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A B S T R A C T

Strain-engineered Bi/Te core/shell (C/S) nanowires (NWs) with various diameters were prepared by combining
the on-film formation of NWs method with post-sputtering. Multiple devices were fabricated based on
individual C/S NWs. The diameter-dependent electrical conductivity (σ), Seebeck coefficient (S), and thermal
conductivity (κ) of the Bi/Te C/S NWs were systematically investigated. S and σ were found to increase with
increasing NW diameter until they maximized at diameters exceeding 400 nm. Together with the reduction in κ,
this generated a maximum thermoelectric figure of merit of 0.5 for a relatively large-diameter Bi/Te C/S NW
(d=456 nm) at room temperature. These results suggest that the C/S NW structure could be used to modify the
thermoelectric performance of materials, as the figure of merit was significantly greater than previously
reported values for pure Bi NWs (0.07) and bulk Bi (0.05). Furthermore, the enhanced performance of very
large Bi/Te C/S NWs demonstrated the possibility of designing heterostructures that can be used in
thermoelectric device and module applications.

1. Introduction

In efforts to improve the performance of thermoelectric materials,
nanostructures have been extensively investigated because they show
unique properties, such as quantum confinement and phonon bound-
ary scattering, at the nanoscale [1–4]. Despite promising theoretical
expectations for nanostructured materials [5–8], however, only a few
experimental results of the full thermoelectric performance of nano-
materials have been reported. This performance is represented by the
dimensionless figure of merit ZT=S2σT/κ, where S, σ, T, and κ are the
Seebeck coefficient, electrical conductivity, absolute temperature, and
thermal conductivity, respectively [9,10]. This scarcity may stem from
the lack of principles and methodologies required to synergistically
control the individual thermoelectric parameters of nanostructures.
Although a significant reduction in κ has been achieved in various
nanostructure-based systems, the expected enhancement of S caused
by the quantum confinement effect in nanostructures has not been
substantially demonstrated [10–12]. Furthermore, the best thermo-
electric performance for specific materials is generally predicted for the
smallest possible nanostructures, which limit the practical applications
of nanostructure-based thermoelectrics. In this regard, a recent study
of the thermoelectric properties of Bi/Te core/shell (C/S) nanowires

(NWs) with rough interfaces has provided an important method for
controlling the thermoelectric performance of NW systems with fewer
restrictions on the NW size [13]. In this study, because of the rough-
interface effect, κ for the Bi/Te C/S NWs was found to be more than
four times smaller than that for pure Bi NWs, even at large diameters
(d > 300 nm). This range of diameters is promising because thermo-
electric devices can be fabricated more easily using thick NWs. To
estimate the full thermoelectric performance of the C/S NW system,
however, the dependence of the various thermoelectric properties,
including σ and S, on the NW diameter must be determined. As such, in
this work, we thoroughly investigated the diameter dependence of σ, S,
and κ for Bi/Te C/S NWs, thereby obtaining ZT trends. To the best of
our knowledge, this is the first report of the full diameter-dependent
performance of thermoelectric C/S NWs and the first determination of
optimum performance for large-diameter NWs.

2. Experimental Section

2.1. Materials

Bi/Te C/S NWs were prepared using a combination of the on-film
formation of NWs (OFFON) method and post-sputtering (Fig. 1a)
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[13,14]. The Bi core NWs were grown from Bi films deposited on
thermally oxidized Si (100) substrates during thermal annealing at
250 °C for 5 h. The Te shell was subsequently sputter-deposited at a
radio frequency (RF) power of 30 V under an ultra-high vacuum of
10−7 Torr. The diameters of the Bi/Te C/S NWs were varied from 61 to
850 nm for a fixed Te shell thickness of 30 nm. The uniform diameter
of the NWs was confirmed by scanning electron microscope (SEM)
imaging, even though slight surface roughness caused by the formation
of a rough interface was observed (Fig. 1b). The uniformity of the Te
shell thickness on the NWs was confirmed for diameters > 100 nm.
However, the Te layer was typically less than 30 nm thick on NWs of
smaller diameters. A transmission electron microscope (TEM) was
used to analyze the crystalline structure of the Bi/Te C/S NWs. The

rough interface between the Bi core and Te shell was confirmed by low-
magnification TEM (LMTEM) imaging, as shown in Fig. 1c (Fig. S1,
Supplementary materials). Selected-area electron diffraction (SAED)
and high-resolution TEM (HRTEM) imaging show that the Bi/Te C/S
NW grows as a single crystal in the [100] direction with 3.86 Å-spaced
lattice fringes (Fig. 1d). This spacing matches the interplanar spacing of
the (003) planes of Bi. The lattice parameter of 11.58 Å is found in the
[001] direction, which is ∼2.5% smaller than that of the pure Bi NW
(c=11.87 Å), as shown in Fig. 1e (Fig. S2, Supplementary materials).

