carrier density as well as the mobility depending on the
temperature.13,18,25 The inset indicates that the conductivity
was determined predominantly by the carrier mobility at temp-
eratures less than about 100 K. This phenomenon is consistent
with the temperature dependency of the gate-modulated con-
ductivity (Fig. 2(b)). The slope of the gated conductivity (con-
ductance, G) is related to the carrier mobility defined by the
following relationship9

dG
dVG

/ dσ
dVG

/ μ: ð4Þ

Therefore, the increase in the slope as the temperature
decreases indicates higher mobility at lower temperatures. The
inset shows the slope values at each temperature.
Consequently, a decrease in the temperature leads not only to
an increase in the carrier mobility but also enhances the con-
tribution of the mobility to the conductivity.

Diameter dependence

Fig. 3 shows the diameter-dependent back-gate-modulated
transport properties of Bi NWs, presented as a function of gate
voltage at room temperature. The positive slope of the gated
conductivity indicates that the major carriers of the Bi NWs
are electrons. The measured conductivities at a zero gate
voltage and the slopes of the gated conductivities of Bi NWs

with diameters of 150, 60, 40, and 18 nm are 2.76 (±0.16) × 105,
3.60 (±0.20) × 104, 2.89 (±0.17) × 104, and 2.26 (±0.13) × 105

Ω−1 m−1, and 6.64 (±1.11), 2.07 (±0.11), 1.79 (±0.15), and 17.1
(±0.96) Ω−1 m−1 V−1, respectively. For diameters in the range of
40–150 nm, a decrease in the diameter leads not only to a
decrease in the conductivity but also reduces the mobility
according to eqn (4). The estimated carrier mobilities are given
in the next section as a table. This can be attributed to a
decrease in the mean free path originating from the carrier
nonspecular surface scattering due to the spatial confinement
and the increase in the carrier effective mass owing to the
strong coupling effect caused by sub-band shifting.13,18

Whereas, in the smallest NW (18 nm), the conductivity is com-
parable to that of the 150 nm Bi NW, which is much larger

Fig. 2 Temperature-dependent transport properties. (a) Temperature-
dependent conductivities of Bi NWs with diameters of 18, 40, and
150 nm. The conductivity is normalized with that of room temperature.
The solid line and open squares indicate the measurements taken during
continuous temperature ramping and after temperature stabilization,
respectively. The inset shows the temperature-dependent behavior of
the 18- and 40 nm NWs in detail. (b) Back-gate-modulated conductivity
of 18 nm Bi NW at various temperatures. The conductivity is normalized
with that of the zero gate voltage. The inset shows the slope of the nor-
malized gate-modulated conductivity as a function of temperature.
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than that for Bi NWs with diameters of 40 and 60 nm.
Moreover, the slope value exhibits the largest mobility. This
change in the transport properties is probably due to the met-
allic surface states of Bi, as reported in previous studies.16,19,26

For values of less than 50 nm in Bi, the surface state effect
dominates the bulk transport properties because of the large
surface to volume ratio.19 Particularly, in the Bi NWs grown
along the binary axis, the transition arises at diameters less
than 40 nm.16 In this gate modulation using the back-gate,
however, we could not obtain precise values for the carrier
mobility and density. In typical semiconductors with a single
major electronic energy band, the intrinsic properties can be
calculated based on the relationship, dσ/dVG = eμ (dnd/dVG). In
semimetal Bi, however, a two-band model should be employed
to investigate the conductivity because there are two major
bands for the electrons and holes resulting in the total con-
ductivity, σtotal = σe + σh = enμe + epμh. For this reason, the
changes in the slope at the band edge for the gate-modulated
conductivity should be used to estimate the intrinsic pro-
perties of Bi.9,24 With back-gate modulation, however, the
doped charge density is not sufficient to vary the Fermi energy
level to the band edge even at a gate voltage of ±65 V.
Furthermore, the carrier density induced from the surface
states, which should be depleted to observe the band gap
opening, is significantly high relative to the back-gate effect.
Therefore, a more powerful electric field effect is needed to
investigate the SMSC transition in low-dimensional Bi.

