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Bismuth nanowire thermoelectrics

Jeongmin Kim, Wooyoung Shim* and Wooyoung Lee*

During the past 20 years, the thermoelectric properties of nanostructures such as one-dimensional
bismuth (Bi) platforms have prompted the development of a wide variety of nanowire growth methods,
aiming to achieve higher energy-conversion efficiency. Most of these methods have demonstrated
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single-crystal nanowire growth of a quality unmatched in bulk Bi. However, in contrast to the theoretical
expectation that Bi nanowires should exhibit high thermoelectric performance, their observed thermo-
electric properties have prevented their technological exploitation. Here, we review the current progress

in the thermoelectrics of bismuth nanowires, the fundamentals of their advantage and limitation over

www.rsc.org/MaterialsC

1. Introduction
1.1 Low-dimensional thermoelectrics

The thermoelectric efficiency of a single material can be deter-
mined independently of the sample size using a dimensionless
thermoelectric figure of merit ZT = ¢S>T/x," expressed in terms
of the electrical conductivity o, Seebeck coefficient S, absolute
temperature T, and thermal conductivity x. Here, the power
factor (¢5%) and « indicate the electrical and thermal thermoelectric
performance, respectively. Although this quantity correlates with
the suitability of the thermoelectric effect for applications in
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bulk Bi, and their potential use for enhancing the thermoelectric performance.

principle, its value for commercial thermoelectric materials so far
does not exceed 1.0 at room temperature.” This limitation is due to
the nature of the materials. In general, it is very difficult to control
the thermoelectric properties (s, S, and «) independently,*?
because ¢ and S are in a trade-off relationship depending on the
carrier concentration n.* To treat the n-dependency of the thermo-
electric properties, a simple rigid band approximation is often
employed.>® In this approach, doping is simulated by moving
the Fermi energy (Er) level in a changeless band structure. The
electrical conductivity increases with n according to Ohm’s law,
o = enug, where e and pq are the charge of an electron and
the carrier drift mobility, respectively. Therefore, in typical
thermoelectric materials, a high level of doping (resulting in
a deep-band Ey) yields a higher electrical conductivity than a
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low doping level (near-band-edge Eg). This is illustrated in
Fig. 1(a). On the other hand, the absolute value of the Seebeck
coefficient can be determined by Mott’s formula, S = — |(n*kg>T/
3e)-(dIn o(E)/dE)|Ey, where kg is the Boltzmann constant.”’
Thus, S is proportional to the rate of change in the density of
states (DOS) with energy (dDOS/dE) near the Fermi energy. As
shown in Fig. 1(a), in a bulk 3D crystalline semiconductor,
S can be greater when the Fermi energy is at the band-edge
instead of in a deep-band. Therefore, in this regard, a distorted
band structure, which has a high curvature narrow DOS peak
in a broad band, can be promising to enhance ¢ and S
simultaneously.>®?®

The distorted band structure is shown on the left-hand side
of Fig. 1(b). A large DOS with a strong curvature near the Fermi
level results in a large ¢ and a high S. Low-dimensional
thermoelectric materials, with properties governed by quantum
mechanics, can provide such a band structure. The right-hand
side of Fig. 1(b) sketches the electronic DOS configurations for
a 3D bulk material, a 2D quantum well, a 1D nanowire, and a
0D quantum dot. In each case, the shape of the DOS is dictated
by the degree of confinement of the carriers imposed by the
dimensionality. Among these, the DOS of the 1D nanowire most
closely resembles the band structure required for enhancing
thermoelectric performance.® A further benefit of 1D materials
is their thermal transport properties. The overall thermal con-
ductivity has two contributions: an electron thermal conductivity
(k) and a lattice thermal conductivity (xpn), which involve
charge carriers (electrons and holes) and phonons as the heat
carriers, respectively. Whereas . is closely related to ¢ via the
Wiedemann-Franz law (as heat and charge are transported
by the same carriers), xp, can be reduced by the increase in
phonon scattering originating from the lower dimensionality.>®
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Fig. 1 Schematic DOS of thermoelectric materials. (a) For the DOS of a
bulk crystalline thermoelectric material, the electrical conductivity and
Seebeck coefficient are in a trade-off relationship depending on the
level of doping (location of Eg). The electrical conductivity and Seebeck
coefficient are proportional to the carrier concentration and the difference
of the DOS in the cold (T;) and hot (T>) regions, respectively. The DOS
difference per identical temperature difference gradually increases with E¢
towards the band-edge. (b) The desired DOS structure for enhancing the
thermoelectric performance is compared with the DOS in generic zero-,
one-, two-, and three-dimensional materials.

It is for this reason that 1D structures have been considered as
promising thermoelectric materials.

