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A B S T R A C T

The thermoelectric transport properties of Bi/Sn and Bi/Sb core/shell (C/S) nanowires grown by the method of
on-film formation of nanowires were systematically investigated. The electrical conductivity and Seebeck
coefficient of nanowires with different diameters were measured as a function of the temperature. The con-
tribution of Sn and Sb shells to the total transport in the C/S nanowires was determined using analytical fitting
based on the parallel combination of the conductive system model. The carrier-interface boundary scattering at
the C/S interface was quantitatively evaluated as the sheet resistance. In addition, the effect of hole doping on
the transport properties was also observed in the Bi/Sn C/S nanowires.

1. Introduction

The thermoelectric performance of a material is evaluated using the
dimensionless thermoelectric figure of merit (ZT= σS2T/κ), which can
be enhanced by optimization of electrical conductivity (σ), Seebeck
coefficient (S), and thermal conductivity (κ) at a temperature (T) [1].
However, simultaneous optimization is challenging because it is very
difficult to control the three interrelated thermoelectric properties in-
dependently [2]. To increase ZT, nanostructures have been intensively
investigated via two different routes. First, the reduction in the thermal
conductivity was successfully demonstrated by phonon engineering in
nanostructures. The classical size effect caused by a spatial restriction in
nanowires effectively decreases the phonon mean free path through the
phonon-surface boundary scattering [3–8]. In addition, the modifica-
tion of hetero-nanostructures inside nanowires such as alloying, em-
bedding nanoparticles, and using superlattice or core/shell (C/S) has
further efficiently suppressed phonon transport by the phonon-interface
boundary scattering [9–13]. For an approach similar to that involving
the phonon-surface/interface scattering, holey structures were ex-
tensively studied in nanoribbons [14,15]. The second route is the en-
hancement of the thermoelectric power factor (σS2), which indicates
the electrical thermoelectric performance of a material. After the first

theoretical study predicting the increase in the power factor due to the
quantum confinement effect in low-dimensional materials [16,17], the
energy band engineering and optimization of thermoelectric properties
for the power factor enhancement were demonstrated using various
nanowires [8,18,19]. Moreover, the energy filtering effect through the
hetero-nanostructure modification has effectively improved the ther-
moelectric performance [20–23]. The C/S heterostructure is another
promising nanostructure for power factor enhancement and phonon
engineering [13,24]. In the previous study on semimetal/semi-
conductor Bi/Te C/S nanowire, it was found that the decrease in the
crystal anisotropy due to the lattice mismatch between the core and
shell can enhance the Seebeck coefficient because of the crystal-struc-
ture-sensitive energy band in the semimetal [24]. In the Bi/Te C/S
nanowire, however, it is difficult to observe the interaction of the
transport phenomena between the core and shell such as the interface
effect, because the effect of the semimetallic Bi core is dominant on the
overall properties of the C/S nanowire [24]. This is because the con-
ductance of the semiconducting shell is significantly smaller than that
of core; therefore, it is important to select materials with comparable
conductance to better understand the interaction between the core and
shell of the conductive C/S structure. In the present work, we studied
the thermoelectric transport properties of Bi/Sn and Bi/Sb C/S
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nanowires grown by the method of on-film formation of nanowires
(OFFON). The electrical conductivity and Seebeck coefficient were
measured as a function of the temperature and diameter, and the shell-
dependent transport properties were systematically investigated with
the interface effect.

2. Materials and methods

2.1. Sample preparation and characterization

Bi/Sn and Bi/Sb C/S nanowires were fabricated by annealing and
post-deposition processes, as shown in Fig. 1. The single-crystalline Bi
nanowires were prepared as the core of samples by the OFFON method
[13,25]. Bi films (< 50 nm) were deposited on a thermally oxidized Si
(100) substrate using an ultrahigh-vacuum (UHV) radio-frequency (RF)
sputtering system. The Bi nanowires were grown on the Bi film during
the heat treatment (5 h at 250 °C) in an UHV furnace, to release thermal
stress due to the thermal expansion mismatch between the Bi film and
substrate [25]. The Sn and Sb shells (~20-nm thickness) were subse-
quently deposited on the as-grown Bi nanowires substrates using the
UHV RF sputtering system for the Bi/Sn and Bi/Sb C/S nanowires, re-
spectively. The three steps were conducted in situ under a high vacuum
(10−7 Torr) condition to inhibit oxidation.

