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Allotropy is a fundamental concept that has been frequently studied since the mid-1800s. Although the
bulk allotropy of elemental solids is fairly well understood, it remains challenging to reliably produce an
allotrope at the nanoscale that has a different crystal structure and accompanies a change in physical
properties for specific applications. Here, we demonstrate a "heterostructure" approach to produce
allotrope-like bismuth nanowires, where it utilizes the lattice constant difference between bismuth and
tellurium in core/shell structure. We find that the resultant strain of [100]-grown Bi nanowires increases
the atomic linear density along the c-axis that has been predicted from theoretical considerations,
enabling us to establish a design rule for strain-induced allotropic transformation. With our >400-nm-
diameter nanowires, we measure a thermoelectric figure of merit ZT of 0.5 at room temperature with
reduced thermal conductivity and enhanced Seebeck coefficient, which are primarily a result of the
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rough interface and the reduced band overlap according to our density-functional calculations.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Allotropy is the property of atoms or molecules in more than
two different structural form, but with one physical state, which
exhibits different chemical and physical behaviors. Although the
bulk allotropy of elemental solids is fairly well understood, it re-
mains challenging to reliably produce an allotrope that has a
different crystal structure, and thus accompanies a change in
physical properties. This difficulty of producing allotropes in bulk
materials also extends to the low-dimensional materials, such as
nanowire, where even local strain can significantly alter
nanometer-scale crystal symmetry. In the context of crystal sym-
metry, bismuth nanowires possess an interesting crystal anisotropy
that have a highly elongated crystal structure along the c-axis,
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which is directly associated with its anisotropic electrical proper-
ties [1,2]. In principle, the allotropic transformation from a rhom-
bohedral to a near-cubic structure in bismuth has been predicted to
occur under a high-pressure environment, which may potentially
provide the ability to control and modulate the electronic band
structure [3,4]. This effect can reduce the band overlap without the
size reduction that causes unwanted surface states, a reduced mean
free path, and an effective mass increase [5—8]. However, the high-
pressure environment for strain-induced allotropic transformation
practically limits the use of the allotropic forms of bismuth. Here,
we demonstrate a “heterostructure” approach that utilizes the
lattice constant difference between bismuth (Bi) and tellurium (Te)
in core/shell (C/S) nanowires to produce allotrope-like Bi. We find
that the resultant strain of [100]-grown Bi nanowires increases the
atomic linear density along the c-axis that has been predicted from
theoretical considerations, enabling us to establish a design rule for
strain-induced allotropic transformation. In our Bi/Te C/S nano-
wires, thermoelectric figure of merit ZT is estimated to be 0.5 at
room temperature with reduced thermal conductivity x and
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enhanced Seebeck coefficient S, which are primarily a result of the
rough interface and the reduced band overlap according to our
density-functional calculations.

Owing to the highly anisotropic Fermi surface, long mean free
path, and small effective mass, significant efforts have been placed
on the study of unique properties of bulk Bi [1—12]. Individual
nanowires have been proposed for investigating the fundamental
physics as well as the potential applications of semimetal Bi using
conventional nanoscale devices. Nanowire devices have been
fabricated and tested to realize the potential uses of Bi using
different nanowire growth means such anodic alumina templates
[5,9], Ulitovsky [10], or on-film formation of nanowires (OFFON)
[8,11] methods. These efforts have provided data supporting the
importance of nearly defect-free high crystal quality and highly
transparent electrical contacts. Because these prerequisites, which
are central to studying the intrinsic behavior of charged carriers in
Bi, have only been recently addressed experimentally, the realiza-
tion of the unique capabilities of Bi such as thermoelectricity have
been delayed [5,8—10,12].

While taking advantage of the large Bohr radius of Bi, the
quantum size effects approach barely addresses the long-standing
goal of creating a ‘band gap’, and then turns Bi into a semi-
conductor for potentially designing Bi-nanowire-based electronics
and thermoelectrics. When the nanowire size is decreased, this
limitation is hardly circumvented because of the additional surface
states and the shorter mean free path [5]. Therefore, a new route for
band engineering should be considered, where the size is not
compromised to avoid surface state effects and to preserve a suf-
ficient mean free path. However, few studies have succeeded in
band engineering Bi nanowires without utilizing quantum size ef-
fects [13,14]. Here, we report an approach to band engineering in Bi
nanowires by controlling the crystal anisotropy in the context of a
lattice-mismatched heterostructure, where Te shells are incorpo-
rated onto the Bi core structures. The compressive strain associated
with the different lattice constants between the Bi core and Te shell
yield a reduction in the unit cell length along the trigonal axis of the
Bi core (i.e., transition from rhombohedral to near-cubic structure)
such that we can reduce the crystal anisotropy and thus the energy
band overlap. Owing to the reduced band overlap, the thermo-
electric figure of merit, ZT, is found to be 0.5 for the Bi/Te C/S
nanowire.