2.2. Methods

The thermoelectric devices fabricated using the Bi/Te C/S NWs
consist of a microheater, thermometer 1 (TM1), thermometer 2 (TM2),
and σ readers (Fig. 1f). The Bi/Te C/S NWs were dispersed onto a
thermally oxidized Si (100) substrate with large contact pads patterned
by photolithography and a lift-off process. A combination of E-beam
lithography and a lift-off process was employed to fabricate micro-
meter-scale inner electrodes of Cr (5 nm)/Au (100–300 nm). A plasma
etching process was used to remove the oxide layer from the outer
surface of the NWs and the Te shells immediately before the electrode
materials were deposited. This oxide removal enabled the formation of
an effective ohmic contact between the NWs and the electrode
materials (Fig. 1g and h). Etching to remove the oxide layer and the
electrode deposition were performed in-situ without breaking the
vacuum in order to prevent further oxide formation [15,16].

S for the NW was measured by producing a temperature gradient
on the SiO2/Si substrate using the microheater [17,18]. A bias voltage
was applied to the heater line in order to generate joule heat, thereby
increasing the temperature of the heater. The heat generated was
designed to propagate through a 0.5-μm-thick SiO2 layer, creating a
temperature gradient across the Bi NW placed in thermal contact with
the SiO2 layer. The temperature difference (ΔT) was determined from
the temperatures of the NW-electrode junctions measured at TM1 and
TM2 using the four-probe method. In this work, the distance from the
heater to TM1 and the spacing between TM1 and TM2 were 1 and
2 µm, respectively. The Seebeck voltages (ΔV) across the Bi/Te C/S NW
were measured with a nanovoltmeter. From the measured ΔT and ΔV,
S for the Bi/Te C/S NW was calculated from the equation S=ΔV/ΔT,
since it was confirmed that ΔV ∝Ih2∝ΔT [10]. σ of the NW was
measured using a conventional four-terminal geometry, which ex-
cluded contributions from the contact resistance. Measurements for σ
and S were both performed in direct-current (DC) mode at room
temperature. A detailed description of thermoelectric measurements
based on single NWs is available in Ref. 10.

3. Results and discussion

3.1. Strain electronic band engineering

Fig. 2 shows the highly anisotropic electronic band structure of
rhombohedral Bi in momentum space. The first Brillouin zone of Bi is
compressed along the trigonal direction owing to the asymmetrical
crystal structure being stretched along the c-axis in real space (Fig. 2a)
[19]. Because of this anisotropy, Bi has different band energies at the L-
and T-points in the Brillouin zone, resulting in semimetallic character-
istics with small band overlap, as shown in Fig. 2b [20]. Therefore, the
band structure of Bi can be effectively controlled by deformation of its
crystal structure. Particularly, compressive strain along the c-axis leads
to an elongation of the Brillouin zone along the trigonal direction,
resulting in a decrease of band overlap energy (Fig. 2c) [21,22]. In this
concept, a significantly reduced diameter for the quantum size effect
(QSE) is not needed for band engineering. Moreover, because mod-
ification of the band structure is dominant at the T-point, it is not
necessary to consider the strong coupling effect at the L-point, which
increases the electron effective mass [16]. Therefore, it is possible to

Fig. 1. Bi/Te C/S NW grown by the OFFON method and a thermoelectric device: (a)
Representation of the growth mechanism and C/S structure of Bi/Te NW grown on Si/
SiO2 substrate. (b) SEM image of as-grown Bi/Te C/S NW. (c) LMTEM image of Bi/Te C/
S NW sliced along the NW direction. (d) Cross-sectional HRTEM image of Bi/Te C/S NW
sliced normal to the NW direction. Inset: SAED pattern confirming single-crystalline NW
growing in the [100] direction. (e) HRTEM image of pure Bi NW. Inset: SAED pattern. (f)
SEM image of 456-nm-diameter device based on an individual Bi/Te C/S NW used for σ
and S measurements. Schematics of (g) the NW device and (h) contact region.
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demonstrate effectively the enhancement of S due to a decrease in band
overlap energy without the negative effects reported in QSE band
engineering [8,10].