1.2 Historical review of Bi nanowires

Fig. 2 summarizes more than twenty years of intensive research
into 1D nanostructures based on single-crystalline bismuth
(Bi), aimed at demonstrating the enhancement of thermo-
electric performance. Initial theoretical studies considered
low-dimensional structures, such as quantum wells and nano-
wires, based on bismuth telluride and Bi (1993-2000)."°™"* The
potential of Bi as a low-dimensional thermoelectric material
stems from its unique properties. Semimetallic Bi has a highly
anisotropic electronic band structure in the Brillouin zone
(L-point conduction band and T-point valence band) and its
band overlap energy is very small (E, ~ 38 meV)."*** Moreover,
it has a small effective carrier mass (m* ~ 0.001), a long mean
free path (! ~ 1 mm), and a large Fermi wavelength (1 ~
70 nm).">"” Thus, it is relatively convenient to control quantum
confinement in a single-crystalline Bi nanowire, as compared to
conventional materials, by decreasing its diameter. This effect
can drive a semimetal-to-semiconductor (SMSC) transition
that enhances thermoelectric efficiency.'*? A shift in the band
structure was theoretically predicted to commence at a dia-
meter just below 400 nm, leading to a SMSC transition below
50 nm.">"” The first experimental studies to demonstrate the
enhancement of thermoelectric performance were done using

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Historical overview of research on Bi-nanowire thermoelectrics. The thermoelectric properties were measured from array- and single-type Bi
nanowires. The array-type nanowires were grown by the AAO template, quartz template, and EBL methods. The single-type nanowires were grown by
the Ulitovsky, quartz template, OFFON, and EM methods. Reprinted with permission from The American Physical Society, 142730 Taylor & Francis,?*

Wiley-VCH Verlag GmbH,*® Springer,** The American Institute of Physics,>” and The American Chemical Society.

single-crystalline Bi nanowires grown using anodic aluminum
oxide (AAO) templates (1998-2000).""'®'8! In these studies,
temperature-dependent resistance,'® magnetoresistance (MR),"**®
optical properties," and the Seebeck coefficient>>*! of array-type
single-crystalline Bi nanowires were intensively investigated.
Moreover, another band-engineering approach for achieving a
high Seebeck coefficient, referred to as ‘“pocket engineering”,
was suggested theoretically based on Sn-doped Bi nanowire (2001).>
This effect was confirmed experimentally using Sn-doped array-
type single-crystalline Bi nanowires grown using AAO templates
(2001-2003).>*>* Separately, transport phenomena dominated
by surface states were observed in the electrical conductance
and Seebeck coefficient in Bi nanowires with a diameter below
50 nm.>**” These measurements were obtained from magneto-
transport experiments including Shubnikov-de Haas (SdH) and
Aharonov-Bohm oscillations, using both array-type and indivi-
dual single-crystalline Bi nanowires grown using AAO templates
(2004-2011)*’"*° and the Ulitovsky method (2004-2010),2%°°732
respectively. At the same time, another growth method for
single-crystalline Bi nanowires, involving pressurized injection
using quartz templates, was investigated to allow the measurement

This journal is © The Royal Society of Chemistry 2015
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of transport properties (including the Seebeck coefficient) in
both array-type (2005-2009)**° and individual (2010-2013)*¢7*%
Bi nanowires. In 2006, the variation in the Seebeck coefficient
was demonstrated experimentally in a poly-crystalline Bi-nanowire
array fabricated by electron-beam lithography (EBL), consistent
with diameter reduction, despite the measured Seebeck
coefficient being slightly smaller than in single-crystalline Bi
nanowires.?® In 2009, a stress-induced method to grow single-
crystalline Bi nanowires, which is named “on-film formation
of nanowires” (OFFON), was reported.*’ Using these nano-
wires, the variation in intrinsic properties due to quantum
confinement, controlled by decreasing the diameter, was
confirmed by magneto-transport measurements (2009-2014).*'~*3
Moreover, since all the thermoelectric properties, including the
electric conductivity, Seebeck coefficient, and thermal conduc-
tivity, were measured as a function of diameter, the diameter-
dependent thermoelectric figure of merit could be determined
(2015).** In 2012, the first significant increase in the Seebeck
coefficient was observed.”” In this study, although the low-
dimensional Bi structure was more similar to a quantum point
contact than a nanowire, the extremely narrow constriction was

J. Mater. Chem. C, 2015, 3, 11999-12013 | 12001
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achieved using the electromigration (EM) effect in Bi
nanowires.

This review article summarizes the advances in low-
dimensional thermoelectric materials based on Bi nanowires
over the last twenty years, from the growth method of single-
crystalline Bi nanowires to experimental measurements of their
thermoelectric properties based on the fundamental properties
of Bi, to assess the potential of Bi nanowire as a high-
performance low-dimensional thermoelectric material.