2. Experimental
2.1. Sample preparations

The Bi core of Bi/Te C/S nanowires was fabricated using OFFON
[11]. Bi thin films were deposited on an oxidized Si substrate using a
custom-made radio-frequency (RF) sputtering system, which was
evacuated to 10~ Torr prior to deposition, and the vacuum was
maintained during sputtering under a 2-mTorr Ar environment.
The deposition of the Bi thin films was performed at 300 K with a
growth rate of 44 A/s. To grow Bi nanowires, the Bi thin films were
subsequently placed in a custom-made vacuum furnace for thermal
treatment. The annealing process was performed in a vacuum of
107 Torr at 250 °C for 5—10 h. The Te shell was deposited on the as-
grown Bi nanowires on the substrate by RF sputtering [15]. All
processes were performed in situ in a high vacuum environment to
prevent oxidation.

2.2. Microstructure investigations
Structural characterization and strain analysis were performed

using a transmission electron microscope (FE-TEM JEM-2100F
JEOL). The Bi/Te C/S nanowires were sliced perpendicular to the

growth direction by a focused ion beam (FEI Quanta 3D FEG system)
for the TEM analysis.

2.3. Transport measurements

For measuring the electrical transport properties, thermoelec-
tric devices based on an individual Bi/Te C/S nanowire were fabri-
cated using typical electron-beam lithography (JSM-7001F JEOL
and ELPHY Quantum Raith) and metallization (custom-made DC
sputtering system) as shown in Fig. S1. To obtain electrical contact
between the Bi core and the electrodes, the Te shell was removed
using Ar plasma, followed by a Cr (5 nm)/Au (250 nm) metalliza-
tion. The electrical conductivity and Seebeck coefficient were
measured by nano-voltmeter (2182A KEITHLEY) and a lock-in
amplifier (SR850 Stanford Research Systems), respectively. The
details of the device fabrication and measurement technique have
been described in Ref. [8]. For thermal conductivity measurements
of nanowires, an individual Bi/Te C/S nanowire was transferred
onto the two suspended membranes (silicon nitride) of the
microdevice using a micro-manipulator. The two suspended
membranes played a role of hot and cold junctions, respectively,
which were connected by the nanowire as shown in Fig. S2. Ther-
mal contacts between the nanowires and membranes were formed
by Pt layers, which were deposited for three minutes using a FIB
(FEI Quanta 3D FEG system, 2 kV/67 pA). Following the Fourier law,
the thermal conductance of the nanowire was measured in a steady
state of heat flow before and after removal of the nanowire. The
thermal conductivity was calculated from the thermal conductance
using the length and cross-sectional area of the nanowires. The
detailed procedure of thermal conductivity measurement cab be
found in the previous report [16,17].

2.4. DFT and BTE calculations

The band structure of Bi with strain was calculated using first-
principles calculations within the density functional theorem. The
anisotropic strain was applied to each ¢ and a-axis, resembling
experimental observation. We used the Vienna ab initio simulation
package (VASP) [18,19] to perform total-energy calculation and
structural optimization. Projector augmented-wave pseudopoten-
tials were used [20]. The Perdew-Burke-Ernzerhof generalized
gradient approximation (PBE-GGA) was employed to describe the
exchange and correlation [21]. A cutoff value of 350 eV and gamma
centered k-mesh of 11 x 11 x 11 in the Bi primitive cell were used to
ensure better than 1 meV convergence of the total energy better.
Internal atomic positions were relaxed with a conjugated gradient
routine in which the forces were within 0.01 eV/A for each atom.
The spin-orbit interaction (SOI) was incorporated in all calculations.
The Seebeck coefficient and electrical conductivity were estimated
by solving the Boltzmann transport equation (BTE) implemented in
the BoltzTraP code [22] in which the rigid band approach was used.
The dense k-mesh of 41 x 41 x 41 was used to obtain the converged
transport properties. Eigenenergies of the electronic structures
without and with strain were utilized to obtain the transport
properties. The relaxation time was assumed to be constant in the
considered doping range. The Seebeck coefficient can be obtained
without any fitting parameter from the electronic structure and BTE
within the constant relaxation time approximation, whereas the
calculated electrical conductivity was fitted to the experimental
conductivity to estimate the value of the relaxation time. This
approach proves to be good approximation (Supplementary data)
[23,24].
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3. Results and discussion
3.1. Allotrope-like band engineering