3.2. Diameter-dependent electrical conductivity

Fig. 3a shows the diameter-dependent σ for Bi/Te C/S NWs
measured at room temperature. In general, σ decreases with decreasing
diameter because of the reduced mobility of the charge carriers. A
similar trend has been observed in pure Bi NWs [10,19,23]. The main
difference in the diameter dependence of σ between pure Bi and Bi/Te
C/S NWs is the critical diameter, below which the resistivity decreases
from the saturation level. The Bi/Te C/S and pure Bi NWs have critical
diameters of ~400 nm and ~100 nm, respectively [10,23]. This differ-
ence stems from the differing relative contributions of the Bi core and
Te shell to the total conductance. The conductive systems were
arranged in parallel combination and the total conductivity (σtotal)
was calculated for variations in the partial conductance values of the Bi
core and Te shell, defined as Gcore, Bi=σcore, Bi (Acore, Bi/L) and Gshell,

Te=σshell, Te (Ashell, Te/L), respectively. Here, G, L, and A are the
respective conductance, length of the channel, and cross-sectional area
of the channel. The total conductance of a Bi/Te C/S NW is given by
Gtotal=σtotal (Atotal/L)=Gcore, Bi+Gshell, Te. Hence, the σtotal can be
expressed as

σ
σ A σ A

A A
=

+
+

.total
core,Bi core,Bi shell,Te shell,Te

core,Bi shell,Te (1)

Since the σ of Te (2–100 Ω−1 cm−1) is significantly smaller than that
of the Bi NW (5000 Ω−1 cm−1), σtotal should decrease with an increase
in the fraction of Te [23–25]. This decrease occurs gradually with

decreases in the diameter of the Bi/Te C/S NWs, since the Te shell
thickness is fixed at 30 nm in this work. The diameter dependence of σ,
calculated using Eq. (1) (Fig. 3a) is similar to that measured from Bi/Te
C/S NWs (Fig. S3, Supplementary materials). The deviation between
these trends in the range of 200–400 nm results from the decreased σ
of the Bi core; this decrease also occurs in pure Bi NWs, stemming from
the QSE-induced reduction in the carrier mobility and concentration

Fig. 2. Electronic band structure of Bi and strain effect: (a) Highly anisotropic Brillouin
zone of rhombohedral Bi with L-point electron pockets and T-point hole pockets. (b)
Band overlap energy between the L-point conduction band and T-point valence band in
semimetallic Bi. (c) Reduction of band overlap energy caused by compressive strain along
the c-axis of Bi.

Fig. 3. Diameter-dependent thermoelectric transport properties of Bi/Te C/S NW: (a) σ
of Bi/Te C/S NWs for diameters of 61, 131, 235, 313, 456, 544, 623, and 850 nm. Some
points are plotted without error bars, because the error is smaller than the data markers
for these cases. Blue line: calculated σ for a parallel combination of conductive systems.
(b) S for Bi/Te C/S NWs. Solid and dashed red lines represent calculated and calibrated
S, respectively, based on a parallel combination of the thermoelectric system. (c) κ of Bi/
Te C/S NWs. Solid and open green symbols denote κ measured by suspended devices
from this work and our previous study (Ref. 11), respectively. The solid green line shows
the extrapolated κ obtained from the measured data. The dashed green line represents
the calculated κ according to a parallel combination of conductive systems. The
thermoelectric properties of pure Bi NWs are reproduced from our previous study
(Ref. 10) for comparison. The black line is present for visual guidance.
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[10]. For pure Bi NWs, the decrease in diameter creates a strong
coupling effect in the L-point sub-bands. This coupling, in turn,
increases the carrier effective mass and decreases the σ for diameters
lower than 100 nm [10,16]. Moreover, the reduced electronic band
overlap between the L-point conduction and T-point valence bands
decreases the carrier concentration, which also reduces the σ [10,16].
In Bi/Te C/S NWs, however, this effect is more dominant at large
diameters than it was for pure Bi NWs. This is attributed to the change
in electronic band structure because of strain in the Bi core. The
compressive strain along the trigonal direction of Bi increases the L-
point band gap and decreases the band overlap energy [21,22].
Consequently, the diameter-dependent reduction in σ occurs at a larger
diameter (400 nm) of the Bi core than that for pure Bi (100 nm) [10].