2. Fundamental properties
2.1 Crystal structure

Rhombohedral bismuth can be described using several different
lattice systems to emphasize various specific structural charac-
teristics, as shown in Fig. 3(a)"”**" Firstly, the crystal structure
of Bi can be represented most simply as a rhombohedral lattice
with two atoms per unit cell, with three-different lattice vectors,
d,, 4y, and d; (red arrows in Fig. 3(a), left panel). The angle
between these vectors is 57.23°. The second atom is located at
approximately 0.48 x (d; + d, + d3), as shown in Fig. 3(a), left
panel. Secondly, a hexagonal lattice system is conventionally
used with d;, @,, ds, and ¢ lattice vectors (blue arrows in Fig. 3(a),
left panel). Although the angles between the d vectors equal 120°
and they lie in the plane normal to the ¢ vector, the fact that
|@1| = |a.| = |as| allows a description in terms of three lattice
vectors (d4, d,, and ¢) and two different lattice parameters, a and
c¢. Thirdly, a Cartesian coordinate system can also be used, with
special rotational symmetry axes denoted trigonal, binary, and
bisectrix (black arrows in Fig. 3(a), left panel). The trigonal axis,
which has three-fold rotational symmetry, is aligned with the a,
+ a, + a5 direction and with the ¢ direction in the rhombohedral
and hexagonal lattices, respectively. The binary axis has two-fold
rotational symmetry, which is same with the a direction in the
hexagonal lattice. The bisectrix axis is defined as being ortho-
gonal to the trigonal and binary axes. Finally, the anisotropic
crystal structure of Bi can be understood easily using the pseudo-
cubic lattice shown in Fig. 3(a), right panel. This lattice can be
described as two interpenetrating face-centered cubic (FCC)
lattices, displaced and stretched along the trigonal axis. Then,
the lattice is distorted from a cubic owing to the displacement
(to the 0.49:0.52 position) of the second atom; the angle
between the primitive lattice vectors (57.23°) is slightly smaller
than the value in a FCC (60°) as a result of the stretch. Although
the cubic-like lattice is slightly distorted from a cubic owing to
the migration and the stretch, the pseudo-cubic lattice clearly
exhibits the stretched structure of Bi along the trigonal axis and
explains well the anisotropic electronic band structure of Bi in
momentum space.

2.2 Electronic band structure

The stretched crystal structure of Bi along the trigonal axis
produces a highly anisotropic electronic band structure of the
Brillouin zone in momentum space (Fig. 3(b))."”***° Whereas a
cubic has four crystallographically identical diagonal directions,
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Fig. 3 Crystal and electronic band structure of bulk Bi. (a) Left: The crystal
structure of Bi can be represented with the rhombohedral lattice vectors
(red arrows), the hexagonal lattice vectors (blue arrows), and the Cartesian
coordinate system (black arrows). Right: This structure also can be
described as a pseudo-cubic lattice (black lines) with a rhombohedral unit
cell (red lines). (b) One hole and three electron Fermi pockets in the
Brillouin zone of bulk Bi. The three electron Fermi pockets are crystallo-
graphically identical, according to the rotational symmetry of the trigonal
and binary axes. (c) Left: Electronic band structure of bulk Bi. The total
Seebeck coefficient is calculated as the sum of the partial Seebeck
coefficients of the T-point valence band and the L-point conduction band,
weighted by their respective partial conductivities. Right: Schematics of
band-gap opening by band engineering. The total Seebeck coefficient can
be determined solely from each band without deep-band Fermi energy
shifting, thanks to the band gap.

the pseudo-cubic lattice of Bi is stretched along one diagonal
direction, which becomes the trigonal or c-axis in real space and
forms the T-point of the Brillouin zone in momentum space.
Although the three other diagonal directions lose the three-fold
rotational symmetry as a result of the stretch and the displace-
ment, they remain crystallographically identical and are denoted
as the L-point of the Brillouin zone in momentum space.
Consequently, Bi has one hole Fermi pocket and three identical
electron Fermi pockets at the 7- and L- points of the Brillouin
zone, respectively. It can therefore be said that the crystal
structure, stretched along the trigonal or c-axis in real space,
compresses the Brillouin zone in the direction of the T-point,

This journal is © The Royal Society of Chemistry 2015
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giving an anisotropic band structure in momentum space as
shown in Fig. 3(b).

In intrinsic Bi, the T-point valence band and the L-point
conduction band overlap indirectly (38-98 meV at 2-300 K)'**7>°->2
and the Fermi level is located between each band edge, pro-
ducing semimetallic characteristics where electrons and holes
coexist, as shown in Fig. 3(c), left panel. Because the Fermi level
is located close to each band edge, the partial Seebeck coefti-
cient of each subband should be large; its value for electron and
hole subbands was calculated theoretically as S, = —486 pv K"
and S, = 669 UV K, respectively.”® Although the calculated
partial Seebeck coefficients were significantly larger than typical
metals and semiconductors, the total Seebeck coefficient of Bi
remains relatively small, owing to the opposite sign of each
partial Seebeck coefficient. In the two-band model, the total
Seebeck coefficient can be expressed using the partial Seebeck
coefficient of each subband weighted by the respective partial
conductivity:

0¢Se + onSh
Slolal - m (1)

Thus, the large partial Seebeck coefficients for the electrons
and holes cancel to give a smaller total Seebeck coefficient.
In practice, the Seebeck coefficient of Bi, which was measured
experimentally, cannot exceed 4100 pV K *. To enhance the
total Seebeck coefficient, the contribution of minority carrier
should be eliminated. This can be achieved by shifting the
Fermi level deeper into the major band using the doping effect,
but the large partial Seebeck coefficient of the major subband is
then also reduced, as explained in Fig. 1(a). Consequently, to
maintain and use the large partial Seebeck coefficient, the
Fermi level should be located at the band edge without minority
carriers, i.e., the band gap between each subband is necessary, as
shown in Fig. 3(c), right panel. This is a major motivation for
achieving an enhancement of thermoelectric performance using
low-dimensional Bi. The details of the theoretical prediction will
be discussed below.