The anisotropic electronic band structure of Bi originates from
its unique crystal structure [25]. The structure of rhombohedral Bi
can be represented using a pseudo-cubic lattice by incorporating
two interpenetrating face-centered cubic (FCC) sub-lattices (Fig. 1a,

left panel): (i) stretch the FCC sub-lattice along one axis among the
four identical diagonal axes of the FCC, (ii) overlap the FCC sub-
lattices, and (iii) displace one FCC sub-lattice along the trigonal
direction [25,26]. As a result, the three-fold rotational symmetry
was maintained only along the direction of stretching. By conven-
tion, this stretched direction in Bi is defined as a trigonal axis (in
direct lattice) and as the T-point of the Brillouin zone (in mo-
mentum space). On the other hand, the remaining three identical

a Trigonal

with strain

— Without strain
=-=== With strain

Fig. 1. Crystal and electronic band structure of the Bi core in Bi/Te C/S nanowire. a, Crystal structure of Bi with a primitive (red lines) and a pseudo-cubic (black lines) unit cell
(left). Compressive strain along the trigonal axis decreases the structural anisotropy (right). In practice, the location of the second Bi atom in the primitive cell slightly migrates from
the center along the trigonal axis (Fig. S3). b, The electronic band structure of Bi without (solid lines) and with (dashed lines) compressive strain. The compressive strain reduces the
difference between the T- and L-point sub-bands as well as the structural anisotropy, resulting in a band gap opening. ¢, Schematic and d, low-magnification cross-sectional TEM
image of the Bi/Te C/S nanowires grown by OFFON. The surrounding Te shell causes compressive strain along the trigonal axis in the Bi core. (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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diagonal axes lost the three-fold rotational symmetry as a result of
stretching and are translated into L-points in the Brillouin zone
(Fig. S3). This distortion along the trigonal axis leads to a significant
variation in the electronic band structure, generating energy
splitting between the T- and L-points, one hole pocket at the T-
point, and one electron pocket at each of the three L-points (Fig. 1b).
The semimetallic band structure of Bi, therefore, originated from
the band overlap between the valence band at the T-point and the
conduction band at the L-point.

We hypothesized that reduction in the lattice constant of the c-
axis of Bi by compressing the trigonal axis is likely to decrease the
crystal anisotropy (Fig. 1a, right panel), and decrease the band
overlap by the energy splitting between T- and L-points as a result
(Fig. 1b). Therefore, this strategy can induce the semimetal to
semiconductor transition and is more effective than the quantum
size effect because there is (1) minimal reduction in the mean free
path due to the classical size effect [5], (2) less increase of carrier
effective mass due to electron-hole interaction in the L-point sub-
band [8], and (3) minimal surface state effects (Fig. S4) [27].

We utilize Bi/Te C/S heterostructured nanowires to compress the
Bi nanowire along the trigonal axis (Fig. 1c). When the Te
(a = 4.4570 and ¢ = 5.9290 A) shell [28] is deposited on the Bi
(a = 4.5460 and c = 11.862 A) core [29], the surface of the Bi core
can be effectively strained, and there will be a strong compressive
strain on the Bi core. The compressive strain associated with
different lattice constants yields a reduction in the unit cell length
along the trigonal axis such that we can reduce the crystal anisot-
ropy and, thus, the energy band overlap for the Bi nanowire. Spe-
cifically, the effective compressive strain on the trigonal axis of the
Bi nanowire can be realized along the growth direction of the
nanowire binary axis (i.e., [100]), where the trigonal axis is normal
to the area of the Te shell, as shown in Fig. 1d.

Briefly, Bi nanowires with a diameter range of 300—840 nm
were grown using the OFFON method, and then a 30-nm Te shell
layer was uniformly deposited on the surface of the Bi nanowire.
Fig. 1d shows a representative transmission electron microscopy
(TEM) image of the nanowire in which Te shell was uniformly
grown on the rough surface of Bi core [15]. In this manner, we
fabricated and tested the thermoelectric device elements based on
single C/S nanowires, where the Bi core diameters are 300, 400,
500, 560, and 840 nm, and the Te shell thickness is 30 nm (Bi/Te C/S
#1-5). To confirm the effects of the C/S heterostructure, devices
based on pure Bi nanowires with diameters of 330, 470, and 500 nm
were also fabricated for comparison (Pure Bi #1-3).