3.3. Diameter-dependent Seebeck coefficient

Fig. 3b shows the diameter dependence of S for the Bi/Te C/S NWs.
The negative S value indicates that electrons are the major carriers, as
in pure Bi NWs [10]. In addition, because of the strain-induced
modification of the electronic band, S for large-diameter
(d=~500 nm) Bi/Te C/S NWs is 150% of that of the pure Bi NWs
[10]. However, compared to that of the pure Bi NWs, the absolute value
of S is decreased more rapidly with decreases in the diameter of the Bi/
Te C/S NWs. This diameter dependence contradicts certain predictions
of NW thermoelectrics, which have proposed S enhancements with
reduced NW size [7,8]. The discrepancy between our results and those
of both previous studies and theoretical predictions can be attributed to
three factors. First, the core material, Bi, has equal and very low
concentrations of electrons and holes (n=p=2×1018 cm−3) [14,26,27]. S
for a material containing both electrons and holes can be expressed as
an average of the σ-weighted partial S values of the individual bands
[5]. For indirect conduction and valence bands, as in Bi, the total
coefficient is given by Stotal=(σeSe+σhSh)/(σe+σh), where the sub-
scripts e and h refer to electrons and holes, respectively [5]. Therefore,
the contribution from the holes to the total S value approximately
cancels that from the electrons, generating a very low S. The total S is
highly sensitive to the concentrations and effective masses, or weight-
ing factors, of both carrier types [5,23,28]. Second, the change in the
electronic band structure by compressive strain in the Bi core is
increased over a particular range of diameters. This range depends
on the negative effects of diameter decrease, as observed in pure Bi
NWs [10]. As previously mentioned in 3.1, reducing the diameter of Bi
increases the band gap of the L-point sub-band and decreases the band
overlap energy between the L- and T-points. This, in turn, increases
and decreases the effective mass and concentration, respectively, of
carriers. These changes in the effective mass and concentration cause
reductions in the weighting factors (σe) of Se, thereby decreasing the
total S of the pure Bi NWs [10,29]. In the Bi/Te C/S NWs, the increased
band gap of the L-point and decreased band overlap energy, caused by
the compressive strain, accelerate the negative effects of diameter
reduction. Therefore, the decrease in Stotal of the Bi/Te C/S NWs begins
at a much larger diameter (400 nm) than that for the pure Bi NWs
(100 nm) [10]. In addition, σ and S of both pure Bi and Bi/Te C/S NWs
change rapidly in the same diameter range. This indicates that the
change in the thermoelectric properties can be attributed to the
variation of intrinsic properties caused by diameter reduction. Third,
the parallel combination of the two thermoelectric systems should be
considered. The Bi/Te C/S NWs contain both Bi and Te, whose S values
differ significantly in both sign and magnitude; SBi≈−70 μV K−1 and
STe≈500 μV K−1. When the Bi core and Te shell are combined in
parallel, the total S is weighted by the conductance, rather than the σ,
of each component and is defined as follows:[30].

S
G S G S

G G
=

+
+

.total
core,Bi core,Bi shell,Te shell,Te

core,Bi shell,Te (2)

The area fraction of the Te shell increases as the diameter
decreases, thereby increasing the contribution of the shell to S for
the Bi/Te C/S NWs. Furthermore, Eq. (2) indicates that, with decreas-
ing diameter, the positive S of the shell will gradually cancel out the
negative S of the core, as shown in Fig. 3b. In this calculation, S for the
large-diameter Bi core is assumed to be 150% of that of pure Bi, as
demonstrated in previous theoretical and experimental studies [10].
The total S can still be calculated, despite the assumption that
Sshell,Te=STe, because the weighting factor of the shell is significantly
smaller than that of the core. The large deviation at the smallest
diameter can be ignored, because the diameter of the core becomes
negligible with the fixed shell thickness used in the calculation. However,
the deviation between the calculated and measured S arises because the
calculation is performed for a simple parallel combination with the
calculated conductance values. This deviation can be reduced by using
the conductance of the Bi core, which is subtracted from the measured σ.
While this method does reduce the aforementioned difference, a slight
deviation persists for diameters of 200–400 nm; this slight deviation is
attributed to the previously described negative effect of the QSE-induced
reduction in diameter [10,16]. The results are consistent with that
obtained for σ (Fig. S4, Supplementary materials).