2.3 Theoretical calculation

As explained above, although the first theoretical predictions of
the enhanced thermoelectric performance in low-dimensional
materials were based on bismuth telluride, the calculation is
valid for a metal, semiconductor, and semimetal, as long as it
is one band material.'®"" This enhancement was attributed to
the dispersion relation associated with the confinement in a
low-dimensional structure, which for a 1D quantum wire and
assuming a simple parabolic band is given by'""*

k2 wrr Pl

ElD(kX) 2mx 2’71}:(12 + 2mzd27 (2)

where 7, k, and d are the reduced Planck’s constant, wave-
number, and diameter, respectively. The quantities m,, m,, and
m, are the effective mass-tensor components, on the assump-
tion that the current and nanowire directions are along x and
quantum confinement is imposed along y and z. According to
eqn (2), the solutions of the Boltzmann equation were obtained

This journal is © The Royal Society of Chemistry 2015
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for the thermoelectric properties (o, S, and «); hence, ZT is
given by’

ZT = , 3
1 N SF 9F ) (3)
B 277 2F,,
where the Fermi Dirac functions F; and B are
© xidx

Fi=| —— 4
| 5 @
- 2 2kBT 1/21{32 mel/zﬂx (5)

T nd*\ R eKph ’

where 1 = {/kgT is the reduced chemical potential and kg is the
Boltzmann constant. Therefore, the decrease in d leads to an
increase in B monotonically resulting in the enhancement of
ZT at an optimized 5. Moreover, the decrease of x, caused by
the spatial restriction of low-dimensional materials leads to a
further increase in ZT.

This confinement effect may manifest itself in Bi nanowires
with a larger diameter than in conventional materials because
of unusual intrinsic properties of Bi, such as a small effective
mass and a large Fermi wavelength, according to eqn (2). In
semimetallic Bi, the L-point conduction band and the T-point
valence band should be considered with a two band model to
determine the thermoelectric properties, as shown in Fig. 3(c).
Therefore, to enhance the total Seebeck coefficient, the contri-
bution of the minority carrier should be decreased, as described
in the previous section. The L-point subband of the Bi nanowire is

13,15

given by

Egy | Eu | 20 (k3 k* k?
E (k)= ek Tel g 20 (R Ry B2 6
(k) =— 2¢+@LW+%+%, )

where Eg is the band-gap energy of the L-point subband in bulk
Bi, and the + and — signs indicate the conduction and valence
bands, respectively. Therefore, the quantum confinement induced
in the Bi nanowire increases the band-gap energy of the L-point
subband as the diameter decreases, and inversely proportional to
the effective mass components along the direction of confine-
ment. Although the effect of confinement on the T-point subband
is significantly smaller than at the L-point, it leads to a decrease in
the band-overlap energy between the L-point conduction band
and the T-point valence band, and subsequently to the SMSC
transition with the band-gap opening, as shown in Fig. 3(c), right
panel.”>'® The theoretical variations of the band structure are
plotted as a function of diameter in Fig. 4(a). These calculations
assumed a constant effective mass and the values of the band-gap
energies at the L- and T-points, band overlap energy, and Fermi
energy were 36, 200, 98, and 56 meV, respectively.'” Although the
critical diameter for the SMSC transition was estimated to be
70 nm in this simple approximation, it can be corrected by taking
into account the Lax two-band model, which does not assume a
constant mass."”*® In practice, the increase in the band-gap
energy of each subband causes an increase in the carrier effective

J. Mater. Chem. C, 2015, 3, 11999-12013 | 12003
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Fig. 4 Variation in the energy of each subband edge, assuming (a) a
constant effective mass and (b) the Lax two-band model. The band-edge
shift is dominant at the L-point, compared to the T-point. In both cases, it
is due to the small electron effective mass. © 2010 Cornelius TW, Toimil-
Molares ME. Originally published in InTech, Shanghai, 2010 under CC BY
3.0 license. Available from: DOI:/10.5772/39516.

mass. In Bi, the strong coupling between the valence and con-
duction bands at the L-point leads to an increase in the effective
mass with increasing band gap. Consequently, the critical dia-
meter of SMSC transition is decreased from 70 to 35 nm when
using the Lax two-band model, which includes this coupling,
as shown in Fig. 4(b)."” Moreover, in addition to the coupling
effect, the critical diameter also depends on the carrier effective
mass and hence on the crystal direction. In a previous theoretical
study, the critical diameter was calculated to be 58, 50, or
40 nm at 77 K in Bi nanowires along the trigonal, bisectrix, or
binary axes, respectively.’® Furthermore, it was found that the
decrease in band-overlap energy, originating from the quantum
confinement, also leads to a decrease in carrier concentration
relative to bulk Bi.'?

Fig. 5 shows the diameter-dependent ZT of the Bi nanowire
calculated using a cylindrical potential well. The trigonal
oriented nanowire shows that the maximum value and ZT of
all the nanowires increase sharply for a diameter less than
10 nm, regardless of the crystal orientation."?