3.2. Thermoelectric transport properties

We first investigated the effect of the strained Bi nanowires to
test our hypothesis and to examine the thermoelectric properties to
identify the potential applications of the Bi/Te C/S nanowires. As
shown in the temperature dependence of the electrical conduc-
tivity (Fig. 2a), the Bi/Te C/S and pure Bi nanowires did not exhibit a
clear dependence on the diameter in the ranges tested (namely,
460—620 nm in diameter for the Bi/Te C/S nanowires, comprising
400—560 nm for the Bi core and 30 nm for the Te shell, and
470—500 nm in diameter for the pure Bi nanowires) [8]. Therefore,
the effect of the Te shell can be directly determined by comparison.
The average value of the conductivity measured in the pure Bi
nanowires was found to be 4140 (+176) @~ '-cm~! at room tem-
perature, which was slightly smaller than that of bulk Bi
(5000 Q! cm™') due to the confined nanowire structure [9]. Note
that the errors in the average values in this work include the un-
certainty of the measurement such as the diameter and channel
length. For the Bi/Te C/S nanowires, the average conductivity was
3820 (+420) Q '.cm™' at room temperature. The reduced

a 8000
—u— Bi/Te C/S #2
L —e—BilTe C/S #3
7000 —A—BilTe C/S #4
—O— Pure Bi #2
T 6000 —o— Pure Bi #3
S
S 5000 |- n
° \
4000 - L ~3
3000 ! . \\\j'
b ™
—u— Bi/Te C/S #2
20 - —e—BiTe CIS#3
—A— Bi/Te C/S #4
40 |- —0— Pure Bi #2
< —O— Pure Bi #3
S -60 -
c
«w -80
-100
-120 | 1 1
c 5000

—o—BilTe C/S#3
—A—BilTe C/S #4

—0— Pure Bi #2
—o— Pure Bi #3

S%o (WWImK?)
N
o
o
o
T

0k !
d -
—v—Bi/Te C/S #1
6 ——BilTe C/S#5
—4— Pure Bi #1
5
<
g 4
s
s 3
2
1 - 1 1 1
0 100 200 300

Temperature (K)

Fig. 2. Thermoelectric transport properties. a, Electrical conductivity ¢, b, Seebeck
coefficient S, ¢, power factor $%g, and d, thermal conductivity « as a function of tem-
perature for Bi/Te C/S and pure Bi nanowires. The insets of ¢ and d show thermoelectric
devices based on an individual nanowire for electrical (s, S) and thermal (k) transport
properties, respectively. Scale bars represent 2 um. The increase in the Seebeck coef-
ficient due to the compressive strain led to an increase in the power factor despite the
slight decrease in the electrical conductivity. The decrease in the thermal conductivity
was caused by the strain and rough interface effects. The error bars were obtained
based on the nanowire dimensions and repeated measurements.

conductivity for the Bi/Te C/S nanowires can be explained by the
low electrical conductivity of Te shell that occupies up to 20% of the
cross-sectional area of the C/S nanowires (Fig. S5) [30,31]. A change
in the temperature dependence was also observed. Although both
the Bi/Te C/S and pure Bi nanowires exhibited metallic transport
properties, the slope of conductivity as a function of temperature
decreased to about one-third in the C/S nanowires (i.e., slopes
of —11.29 + 0.5 and —2.9 + 0.4 Q' cm~! K~ for pure Bi and Bi/Te C/
S nanowires, respectively). This indicates that the influence of the
carrier concentration is increased or the influence of the carrier
mobility is decreased in the temperature dependence of the con-
ductivity [8]. Although the change in the carrier concentration with
temperature is significantly smaller than that of the carrier mobility
in Bi, the conductivity is sensitive to the carrier concentration
because of the small value of concentration [32]. Moreover, in light
of the conductivity values, the carrier mobility of pure Bi and Bi/Te
C/S nanowires is likely to be similar at room temperature. There-
fore, the weakened metallic properties of the C/S nanowires can be
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explained by a decrease in the energy band overlap in the Bi core
originating from the strain effect (see below for a quantitative
analysis and comparison with device experiments).