Electrolyte gate modulations

Fig. 4 shows the gate-modulated transport properties of Bi
NWs using a polymer electrolyte gate, presented as a function
of gate voltage at room temperature. Note that the dispersed
polymer electrolyte decreases the conductivity, even at a zero
gate voltage. The gate voltage, at which the initial conductivity
before polymer electrolyte dispersion is obtained, is presented
as a colored solid line in Fig. 4(a), (b), and (d) inset. The initial
states of the 250- and 150 nm-diameter NWs exhibit positive

slopes, indicating that the transport properties are dominated
by the electrons. The slopes vary as the gate voltage is
decreased, with even the 150 nm NW exhibiting a negative
slope below a gate voltage of approximately −2 V. Although the
gate voltages leading to these changes in the slope have not
been clarified, the carrier density can be estimated from
eqn (1) and (3).9,24 In the 250- and 150 nm NW, the carrier
densities were found to be larger than 3.49 × 1018 cm−3 and
approximately 3.61 × 1018 cm−3, which were calculated using
6 V (1 V to −5 V) and 5 V (2 V to −3 V) gate modulations,
respectively. These estimated values are consistent with the
bulk carrier density of Bi at room temperature (3 × 1018

cm−3).25 Using the estimated carrier densities and measured
conductivities, the carrier mobilities of Bi NWs with diameters
of 250 and 150 nm were calculated to be 4296 (±233) and 4780
(±277) cm2 V−1 s−1, respectively, which are four times smaller
than that of the 400 nm Bi NW reported in a previous study,
indicating a decrease in the mean free path of the electrons
due to the carrier nonspecular surface scattering.27 In the case
of the 90 nm NW, although a negative slope was observed
below a gate voltage of −5 V, the initial conductivity state (4.44
(±0.23) × 105 Ω−1 m−1) seems to fall outside the measured gate
voltage range (Fig. 4(c)). As a result, the carrier density of this
NW could not be obtained.

The electrolyte gate modulation in a Bi NW with a diameter
of 18 nm exhibits a significantly large variation in the conduc-
tivity compared to those of the other NWs (Fig. 4(d)). The con-
ductivity exhibits a reversible on–off recovery with negative
gate voltages indicating the formation of a band gap caused by
the SMSC transition. Note that the changes in conductivity,
which are caused by any trouble in measurement such as elec-
tric damage on the NW and dielectric breakdown, were irre-
versible in our measurement. Although a hysteresis was
observed in the on–off recovery, which can be attributed to the
instability of the mobile ions in the polymer matrix, it can be
minimized by reducing the voltage sweep rate.23 The conduc-
tivity values at an electrolyte gate voltage of about 8 V is

Fig. 3 Diameter-dependent transport properties. Conductivity of Bi NWs with diameters of (a) 150, (b) 60, (c) 40, and (d) 18 nm as a function of the
back-gate voltage at room temperature. The slope of the gated conductivity decreases with the diameter for diameters in the range of 150–40 nm.

Paper Nanoscale

926 | Nanoscale, 2017, 9, 923–929 This journal is © The Royal Society of Chemistry 2017

Pu
bl

is
he

d 
on

 0
7 

D
ec

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 Y
on

se
i U

ni
ve

rs
ity

 o
n 

06
/0

1/
20

17
 0

0:
23

:0
7.

 
View Article Online

http://dx.doi.org/10.1039/c6nr06839a


similar to that at a zero back-gate voltage. Therefore, it can be
considered that more than 13 V is needed to attain the off-
state. The carrier density of the 18 nm Bi NW is estimated to
be n = 1.83 × 1019 cm−3, according to eqn (1) and (3). This
three-dimensional bulk density is converted to a two-dimen-
sional surface density, ns = 8.0 × 1012 cm−2 by a relationship
n = 2ns/r, which is comparable to the reported surface state
density for Bi (5.0 × 1012 cm−2).13,19 The obtained transport
properties for the NWs studied are given in Table 1.