3. Growth and characterization of Bi
nanowires
3.1 AAO template method

Array-type single-crystalline Bi nanowires were grown using
anodic aluminum oxide (AAO) templates,'®!6:18720,23725,27-29
The AAO templates were fabricated from a high-purity Al
substrate anodized in acid solutions.>® As a result, they have
a uniform porous structure that serves as a host material
for Bi nanowires. The pore dimension can be controlled by
the process parameters; the pore-packing density and pore
diameter depend on the anodization voltage, the choice of acid
solution, and the temperature. The detailed process was
described elsewhere.>® In particular, there are distinct AAO
methods, involving either of two different filling mechanisms
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Fig. 5 Calculated ZT as a function of diameter for Bi nanowires oriented
along different crystal directions. Reprinted with permission from The
American Physical Society.*®

of the pores in the AAO templates: filling of liquid-phase Bi by
pressurized injection'*"®2372%2772% or vapor-phase Bi through
the evacuated pores.'®'®?° Fig. 6(a) shows a transmission
electron microscopy (TEM) image of the AAO template with a
Bi nanowire array introduced using the liquid-phase method,
in which the pressurized molten Bi is injected to fill the pores,
as illustrated in Fig. 6(b).>> Although this method involves
pressure to inject the Bi, we will henceforth denote it the
“liquid-phase method,” to distinguish it from the pressurized
injection method using quartz templates, discussed below.
In this method, 85-95% of the Bi nanowires were found to be

Pore Diameter

1°o—nrn ( b) Cell}Sllaé
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. Film
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Top Substrate
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Bi drop
¥
Top plate
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3 eoucy A

Fig. 6 Array-type Array-type Bi nanowires grown by the AAO-template
method. (a) TEM image of Bi nanowires and an AAO template. (b) Growth
mechanism in the liquid-phase method. (c) SEM image of Bi nanowires and
an AAO template. (d) Schematic diagram of the vacuum chamber, including
a crucible for growing the nanowires. Reprinted with permission form
Cambridge University Press®® and The American Physical Society.1>°
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perpendicular to the (202) plane in the conventional hexagonal
lattice system (dy, @, and ¢).'®?*>>°° Bi-nanowire arrays
oriented along the trigonal direction were also reported in
previous studies, using this liquid-phase method.?” 2957
Although the array-type Bi nanowires grown by the liquid-
phase method are single-crystalline with a broad diameter
range (12-109 nm),"*"* it is difficult to grow thinner nanowires
because the pressure required to inject molten Bi into the pores
increases with decreasing pore diameter.'®*® Furthermore,
these nanowires experience high stress even when the external
pressure is removed, owing to the confinement of the pore
walls.>* Alternatively, the vapor-phase method was developed
and achieved a diameter as low as 7 nm."®*° Fig. 6(c) and (d)
show, respectively, a scanning electron microscopy (SEM)
image of Bi nanowire arrays and a schematic diagram of the
vacuum chamber used, which includes a crucible for growing
the nanowires.'>>® The crystal orientations of these nanowires
were found to be normal to the (202) plane in the hexagonal
lattice.>***%1” The growth mechanism is described briefly
below; further details are given elsewhere.'® In the vacuum
chamber, the pores of the AAO templates were evacuated and
the Bi vapor was introduced into the chamber through the
pores, to be heated inside the crucible. After the heater was
turned off, the crucible was cooled down slowly, producing a
temperature gradient within the AAO templates along the pore
directions. As a result, the Bi vapor condensed inward, into the
AAO templates, filling even small pores of the order of ~7 nm.
This method allows the study of single-crystalline Bi nanowires
to be extended to a broad range of diameters (7-200 nm)."®*%-2°
However, these methods using AAO templates have inherent
flaws, originating from the AAO templates themselves. The
high thermal conductivity of alumina can reduce the thermo-
electric figure of merit of the Bi-nanowire array system; also, the
four-probe measurement technique, which yields the absolute
electrical conductivity of the nanowires, cannot be applied
because the host material surrounds the nanowires.?®

3.2 Ulitovsky method

The Ulitovsky method is a growth technique for obtaining
an individual single-crystalline Bi nanowire, casting from the
liquid phase.”®*°7? Fig. 7 shows a cross-sectional SEM image
of a Bi nanowire in a glass envelope. This method involves a
two-step process. First, Bi in the borosilicate glass capsule
prepared by the Ulitovsky method is heated by a high-
frequency induction coil.®® Second, the glass capsule, softened
by heating, is drawn out by spooling, as shown in the inset of
Fig. 7.2%%" Although the melted Bi in the glass capsule can be
discontinuous in this drawing process, it can yield a single-
crystalline Bi nanowire longer than a millimeter and with a
decreased diameter from 500 to 55 nm.>**'> Moreover, since
the molten Bi is not exposed to air in this process, a clear
nanowire surface can be obtained without oxidation.?® The
crystal orientation of this nanowire was found to be in the
[1—11] direction in a conventional hexagonal lattice system.”®3>%
Although it is possible by this method to measure transport
properties of an individual Bi nanowire without further surface
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Fig. 7 A cross-sectional SEM image of a Bi nanowire grown by the
Ulitovsky method. The single-crystalline Bi nanowire (white spot) is
embedded within the glass tube (gray). The inset diagram outlines the
growth mechanism. Reprinted with permission form The American
Physical Society.*°

oxidation,>***7° the four-probe measurement technique is still

not applicable because of the glass envelope.