Second, as shown Fig. 2b, a dependence on diameter was not
observed in the temperature-dependent Seebeck coefficient of
either the Bi/Te C/S or pure Bi nanowires. The average Seebeck
coefficient of a pure Bi nanowire was found to be —67.4 (+3.3)
uV K~ in the diameter range of 470—500 nm at room temperature,
which is similar to that of bulk Bi [8,33]. In the Bi/Te C/S nanowires,
however, the average Seebeck coefficient was —105 (+5.4) pV K~ at
room temperature (Fig. 2b). The enhancement of the Seebeck co-
efficient in the Bi/Te C/S nanowires can be explained by the semi-
metallic features of Bi. The negative values of the obtained Seebeck
coefficient revealed that the electron contribution is dominant in
the transport, but electrons and holes coexist in semimetal Bi [9].
Therefore, the Seebeck coefficient of Bi can be determined by a
compromise between the electron and hole partial Seebeck co-
efficients of opposite signs, i.e., Stotal = (0eSe + 0hSh)/(Ge + on),
where ¢ is the electrical conductivity, and subscripts e and h denote
electrons and holes, respectively [34]. As a result, the Seebeck co-
efficient of pure Bi cannot exceed several tens of uV K~ even
though the partial Seebeck coefficients were found to be larger than
several hundreds of pV K=, according to a theoretical study [9]. The
enhancement of the Seebeck coefficient in the Bi/Te C/S nanowires
can be attributed to the decrease in the hole contribution origi-
nating from the decrease in the energy band overlap caused by the
strain effect (Fig. S4). Since Te possesses positive Seebeck coeffi-
cient and has very small electrical conductivity, the Te shell
contribution is negligible compared to the Bi core contribution to
the total Seebeck coefficient. Consequently, the power factor of the
Bi/Te C/S nanowires (4216 + 512 yW m~' K2 in average) was two-
fold larger than that of pure Bi nanowires (1886 + 264 yW m~! K2
in average) at room temperature, as shown in Fig. 2¢, which in-
dicates a large enhancement of the Seebeck coefficient that com-
promises the decrease in the electrical conductivity.

Third, the thermal conductivities of Bi/Te C/S and pure Bi
nanowires were measured (Fig. 2d). Unlike the electrical conduc-
tivity and Seebeck coefficient, we observed a slight diameter
dependence in the thermal conductivity of Bi/Te C/S nanowires at
room temperature. In the pure Bi nanowires, the thermal conduc-
tivity has been found to exhibit a linear dependence on the diam-
eter at room temperature, in contrast to the absence of this
dependence in electrical conductivity and Seebeck coefficient at
diameters greater than 200 nm [8,35]. However, the slope of the
thermal conductivity as a function of diameter in the Bi/Te C/S
nanowires was 20 times lower than that in the pure Bi nanowires
(i.e., slopes of 1.5 x 10% and 3.2 x 107 W m~2 K~ for Bi/Te C/S and
pure Bi nanowires, respectively) [8]. The temperature dependence
was also significantly reduced in the Bi/Te C/S nanowires. In
particular, the thermal conductivities of the 360 and 900 nm Bi/Te
C/S nanowires were measured to be 2.5 and 3.3 W m~! K,
respectively, which are lower than that of the pure Bi nanowire
(5.9 W m~! K~! with a diameter of 330 nm).

The total thermal conductivity (k;) of semimetals consist of
electronic (ke) and lattice (x;) components [36]. The electronic
thermal conductivity can be estimated by means of electrical con-
ductivity using the Wiedemann-Franz law, ke = LoT, where L is the
Lorenz number [37]. Therefore, the thermal conductivities of Bi/Te
C/S nanowires at the diameters and temperatures where the elec-
trical conductivity was measured were interpolated from the
measured thermal conductivity according to the obtained diameter
dependence (Fig. 3a). Because the thermal conductivity shows very
small dependence on diameter, the error in the interpolation is
expected to be sufficiently small relative to the interpolated values.