The structure and chemical composition of the C/S nanowires were
confirmed by scanning transmission electron microscopy (STEM) and
energy dispersive X-ray spectroscopy (EDS), as shown in Fig. 2. Al-
though the high-angle annular dark field (HAADF) STEM images
(Fig. 2a and e) show that the Sn shell surface is slightly rougher than the
Sb shell surface, the EDS results reveal that the smooth surface of Bi
cores (Fig. 2c and e) were entirely covered by the shell materials in both
C/S nanowires (Fig. 2b, d, f, and h). Moreover, the uniformity of the
nanowire diameter was confirmed, and the average shell thickness was
found to be about 20 nm for both C/S nanowires.

Fig. 1. Schematic representations of Bi/Sn and Bi/Sb core/shell (C/S) nano-
wires prepared by the on-film formation of nanowires (OFFON) method. (Step
1) A Bi film was deposited on a thermally oxidized Si substrate using a sput-
tering system. (Step 2) Bi nanowires were grown on the Bi film during the heat
treatment in a vacuum furnace. (Step 3) The Sn and Sb shell were deposited on
the as-grown Bi nanowires on the substrate using a sputtering system.

Fig. 2. Spatial distribution of elements on Bi/Sn and Bi/Sb C/S nanowires. a, e. High-angle annular dark field (HAADF) scanning transmission electron microscopy
(STEM) images of Bi/Sn and Bi/Sb C/S nanowires. b, f. Energy dispersive X-ray spectroscopy (EDS) mapping images of Bi/Sn and Bi/Sb C/S nanowires. c, g. Element
maps of Bi core (green). d, h. Element maps of Sn (yellow) and Sb (purple) shells, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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2.2. Device fabrication and measurement

Fig. 3a shows a scanning electron microscopy (SEM) image of a
thermoelectric device based on an individual C/S nanowire for the
electrical conductivity and Seebeck coefficient measurements. The de-
vice has a microscale heater and two-different microscale thermometers
for Seebeck coefficient measurements and two resistance leads for the
four-terminal measurement. These Cr/Au (5/200 nm) electrodes were
defined and deposited by using typical electron-beam lithography and
the UHV sputtering system, respectively, on the SiO2/Si substrate with
the dispersed C/S nanowires. To obtain the direct electrical contact
between the electrodes and Bi core, Ar plasma etching was conducted
before the deposition [26].

The electrical conductivity of the single C/S nanowire was measured
using the four-different electrodes (thermometers and leads) based on
the four terminal measurement technique to prevent a deviation due to
the contact resistance. For the Seebeck coefficient measurement, the
Joule heating through the micro heater generated an in-plane tem-
perature gradient on the substrate, and the two thermometers were
used to measure the voltages and temperature differences (ΔV and ΔT,
respectively). The Seebeck voltage (ΔV) was proportional to the square
of the heater voltage in the case of Joule heating (P = V2/R), and the
sign of Seebeck coefficient could be determined from the shape of the
parabolic curve, as shown in Fig. 3b. To obtain the temperature dif-
ference (ΔT), the resistance change of each thermometer was precisely

measured using a Lock-in amplifier as a voltage signal (Fig. 3c). The
parabolic thermometer voltages could be converted to temperatures
according to the temperature coefficient of resistance (TCR) obtained at
the different system temperatures. Finally, the Seebeck coefficient was
calculated using the relation S= ΔV/ΔT. The details of the device
fabrication and measurement technique are presented in Ref. [8].

3. Results and discussion

3.1. Temperature-dependent transport properties

Fig. 4 shows the temperature-dependent electrical conductivity and
Seebeck coefficient of Bi/Sn and Bi/Sb C/S nanowires. In the previous
study on pure Bi nanowires, it was found that the temperature depen-
dence of electrical conductivity gradually changes from semiconducting
to metallic as increasing diameter due to the reduction of surface carrier
scattering and thus pure Bi nanowires with diameters larger than
100 nm exhibit the metallic dependence [8]. Therefore, the electrical
conductivity of Bi/Sn C/S nanowires consisting of a metallic shell in-
creases with decreasing temperature (Fig. 4a). On the other hand, in the
case of Bi/Sb C/S nanowires, the temperature dependence is hardly
observed, and this is likely due to the effect of the Sb shell because both
C/S nanowires have the same Bi core. The details of the shell effect on
the overall nanowire will be discussed below.