3.3 Quartz template method

To investigate the thermoelectric properties with a sufficiently
large temperature difference, the Bi nanowires must be longer
than 1 mm and the template must have a low thermal con-
ductivity.** Bi nanowires meeting these conditions were grown
by pressurized injection, using a quartz template where the
holes were fabricated using optical fibers, as shown in Fig. 8(a).>*>*
The pressurized injection process used in this method is similar
to that used with AAO templates;>>>° the molten Bi was injected
into the holes of the quartz templates using 55 MPa argon gas.**
As shown in Fig. 8(b), an individual single-crystalline Bi nano-
wire can also be grown using this method, but the injection
pressure should be increased to grow thin nanowires.*®
Although the quartz-template method has some benefits, such
as yielding nanowires of sufficient length, the low thermal
conductivity of the template, and negligible contamination
levels, the hole is too large to achieve quantum confinement.
Furthermore, nanowires grown by this method were found not
to have a specific crystal orientation.*®

3.4 OFFON method

Fig. 9 shows a single-crystalline Bi nanowire grown by the
OFFON method. The Bi nanowires are spontaneously grown
on a Bi thin film as shown in Fig. 9(a) and (b). The method
exploits the thermal stress, developed within the film that
results from the mismatch in the thermal-expansion coeffi-
cients of the Bi thin film and the silicon-dioxide layer on the Si
substrate.”® During the annealing process in a vacuum after
deposition of the Bi thin film (thickness ¢ < 50 nm) on the Si
substrate, the Bi nanowires are grown to release the induced
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(b) A cross section view of Bi nanowire

Fig. 8 Optical microscopy (OM) and SEM images of a Bi-nanowire sample
grown by pressurized injection in a quartz template. Side-view OM images
of (a) array type and (b) individual samples. The insets show a cross-
sectional SEM image and the measurement setup. Reprinted with permission
from Springer.34%¢

thermal stress as shown in Fig. 9(c). The detailed growth
process was described elsewhere.*® In particular, the nanowire
length and diameter can be controlled via the annealing time
and the grain size of the Bi thin film, respectively (diameters of
21 nm-10 pm and lengths up to several millimeters).***>
Moreover, it is possible to grow Bi nanowires without host
materials such as templates and avoiding contamination from
chemical solutions. Magneto-*™* and thermoelectric***
transport properties have therefore been investigated using
various nanowire diameters. However, since this nanowire does
not have any passivation layer on the surface, further oxidation
occurs during device fabrication and the native oxide layer
must be removed to allow electrical contact.*>** Furthermore,
although the freestanding nanowire structure, in the absence of
host material, is effective for measuring individual nanowires,
the fabrication of an array structure for a practical thermo-
electric module is challenging. The major crystal orientation of
the nanowires grown by the OFFON method was found to be in
the [100] direction,** but the minor [—102] and [001] orientations
have also been confirmed.***>
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ﬂ <+— Cooling

Completion of Bi NW growth onto Bi TF

Fig. 9 Bi nanowire grown by the OFFON method. (a) and (b) SEM images
of as-grown Bi nanowires on Bi thin film. (c) Schematics of the growth
mechanism. Reprinted with permission from The American Chemical
Society.*©

3.5 Other methods

Other methods for obtaining low-dimensional Bi structures
similar to nanowires have been reported, along with their
thermoelectric properties, using electron-beam lithography
(EBL)*° and the electromigration (EM) effect.”> SEM images of
such nanowire-like Bi systems are shown in Fig. 2 (2006) and
(2012), respectively. The EBL method has several advantages for
investigating the thermoelectric properties of low-dimensional
Bi: the position and dimension of the samples are well defined
and four-probe measurements can be done.** However, Bi
nanowires prepared by EBL are polycrystalline and do not have
a completely cylindrical structure. The EM method yields low-
dimensional Bi based on a [110]-oriented Bi nanowire grown by
self-propulsion.®* After the device-fabrication process, the EM
effect is employed using a precisely controlled current though
the nanowire to reduce the diameter, thereby producing a
quantum point contact. In particular, the Seebeck coefficient
measured in this structure has the highest reported value for all
low-dimensional Bi to date, attaining more than 1 mv K *.*°
However, since the diameter of this structure was difficult
to define owing to the point-contact structure between the
nanowires, the resistivity could not be obtained. Therefore, it
is impossible to evaluate the Seebeck-related enhancement
reliably, and indeed to establish whether or not there is an
increase in the thermoelectric performance (as determined by
the power factor or ZT).

4. Thermoelectric properties
4.1 Electrical conductivity

Electrical conductivity is one of the parameters used to deter-
mine the thermoelectric performance (power factor) and the
thermoelectric figure of merit; these quantities are proportional
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to one another. The electrical conductivity ¢ can be deduced
from measured resistance (R) of a material from the relations
p = Rn(d/2)*/L and ¢ = 1/p, where p and L are the resistivity
and channel length of the material. Therefore, an accurate
measurement of not only R but also the dimensions of the
material is needed to determine o. However, the diameter,
length, and number of nanowires are challenging to define
correctly in array-type samples using templates'® 627283435
and the quantum-point-contact sample using EM** described
above. Moreover, the four-probe technique used to measure
nanowire resistance only is not applicable to some individual
nanowire samples that are embedded in a host material**>%3¢~%
In practice, measurements of ¢ as a function of diameter in single-
crystalline Bi nanowires have been performed using the OFFON
method only.** Although the electrical conductivities of these Bi
nanowires cannot be compared directly owing to this limitation,
the electrical transport characteristics related to the conductivity
can be determined using the temperature dependent resistance.
Fig. 10 shows the resistance of the nanowires as a function
of temperature. For comparison, the values are normalized by the
room-temperature resistance.