However, in order to confirm that the errors caused by the inter-
polation do not cause appreciable changes in the final results such
as the lattice thermal conductivity and thermoelectric figure of
merit, we arbitrarily set a large error corresponding to the differ-
ence between the two boundaries (x for 360 and 900 nm). Usually,
the Lorenz number used to obtain the electronic thermal conduc-
tivity ranges from 149 x 107 W Q K2 for non-degenerated
semiconductors to 2.44 x 108 W Q K2 for metals and strongly
degenerated semiconductors [37—39]. Since the Bi/Te C/S nano-
wires consist of a semimetal and non-degenerated semiconductor,
the Lorenz number is expected to be between these two limiting
values. We calculated the Lorenz number based on the reduced
Fermi energy obtained from the Seebeck coefficient, as shown in
Fig. 3b (Fig. S6). The Lorenz number of the Bi/Te C/S nanowires was
found to be about 1.9 x 10~8 W Q K2 at room temperature, which
is in good agreement with the values reported in previous studies
on nanowires based on semiconductors and metals [40—43].
Moreover, a study on the transverse thermomagnetic effect on
thermal conductivity revealed that the Lorenz number of Bi is
smaller than the Sommerfeld value (2.44 x 108 W Q K2), even
when the electronic thermal conductivity contained a bipolar
contribution [36]. Moreover, in semimetals and semiconductors,
wherein electrons and holes coexist, the bipolar contribution can
be appreciable when both the carrier mobility and concentration of
electrons and holes are equal [38]. The mobility of holes in Bi is
about 10 times smaller than that of electrons [44]. Furthermore, the
reduction in the energy band overlap caused by strain leads to a
decrease in the hole contribution to transport, as evident by the
enhanced contribution of electrons to the Seebeck coefficient in the
Bi/Te C/S nanowires. Therefore, in our Bi/Te C/S heterostructure, the
bipolar contribution to the electronic thermal conductivity may be
unappreciable. Recent reports have shown that nano- and hetero-
structuring can also lead to a reduction in the bipolar contribution
[45—48]. As shown in Fig. 3c and d, the electronic and lattice
thermal conductivities of the Bi/Te C/S nanowires were estimated
using the relation k) = k¢ — k.. Together, these graphs suggest that
the decrease in the thermal conductivity of the C/S nanowires at
room temperature is dominated by the suppression of the lattice
thermal conductivity. There are several factors contributing to
thermal conductivity reduction in C/S structure. Firstly, we have
explicitly investigated the effect of strain (—2.5%, that is comparable
to the strain induced in C/S nanowire in this study) in a bulk single
crystal Bi, where the interface effect is not considered. The values of
thermal conductivity reduction for binary and trigonal directions
were 8 and 10%, respectively. The decrease in thermal conductivity
with compressive strain along trigonal direction is expected given
that the frequency-specific phonons propagating in the Bi atoms
undergo more scattering (Fig. S7). The observed reduction could be
further compensated for by adopting the interface effect, although
even without such consideration the reduction remains sufficiently
large to enhance the thermoelectric figure of merit. The presence of
interface in C/S nanowire is important such that the roughness can
reduce phonon mean free path by phonon scattering [49], and the
phonon-mode interference at the interface can suppress phonon
modes in carrying out the heat conduction in C/S structures
[50—52]. The combined effect at the interface allows thermal
conductivity to be lowered by 80% compared to pure Bi nanowires
at a diameter above 300 nm [15]. Indeed, the molecular dynamic
studies on Si/Ge C/S nanowires revealed that the heterogeneous
interface leads to not only the significant localization of long-
wavelength phonon modes, but also the depression of high fre-
quency non-propagating phonon modes in whole body of the C/S
structure [50,51]. These theoretical studies have predicted the
significant reduction in thermal conductivity by up to 88%, which
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Fig. 3. Calculation of the thermal transport properties. a, Total thermal conductivity «; interpolated from the measured data, b, Lorenz number L calculated using the reduced
Fermi energy of Bi/Te C/S nanowires as a function of temperature, ¢, electronic thermal conductivity «., and d, lattice thermal conductivity «; estimated using the obtained Lorenz
number, indicating that the decrease in the thermal conductivity of the C/S nanowires originated from the suppression of the lattice contribution at room temperature. The error in
the interpolation was assumed to be the difference between the upper and lower limits of the measured data.

was demonstrated experimentally with considerable depression of
phonon modes in Si/Ge C/S nanowires [52]. In addition, we note
that low temperature and diameter dependences of thermal con-
ductivity in Bi/Te C/S nanowires, compared to the pure Bi nanowire,
imply that the depression of phonon modes can also lead to
decrease of thermal conductivity [50,52].

Finally, we investigated the thermoelectric figure of merit,
ZT = ¢S°T/k, of the Bi/Te C/S nanowires compared to the pure Bi
nanowires as shown in Fig. 4. To estimate ZT, we used power factors
of Bi/Te C/S #2—4 and of pure Bi #2 and 3 and the thermal con-
ductivities interpolated from the measured data of Bi/Te C/S #1 and
5 and of Bi #1. The obtained ZT in the Bi/Te C/S nanowire is about
0.5, which is approximately seven times larger than that of a pure Bi
nanowire (ZT = 0.07). The enhanced ZT can be explained with (1)
the doubled power factor owing to the reduction in energy band
overlap (see following quantitative analysis) and (2) reduction of
thermal conductivity due to the suppression of the phonon mode
and transport in the strained Bi core and the rough interface be-
tween the Bi core and Te shell.