3.4. Diameter-dependent thermal conductivity

Fig. 3c shows the diameter-dependent κ of the Bi/Te C/S NWs at
room temperature, as measured using a suspended device as explained
in detail elsewhere [13,31]. To determine the diameter-dependency
accurately, additional data points obtained from Bi/Te C/S NWs grown
by an identical procedure are reproduced from our previous study [13].
κ is decreased with decreasing diameter, as it is for pure Bi NWs and
typical nanostructured materials [10,31]. Moreover, κ of the Bi/Te C/S
NWs is more than four times smaller than that of even large-diameter
(d > 320 nm) pure Bi NWs; this low κ is caused by phonon scattering at
the rough core-shell interface [13]. To distinguish the rough interface
effect, the parallel combination of conductive systems is employed as in
[32]:

κ
κ A κ A

A A
=

+
+

,total
core,Bi core,Bi shell,Te shell,Te

core,Bi shell,Te (3)

We assume that κcore,Bi and κshell,Te are 8 and 2 W m−1 K−1,
respectively. Because this model ignores the rough interface effect,
the discrepancies between the measured and calculated data indicate
the heterogeneous Bi/Te interface effect [32]. We used extrapolations
to estimate κ at specific diameters, instead of directly measuring κ,
although σ and S measurements were made. In these cases, κ is
assumed to exhibit a linear dependency on the NW diameter [13]. The
fact that the decrease in thermal conductivity is larger than that in
electrical conductivity indicates a reduction in the lattice thermal
conductivity (κL). The κL value can be extracted from the total κ by
subtracting the electronic thermal conductivity (κe), which is deter-
mined by the Wiedemann–Franz law, κe=LσT, where L is the Lorenz
number. Usually, the values of L vary from 2.44×10−8 W Ω K−2 for
non-degenerated semiconductors to 2.44×10−8 W Ω K−2 for metals and
strongly degenerated semiconductors [33,34]. Because our C/S NWs
consist of a semimetal/semiconductor heterostructure, L is expected to
lie between these two limiting values. We calculated L using the
reduced Fermi energy obtained from the measured S value at different
diameters (Supplementary materials). The calculated L decreased
slightly as decreasing diameter above ~300 nm, which is in good
agreement with previous studies on thermoelectric NWs, as shown in
Fig. 4a [35–38]. Below diameters of ~300 nm, however, L increased
sharply because of the rapid decrease in σ caused by the fixed Te shell
thickness and increased contact resistance. Fig. 4b shows the κe and κL
values as a function of diameter. Above ~300 nm, both κe and κL
decrease with decreasing diameter due to the size effect and interface
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scattering in the NWs. The sharp increase in κL below ~300 nm is
attributed to an overestimated L value.

3.5. Theoretical simulation of strain and doping effects

The other factors caused by the Te shell also change S. The
interaction between the Bi core and Te shell is neglected in the simple
parallel combination of thermoelectric systems. However, the role of Te
as an electrical dopant, increasing the electron concentration (n) in the
Bi core, must be considered. Furthermore, the smaller c-axis lattice
parameter of Te compared to that of Bi (5.9290 Å vs. 11.862 Å) induces
a compressive strain in the core, as previously mentioned [39,40]. This,
in turn, causes the contraction of the c-axis and hence variations in the
band overlap and carrier concentration of the core [21,22]. This strain
effect is observed both at the interface and within the core. Fig. 5 shows
the calculated σ and S of the Bi core as functions of n, based on the
Boltzmann transport equation. Reduction in the band overlap caused
by the strain effect shifted the S and σ curves. In an n range similar to
that of Bi, S increased while σ decreased slightly in accordance with the
experimental results (Fig. 3a and b). It was found that n, estimated
from the measured thermoelectric properties, was constant at
~2×1018 cm−3, despite the decrease in band overlap energy. This may
be because the doping effect due to the Te shell compensates for the
decrease of n caused by the decrease in band overlap energy.

3.6. Diameter-dependent power factor and figure of merit

As previously mentioned in Section 1, the comprehensive thermo-
electric performance of a system is represented by ZT, which depends
on the power factor S2σ and κ. A high ZT combines a large power factor

Fig. 4. Electronic and lattice components of thermal conductivity: (a) Calculated L and
(b) electronic κ and lattice κ as a function of diameter. The colored symbols and lines
indicate the obtained results based on the measured and calculated data, respectively, in
Fig. 3.