The Seebeck coefficient of the C/S nanowires is also affected by the

Fig. 3. Device fabrication and measurements. a. Scanning electron microscopy
(SEM) image of a single nanowire thermoelectric device. b. Positive and ne-
gative Seebeck voltages with respect to the heater voltage. c. Thermometer
(TM) voltages of near and far TMs at two different system temperatures.

Fig. 4. Temperature-dependent transport properties of Bi/Sn and Bi/Sb C/S
nanowires. a. Electrical conductivity and b. Seebeck coefficient obtained as a
function of the temperature for different diameters.
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transport properties of the shell. For the Bi/Sn C/S nanowires, the
Seebeck coefficient monotonically decreased with decreasing tem-
perature, which is consistent with the trend observed for the Seebeck
coefficients of pure Bi nanowires (Fig. 4b) [8]. This temperature de-
pendency was also evident in the Bi/Sb C/S nanowire with a 250-nm
diameter. In the case of 170-nm Bi/Sb C/S, however, the values were
significantly smaller than that of other nanowires. Moreover, the See-
beck coefficient changed almost linearly from a negative value to a
positive value with decreasing temperature. This temperature depen-
dence can also be considered to be the influence of the properties of the
Sb shell having a positive Seebeck coefficient, but further quantitative
analysis was conducted to determine the contribution of the core and
shell to the overall properties, as discussed below.

3.2. Diameter-dependent transport properties

Fig. 5 shows the diameter-dependent electrical conductivity and
Seebeck coefficient of Bi/Sn and Bi/Sn C/S nanowires at 300 K. To
confirm the contribution of the core and shell to the total transport
properties, the measured diameter-dependent electrical conductivity
and Seebeck coefficient were fitted by a parallel combination of a
conductive system model, which can be expressed as

=
+σ A σ A σ

A
 ,total

core core shell shell

total (1)

=
+S G S G S

G
 ,total

core core shell shell

total (2)

where σ, A, S, and G are the electrical conductivity, cross-sectional area,
Seeebck coefficient, and electrical conductance, respectively [26]. As
shown in Eqs. (1) and (2), the total transport properties can be de-
termined from the partial properties of the core and shell with
weighting factors. The weighting factors for the partial electrical con-
ductivity and partial Seebeck coefficient are the cross-sectional area
and electrical conductance, respectively.

As shown in Fig. 5a, the total conductivity slightly increased with
the decreasing diameter, which indicates that the shell is more con-
ductive than the core. According to the previous study on pure Bi na-
nowires (core), the diameter dependence of the electrical conductivity
was no longer observed when the diameter increases above 100 nm [8],
and the thickness of the shell was not varied in this study. Therefore,
with decreasing diameter, the contribution of the shell increases due to
the increase in the weighting factor (cross-sectional area). Although,
the calculations (solid lines) based on Eq. (1) clearly demonstrated the
diameter dependence of the electrical conductivity, the values were
slightly larger than the measured conductivity. This overestimation in
the case of Eq. (1) can be attributed to the additional carrier scattering
at the interface between the core and shell [27–29]. This interface effect
was not considered in the parallel combination of the conductive
system model, and thus, to calibrate the interface scattering effect, the
interface resistance was introduced into Eq. (1) as the series combina-
tion. As shown by the dashed lines in Fig. 5a, the calibrated con-
ductivities were in good agreement with measured values, and the in-
terface resistance was found to correspond to a sheet resistance of 15Ω/
sq for both C/S nanowires. However, even with the interface effect,
there were slight differences between the measured and calibrated
conductivities for the Bi/Sn C/S nanowires. This can be explained by
the effect of hole doping on the Bi core due to the Sn shell. Sn atoms in
Bi cause p-type doping by depriving the valence electrons of Bi [30].
Since the carrier mobility of holes is lower than that of electrons in Bi,
p-type doping decreases the electrical conductivity [31]. A similar effect
was also observed in the Seebeck coefficient as discussed below.

As shown in Fig. 5b, the Seebeck coefficient decreased with the
decreasing diameter for both C/S nanowires. As mentioned in the
previous section, this behavior is attributed to the increase in the shell
contribution due to the reduction in the diameter. The Seebeck

Fig. 5. Diameter-dependent transport properties of Bi/Sn and Bi/Sb C/S na-
nowires. a. Electrical conductivity and b. Seebeck coefficient represented as a
function of the diameter. The measured data (solid circles) was fitted by a
parallel combination of conductive system model with (dashed lines) and
without (solid lines) the interface effect.