0.1

zZT

L R

—a—BilTe C/S #2
o—BilTe C/S#3
—A—BilTe C/S #4
—0— Pure Bi #2
—O—Pure Bi #3

T

100 200 300
Temperature (K)

o

Fig. 4. Thermoelectric figure of merit. Dimensionless figure of merit ZT as a function
of temperature for Bi/Te C/S and pure Bi nanowires. The dimensionless figure of merit
of Bi/Te C/S nanowires is greater than that of pure Bi nanowires, which could be
attributed to the strain and interface effects induced by the Te shell.

3.3. TEM and strain analysis

Next, to validate our hypothesis, we have conducted TEM in-
vestigations for a Bi/Te C/S nanowire of d = 460 nm to show the
presence of compressive strain in the Bi core (Fig. 5a). The high-
resolution TEM (HRTEM) images and lattice-fringe spacings of the
Bi/Te C/S nanowire were obtained at distance intervals of 50 nm
from the C/S interface (Fig. 5a(I)—(V)), and a pure Bi nanowire was
also measured for reference (Fig. 5a(Bi NW)). The lattice-fringe
spacings was obtained by the fast Fourier transform (FFT) in each
HRTEM image. The growth direction of two different Bi nanowires
was found to be along the binary axis, which is perpendicular to the
trigonal axis (Fig. S8). From the lattice-fringe spacing measure-
ments of the (003) and (0—11) planes, the lattice constants in the
hexagonal lattice system were calculated. For the pure Bi nanowire,
the lattice constants were found to be a = 4.547 and c = 11.865 A,
which are nearly identical with that of bulk Bi (a = 4.546 and
c = 11.862 A) [29]. For the Bi/Te C/S nanowire, on the other hand,
the lattice constants were calculated to be smaller than those of the
pure Bi nanowire. For example, the lattice constant of the a-axis for
regions I, II, III, IV, and V (indicated in Fig. 5a(I)—(V)) are 4.532,
4,519, 4.526, 4.518, and 4.520 A, respectively. In particular, there
was a significant reduction of the lattice constant along the c-axis
compared to the a-axis. The measured lattice constants of c-axis for
regions I, II, III, IV, and V are 11.496, 11.592, 11.646, 11.670, and
11.730 A, respectively. Based on the HRTEM analysis, the measured
strain of the a- and c-axis as a function of the distance from
interface of C/S is shown in Fig. 5b. Importantly, the compressive
strain along the c-axis was significantly larger than that along a-
axis. Moreover, the compressive strain along the c-axis decreased
with increasing distance from the interface, indicating that the Te
shell is the origin of the strain. Furthermore, defects and disloca-
tions were found in Te shell with a tensile strain, while the Bi core is
highly single-crystalline with the compressive strain (Fig. S9). The
average strain along c-axis in the Bi core could be calculated
at —2.5% according to the cross-sectional distribution of strain
(Fig. 5binset). These findings show that Bi/Te C/S structures provide
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Fig. 5. TEM and strain analysis. a, Low-magnification and high-resolution TEM images of a Bi/Te C/S nanowire with a diameter of 460 nm. The lattice-fringe of the (003) plane
decreased near the interface. b, Strain in the Bi core along the a- and c-axis as a function of the distance from the interface. The a- and c-axis in the hexagonal lattice system of Bi
(upper inset) are identical to the binary and trigonal axis in the Cartesian coordination system, respectively. The bottom inset represents the cross-sectional distribution of strain in

the Bi core.

a route for generating strain that alters the crystal structure.
Together with surface morphology control for the suppression of
thermal conductance [49], depositing a Te shell on Bi core is a
distinct technique from previous studies in that it simultaneously
meets requirements of thermoelectric applications: low thermal
conductivity and high power factor.

3.4. Theoretical analysis

Last, we have performed a theoretical analysis of the band
structure with and without strain: (1) the band structures were
obtained using first-principles calculations within the density
functional theory (DFT) (Fig. 6a and b), and (2) the Seebeck coef-
ficient and electrical conductivity were estimated by solving the
Boltzmann transport equation (Fig. 6¢). First, without the strain, the
first-principles calculation shows the semimetallic nature of Bi,
where the Fermi level was degenerate with a hole sub-band at the
T-point and an electron sub-band at the L-point (Fig. 4a, left panel).
The calculated band overlap in this study was 162 meV, which is
good agreement with the previously calculated value (163 meV)
using DFT [53]. However, the band overlap energy obtained using
DFT could be overestimated; the calculated values are much larger
than that of the reported value (98 meV) in Bi [54]. Nonetheless, a
strong agreement between the experiment (Fig. 2a) and calculation
(Fig. 6a, left panel) demonstrate that unstrained Bi exhibits metallic
behavior with band overlap. Second, with the strain of —2.5% (i.e.,
compressive strain) along the c-axis, there was a position change of