Fig. 5. Effect of band overlap reduction on σ and S for different n values. Blue and red
represent σ and S, respectively. The solid and open symbols show the calculated results
with (−2.5%) and without strain, respectively. The horizontal dashed lines indicate the
values obtained experimentally and the vertical dashed line indicates the value of n
estimated by the theoretical calculation based on measured thermoelectric properties.

Fig. 6. Diameter-dependent thermoelectric power factor and ZT for Bi/Te C/S NWs: (a)
Power factor (blue symbols) and (b) ZT (red symbols) obtained from the measured
thermoelectric properties. Colored lines show the calculated diameter-dependent power
factor (blue) and ZT (red). The data for pure Bi NWs were reproduced from our previous
study (Ref. [10]) for comparison. The black lines (solid or dashed) are present for visual
guidance.
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with a small κ value. S2σ for Bi/Te C/S NWs with various diameters is
obtained from the measured values and shown in Fig. 6a. Here, the
extrapolated κ values are determined over a broad range of diameters,
and are especially reliable at large diameters (Fig. 3c). S2σ is increased
with increases in diameter up to 400 nm, reaching a maximum value of
4.42×10−3 W m−1 K−2 at a diameter of 456 nm, thereby verifying the
diameter dependence of σ and S. As Fig. 3a and b show, σ and S both
increase with increasing diameter until reaching saturation at
∼400 nm, with maximum values at 456 nm of σmax=3910 Ω−1 cm−1

and |Smax|=106.4 μV K−1. The diameter-dependent ZT of Bi/Te C/S
NWs is obtained from S2σ and κ, as shown in Fig. 6b. As with S2σ, ZT is
increased with increases in diameter and reaches a maximum value at a
diameter of 456 nm. ZT varies in the same manner as S because, for
diameters of 61–456 nm, S2σ changes more dramatically than κ. After
reaching a maximum value, ZT decreases with further increases in the
diameter because of the additional increases in κ. Surprisingly, a very
high ZT of 0.5 is achieved in a thick 456-nm-diameter Bi/Te C/S NW.
This ZT value is significantly greater than the previously reported
values of pure Bi NWs (0.07) and bulk Bi (0.05) and is the highest value
ever reported for Bi-based hetero-NWs [10]. Moreover, the NW
diameter (456 nm) at which the maximum ZT occurs is significantly
larger than those at which the best ZTs were experimentally obtained
(in rough Si NWs) or theoretically predicted (for pure Bi NWs) in
previous studies. This indicates that, in some NWs, S2σ prevails over κ
in determining ZT; Bi/Te C/S NWs exemplify such NW systems.

Finally, the transport properties of the shell should be considered in
order to enhance the thermoelectric performance using heterostructure
C/S NWs. As described above, the increase in ZT was demonstrated in
Bi/Te C/S NWs using strain and interface engineering based on the Te
shell. According to Eqs. (1)–(3), transport phenomena in the shell
affect the total properties of the overall C/S structure. Therefore, in
order to effectively use the enhanced S of the core, the contribution of
the core to the total properties should be increased. In the case of strain
engineering, it is preferable that the partial conductance of the shell be
lower than that of the core according to Eq. (2). Moreover, to reduce
the total κ of the C/S structure, low-κ materials should be used for the
shell. Therefore, it can be predicted that Bi/insulator C/S NWs will be
more effective in terms of thermoelectric performance than Bi/semi-
conductor and Bi/metal C/S NWs, even though it is necessary to
optimize the shell thickness according to the materials used.

4. Conclusion

We systematically investigated the diameter dependence of the
thermoelectric figure of merit ZT in Bi/Te C/S NWs by varying the NW
diameter from 61 to 850 nm. The power factor, as calculated from the
measured values, was increased with increasing diameter and was
maximized at a diameter of ∼400 nm; in contrast, κ, as extrapolated
from the obtained diameter dependence, increased more gradually.
These diameter-dependent variables generated a very high ZT of 0.5 for
a thick 456-nm-diameter Bi/Te C/S NW. This is far higher than those
measured for pure Bi NWs (0.07) and bulk Bi (0.05). Furthermore, the
enhanced performance of very large Bi/Te C/S NWs suggests the
possibility of designing heterostructures that can be used in thermo-
electric device and module applications.
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