In all the samples, the temperature dependence differs
significantly according to the diameter, regardless of the
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growth method. Generally, the resistance of typical materials
varies monotonically with temperature; for a typical metal
(semiconductor), R decreases (increases) with decreasing tem-
perature owing to the temperature-dependent carrier mobility
(concentration). In the semimetal Bi, however, the two different
dependencies coexist because of its small carrier concentration
(2.7 x 10"7-3.0 x 10'® em > at 2-300 K)."*'**%3° In bulk Bi, the
change in carrier mobility is reportedly larger than that of the
carrier concentration by more than two orders of magnitude
over the temperature range 77-300 K.'*®*” Therefore, the
mobility contribution dominates that of the concentration,
resulting in a monotonic metallic temperature dependence of
the resistance in bulk Bi, as shown in Fig. 10.'® This behavior is
displayed in nanowires with diameters larger than 150 nm that
are grown using AAO templates and OFFON methods (Fig. 10(b)
blue curve, and (d) black curve). But the rate of variation
of mobility decreases with decreasing diameter owing to the
non-specular surface scattering of carriers.*” Therefore, with
decreasing diameter, the resistance increases monotonically in
the diameter ranges 7-65, 20-80, and 50-75 nm, for [101]- and
[001]-oriented Bi nanowires grown with AAO templates and
[1—11]-oriented Ulitovsky nanowires, respectively (Fig. 10(a)
red, orange, dark yellow, green, and blue curves; (b) red,

3 3
7 nm ——65nm ——20 nm
— (a) ——28 nm 70 nm (b) ——30 nm
X ——36nm 90 nm ——50 nm
8 ——48 nm Bulk —380 nm
& 27 2+ ——200 nm
1l
~
X - — S—
~ 1 . 1-
g,
~
NS Array NWs grown by template method
Array NWs grown by template method
0 T L | 0 T Yt rmrey ¥ LI T L
1 10 100 1 10 100
3 3
(c) Individual NWs grown by Ulitovsky method (d) Individual NWs grown by OFFON method
9 —21 nm——45nm
o — 33 nm 59 nm
o 2. 2 ——39 nm 109 nm
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Fig. 10 Normalized temperature-dependent resistance of single-crystalline Bi nanowires oriented along (a) [101], (b) [001], (c) [1—11], and (d) [100]. The
data were taken from ref. 14, 16, 26-28, 30, 42, and 44 by image digitization. The digitization errors are negligible compared to the width of the curves.
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orange, dark yellow, and green curves; and (c) red and yellow
curves). The 59 nm-diameter [100] OFFON nanowire also dis-
plays this monotonic increase (Fig. 10(d) dark blue curve).
However, the variation in carrier concentration can also be
reduced by decreasing the diameter, because the decrease in
the band-overlap energy due to quantum confinement produces
a decrease in carrier concentration.'*'”**** Ag a result, the
temperature-dependent resistance of Bi nanowires is determined
by the complex competing trends in the temperature dependence
of carrier mobility and concentration."**® In this regard, the
non-monotonic behavior of R(T) can be reasonably well
accounted for, as observed in 70 and 90 nm [101]-oriented AAO
nanowires, 150, 240, and 480 nm [1—11]-oriented Ulitovsky
nanowires, and 33, 39, 40, and 109 nm [100]-oriented OFFON
nanowires (Fig. 10(a) dark blue and purple curves; (c) dark yellow,
green, and blue curves; (d) orange, dark yellow, green, and purple
curves). Consequently, in most Bi nanowires, the R(7) displays
three different types of behavior with decreasing diameter: as 7
decreases, the resistance (1) decreases monotonically according
to metallic bulk behavior, (2) shows non-monotonic variation
where the metallic and semiconducting characteristics coexist,
and (3) increases monotonically as in a semiconductor. However,
in [100] OFFON nanowires with diameters of 21 and 45 nm,
R(T) shows a monotonic decrease despite their small diameter,
which is attributed to the large surface-carrier density (Fig. 10(d),
red and blue curves).** Although transport behavior dominated
by surface states was reported in various nanowires,”®*” this
unusual temperature-dependent resistance was observed in Bi
nanowires grown by OFFON, which have a very smooth surface
without an envelope material.****