Fig. 6. Thermoelectric power factor of Bi/Sn and Bi/Sb C/S nanowires. The
power factor was calculated using the thermoelectric properties measured with
respect to the temperature for different diameters.
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coefficients of Sn and Sb are approximately −1.5 and 50 μV/K, re-
spectively, which are significantly smaller than or opposite in sign
compared to that of Bi (~−65 μV/K) [8,32,33]. Therefore, increasing
the contribution of the shell reduces the total Seebeck coefficient to less
than the Seebeck coefficient of Bi core. Similarly, it can be explained
that the absolute values of the Seebeck coefficient in Bi/Sb C/S nano-
wires are smaller than those of Bi/Sn C/S nanowires at similar dia-
meters. The diameter dependence was calculated using Eqs. (1) and (2)
based on the parallel combination of the conductive system model
(solid lines in Fig. 5b). In the case of the Seebeck coefficient, the
weighting factor that determines the contribution of the partial Seebeck
coefficient is not the electrical conductivity but the conductance.
Therefore, the contribution to the total Seebeck coefficient of the in-
terface is negligible because the conductance of the interface is sig-
nificantly lower than that of the core and shell [26]. As a result, the
diameter-dependent Seebeck coefficient could be fitted by Eq. (2) based
on the conductance calculation using Eq. (1) without considering the
interface effect. The calculated Seebeck coefficient was in good agree-
ment with measured values for the Bi/Sb C/S nanowires. However, an
overestimation was observed in the case of Bi/Sn C/S nanowires. This
can also be explained by the hole doping effect originating from the Sn
shell [26]. The Seebeck coefficient of Bi is extremely sensitive to the
carrier concentration, because the semimetallic band structure con-
sisting of indirect conduction and valence bands overlap, which can be
expressed as S = (σhSh + σeSe)/(σh + σe), where the subscripts h and e
denote “hole” and “electron,” respectively. Therefore, a small variation
in the carrier concentration induced by the shell can lead to a decrease
in the Seebeck coefficient of the Bi core, resulting in a reduction in the
total Seebeck coefficient. As a result, the deviation due to the hole
doping effect by the Sn shell increases with decreasing diameter.

3.3. Power factor

Finally, the power factor, which indicates the electrical thermo-
electric efficiency, was calculated from the measured electrical con-
ductivity and Seebeck coefficient according to the following relation-
ship: power factor= S2σ. Fig. 6 shows the power factor as a function of
the temperature. In Bi/Sn C/S nanowires, contrasting temperature de-
pendences were observed for the electrical conductivity and Seebeck
coefficient (Fig. 4). The power factor exhibited a very weak tempera-
ture dependence but it slightly decreased with the temperature owing
to S2. In the case of Bi/Sb C/S nanowires, where the temperature de-
pendence of electrical conductivity is hardly observed, the variation in
the Seebeck coefficient directly reflected on the power factor. The
power factor of Bi/Sb C/S nanowires is smaller than that of Bi/Sn C/S
nanowires with a similar diameter. In particular, the 170-nm-Bi/Sb
nanowire exhibited significantly low values, which can be attributed to
the transport properties of the Sb shell (which has a Seebeck coefficient
sign opposite to that of the Bi). Furthermore, we could not observe the
enhancement of the power factor originating from the Bi core revealed
in the previous study on Bi/Te C/S nanowires [24], which seems to be
due to the influence of the relatively conductive shell on the overall
properties.

4. Conclusion

We studied the thermoelectric transport properties of Bi/Sn and Bi/
Sb C/S nanowires grown by the OFFON method. The electrical con-
ductivity and Seebeck coefficient were measured as a function of the
temperature for both C/S nanowires with different diameters. The
contributions of Sn and Sb shells to the total transport in the C/S na-
nowires were systematically investigated using the temperature- and
diameter-dependent transport properties. The transport properties of C/
S nanowires were analytically fitted by the parallel combination of the
conductive system model. The carrier-interface boundary scattering at
the C/S interface was quantitatively evaluated as the sheet resistance.

In addition, an effect of hole doping on the transport properties was also
observed in the Bi/Sn C/S nanowires. Thus, we present quantitative
experimental data on the effect of the structure and interface of C/S
nanowires on transport phenomena, and we provide the criteria for
shell materials of the C/S structure for thermoelectric applications.
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