the sub-bands at the T- and L-point (Fig. 6a, right panel): the
overlap energy between the valence band at the T-point and con-
duction band at the L-point is reduced to 80 meV (Fig. 6b). In this
sense, the low anisotropy in Bi with the strain modeled in Fig. 1b
can be validated by the decrease of T- and increase of L-point sub-
bands in that (1) pair-sub-bands (i.e., pair of the conduction and
valence bands at each point in momentum space) shifted toward a
similar energy level, and (2) the band gap energy of each pair-sub-
band became comparable (Fig. 6b inset). According to the calcula-
tion, the compressive strain along the a-axis, leading to higher
anisotropy, causes the increase of T- and decrease of L-point sub-
bands and thus increases the band overlap. Given that the band
overlap is ultimately governed by crystal anisotropy, further
reduction in the band overlap by tensile strain along the a-axis is
possible (Fig. S10).

Finally, the Seebeck coefficient and the electrical conductivity of
Bi without and with strain were estimated from electronic the band
structure and the Boltzmann transport equation (Fig. 6¢). Note that
the Seebeck coefficient can be directly obtained from the band
structure if the relaxation time is constant. Thus, we compared the
experimental value of the Seebeck coefficient with the calculated
value without any fitting parameter. For the system without strain,
the experimental value of —69.7 pV K~! could be obtained at
3.7 x 10" cm3. This large carrier concentration originated from
the overestimation of the band overlap energy and it could be
corrected to 6.7 x 10'® cm 3 for the overlap energy of 98 meV. Note
that from the calculations of the system without strain, we could
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Fig. 6. Theoretical band structure and thermoelectric transport properties. a,
Electronic band structure of Bi without and with strain (—2.5%) along the c-axis ob-
tained by first-principles calculation. The compressive strain reduced the anisotropy of
the band structure, resulting in a decrease of the band overlap energy. b, Band overlap
energy of Bi as a function of strain. Inset shows the variation of the band gap energy of
each sub-band at the T- and L-point. However, the band overlap energy obtained using
first-principles calculations could be overestimated.** ¢, Seebeck coefficient (red) and
electrical conductivity (blue) as a function of the carrier concentration, estimated from
the band structures without (open squares) and with (solid squares) strain. The
measured values without and with strain were consistent with calculated values at
3.7 x 10" and 2.8 x 10" cm 3, respectively. The carrier concentrations, which were
larger than those of the experimentally achieved for the corresponding Seebeck co-
efficient, originated from the overestimation of the band overlap energy. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

not obtain such a large experimentally observed value
of —106.4 uv K~ in Bi/Te C/S nanowire. For the system with strain,
however, the experimental value (—106.4 pV K=') could be ob-
tained at 2.6 x 10'® cm 3. The corresponding carrier concentration
is thought to be overestimated due to overestimation of the overlap
energy. To estimate the electrical conductivity, the relaxation time
was needed. The relaxation times for the systems without and with
strain were estimated as 4.9 x 107 % s and 1.6 x 10~ s, respec-
tively, by fitting the calculated values at the above-mentioned
carrier concentrations with the experimental values. The reduced
relaxation time suggests that electrons are more scattered in the
strained system, which could be attributed to the change in the
deformation potential scattering due to the compressive strain.

4. Conclusion

Our studies demonstrate that lattice-mismatched hetero-
structures consisting of a Te shell and Bi core nanowire reduce the
crystal anisotropy of the Bi core. The reduced anisotropy can further
reduce the band overlap in the Bi core, thus providing a new
approach for realizing band engineering for thermoelectric appli-
cations. Compared to the quantum size effects, this approach rep-
resents a new synthetic heterostructured nanowire with several
unique advantages, including (1) a larger nanowire diameter that
does not suppress the electrical mean free path, (2) a low surface-
to-volume ratio where the surface state does not considerably
matter, and (3) an apparent T-point band shift preventing an in-
crease of the electron effective mass. The functionality of the C/S
nanowire for thermoelectric application was demonstrated with
enhanced power factor and reduced thermal conductivity, leading
to ZT of 0.5 at room temperature. This level of thermoelectric effi-
ciency is substantially greater than pure Bi nanowires (ZT = 0.07)
and bulk Bi (ZT < 0.05). We believe that the Bi/Te C/S nanowires
constitute a new family of materials capable of crystallographic
alteration, which will extend the scope of fundamental and applied
materials science for identifying potential allotropy.
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