Fig. 5 displays the SMSC transition in the Bi NW with a dia-
meter of 18 nm by the current–voltage (I–V) characteristics and
temperature-dependent resistance with a variation of the gate
voltage. To obtain the changes in the NW without the contact
resistance, the four-probe configuration was used. The I–V
curve is linear at positive gate voltages and the resistance is
determined to be 7.09 × 104 Ω in the initial state (8 V)
(Fig. 5(a)). This linear I–V curve is maintained for gate voltages
in the range of −4–10 V, even though the variation of resist-
ances with the gate voltages is slightly noisy, as indicated in
Fig. 4(d). Interestingly, the I–V curve changes to non-linear
with an increase of resistance at a gate voltage of −5 V. As illus-
trated in the inset of Fig. 5(a), the I–V curve becomes further

Table 1 Electrical conductivity, carrier density, and mobility of Bi NWs

d (nm) σ (104 Ω−1 m−1) n (1018 cm−3) μ (cm2 V−1 s−1)

250 24.0 ± 1.3 3.49 4296 ± 233
150 27.6 ± 1.6 3.61 4780 ± 277
90 44.4 ± 2.3 — —
60 3.60 ± 0.20 1.51 ± 0.08 1490
40 2.89 ± 0.17 1.40 ± 0.08 1289
18 22.6 ± 1.3 18.3 772 ± 44

Fig. 4 Polymer electrolyte gate-modulated conductivities. Conductivity of Bi NWs with diameters of (a) 250, (b) 150, (c) 90, and (d) 18 nm as a func-
tion of the gate voltage at room temperature. The inset of (d) shows the electrolyte-gated conductivity for a range of gate voltages from −5 to 10 V.

Fig. 5 SMSC transition in the Bi NW with a diameter of 18 nm. (a) I–V
characteristics with a variation of the polymer electrolyte gate voltage.
The inset indicates the change of linearity in the I–V curve with the gate
voltages by normalization. (b) Temperature-dependent resistance with
and without the electrolyte gate effect. The line data were collected by
a voltage divider to protect the NW from overvoltage in continuous vari-
ation of temperature. The red squares were obtained at stabilized temp-
eratures without the voltage divider.
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nonlinear as the gate voltage decreases below −5 V and the
resistance increases to two-order higher than that of the initial
state at −10 V (2.09 × 106 Ω). Furthermore, the change in the
temperature-dependent resistance also indicates the SMSC
transition (Fig. 5(b)). As described in Fig. 2(a), the resistance of
18 nm-NW exhibits non-monotonic behavior with temperature.
Without the gate effect, although the resistance increases with
temperature above approximately 200 K because of the sup-
pression of the mobility-dependency due to the surface scatter-
ing, the metallic behavior dominates the resistance in the low-
temperature range (<200 K). Conversely, the temperature-
dependent resistance becomes semiconducting with a gate
voltage of −10 V, wherein the resistance monotonically
increases with the decreasing temperature in the measured
temperature range.

In the previous studies of Bi NWs grown by the OFF–ON
technique, it was reported that the carriers induced from the
surface states are predominantly responsible for the transport
properties at diameters of less than 40 nm.13,16 The metallic
surface carriers increase the conductivity to a level similar to
that of bulk Bi and have two-dimensional characteristics.13,16

The Bi NW surface states could also be found from Bi NWs
grown by different methods.6,11,15,26 The electrolyte gate
modulation of the smallest Bi NW is in good agreement with
the results of previous studies and the formation of a band
gap as predicted by the SMSC transition. Although the first
predicted critical diameter occurring at the SMSC transition
is smaller than 50 nm, the band gap opening is observed at a
diameter of 18 nm with a significantly large electric field
effect because of the strong coupling effect in the L-point
sub-bands and the metallic surface states, which leads to a
decrease in the critical diameter and hides the band gap,
respectively.16

Conclusions

In summary, the gate-modulated transport properties of
single-crystalline Bi NWs grown by the OFF–ON method were
measured by using the Si/SiO2 back-gate and the PEO/LiClO4

polymer electrolyte gate effects. The temperature-dependent
conductivity and the back-gate effect indicate that the carrier
mobility is predominant in transport at low temperatures.
The diameter dependency of the gated conductivity con-
firmed that the mobility decreases with the diameter because
of the spatial confinement and the strong coupling effect,
which originate from the classical size and quantum confine-
ment effects, respectively. Depletion of the carriers in Bi NWs
was attained by the polymer electrolyte gate effect, which is
more than 50 times greater than the back-gate effect based
on the SiO2/Si substrate. The surface carrier density was
found to be 8.0 × 1012 cm−2. Our investigation results indi-
cated reversible on–off states in a low-dimensional Bi NW,
which is consistent with the SMSC transition expected in the
theoretical studies.
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