The surface states are another phenomenon related to low-
dimensionality in Bi. Surface states were observed by optical
and transport measurements using angle-resolved photo-
emission spectroscopy (ARPES),*>®® SdH oscillations,*>° and
weak-antilocalization effects**® observed in the magnetoresis-
tance. The surface states of Bi were found to be more metallic
than bulk Bi because the states overlapped the Fermi level.*®
In particular, transport properties in low-dimensional Bi are
reportedly governed by the carriers originating from surface
states rather than the bulk, because of the high surface-to-
volume ratio.””®® The sheet carrier density of surface states
(ns=5 x 10"> cm™?), obtained by ARPES, can be converted to an
effective bulk carrier density to allow comparison with the carrier
concentration of bulk Bi (3.0 x 10" cm™?). We use the relation,
n = 2nyr, where r is the radius of the nanowire.'**® This relation
predicts that the carrier density induced by surface states (4.0 x
10"® cm ) can exceed that of bulk Bi for diameters less than
50 nm. Robust two-dimensional transport properties were con-
firmed experimentally by quantum-oscillation measurements in
a 33 nm-diameter Bi nanowire, such as weak-antilocalization and
universal conductance fluctuation effects;** the results were signi-
ficantly different from those in 100- and 400 nm-diameter Bi
nanowires.*”° Moreover, carriers induced from surface states have
been found to play a significant role in defining the thermoelectric
properties of Bi nanowires with small diameters, by overlapping the
band gap caused by quantum confinement.>”**
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The direct comparison of conductivities of single-crystalline
Bi nanowires as a function of diameter was reported recently,
based on the OFFON method.** With decreasing diameter, the
nanowire conductivity initially retains the bulk value before
decreasing strongly because spatial confinement favors non-
specular surface scattering and quantum confinement produces
subband shifting.** In particular, subband shifting was found not
only to decrease carrier concentration'® but also to increase the
carrier effective mass,” resulting in the decrease of conductivity
with decreasing diameter.**

4.2 Seebeck coefficient

The thermoelectric performance of a material is significantly
affected by its Seebeck coefficient S, since the thermoelectric
figure of merit is proportional to $>. The Seebeck coefficient can
be obtained and compared directly, regardless of the sample
dimension, from the relation S = AV/AT, where AV and AT are,
respectively, the differences in voltage and temperature between
the ends of the sample. However, a practical measurement of S is
difficult, compared to resistance, in low-dimensional materials.
Especially in individual nanowires, both the formation and
measurement of a temperature difference are challenging.
Measurements on array-type Bi nanowires were performed
using a perpendicular geometry, in which the upper and lower
contacts include a heater and a thermocouple.>>**” Alterna-
tively, in the case of individual nanowires, S was measured
using lateral geometric electrodes.® In particular, individual
nanowire samples without an envelope were measured using
a microheater and thermometers defined by EBL on the Si
substrate.***> The details of the device preparation and measure-
ment technique were described elsewhere.>*?%%*7!

Fig. 11 shows the Seebeck coefficient of Bi nanowires plotted
as a function of temperature and diameter. Measurements in
all the Bi nanowires converge to zero as the temperature
approaches zero because S physically represents the entropy
carried per unit charge.”> Although S does not exceed
4100 pv K~ ' in any of the nanowires, the values vary signifi-
cantly with the temperature, growth method, and diameter;
this can be attributed to the semimetallic band structure of Bi.
Eqn (1) predicts that the Seebeck coefficient is extremely
sensitive to the intrinsic properties of Bi.*>*! Because the total
Seebeck coefficient was determined from the balance between
negative (electrons) and positive (hole) partial Seebeck coeffi-
cients, a small change in intrinsic properties such as the carrier
concentrations (n and p), carrier effective mass (m*), or scattering
time (7), all of which contribute to the weighting factors, can
change the total Seebeck coefficient significantly. Therefore, it is
noted that the Seebeck coefficient of Bi nanowires can be varied
by the process of sample and device preparation, as well as the
crystal orientation and doping level.

All the array-type [101]- and [001]-oriented nanowires grown
using the AAO template method show a negative value over
most temperature ranges other than cryogenic temperatures,
indicating that the majority carriers are electrons (according
to eqn (1)) as shown in Fig. 10(a).”>***” This behavior was
also observed in array-type Sb-doped Bi nanowires.>® In some
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Fig. 11 Seebeck coefficient of single-crystalline Bi nanowires. (a) Temperature dependence in [101] (lines) and [001] (lines with open circles) Bi
nanowires. (b) Temperature dependence in [1-11] (lines) and [100] (lines with open circles) Bi nanowires. (c) Room-temperature Seebeck coefficient as a

function of diameter. The data were taken from ref. 20, 23, 27, 30, 34-37, and
width of the curves.

samples, the majority carriers were converted from electrons
to holes below 50-100 K (Fig. 11(a) dark yellow, green, blue,
and gray curves). The strong temperature dependence at low
temperatures (0-30 K) in 50 nm-diameter [001]-oriented nano-
wires was attributed to carriers induced by surface states
(Fig. 11(a) purple curve).”” Alternatively, the Seebeck coefficients
of individual [1—11]- and [100]-oriented nanowires grown by the
Ulitovsky and OFFON methods indicate, respectively, stronger
and weaker temperature dependences than the array-type nano-
wires, as shown in Fig. 11(b).>*** The [1—11]-oriented nanowires
were especially dominated by holes over a much wider range
of diameters compared to the other nanowires, with S values
approaching +100 pv K" (Fig. 11(b), lines without circles). In the
case of [001]-oriented nanowires, despite the relatively small
variation of S with temperature compared to other nanowires,
it was reported that the highest measured values for a 21 nm-
nanowire originated from the carriers induced by surface states
(Fig. 11(b), red curve with open circles).**

Fig. 11(c) represents the Seebeck coefficient for all the Bi
nanowires, including those grown using quartz templates,** ™’
as a function of diameter at room temperature. Although the

This journal is © The Royal Society of Chemistry 2015

44 by image digitization. Digitization errors are negligible compared to the

Seebeck coefficient for diameters larger than 200 nm is
comparable to the bulk value regardless of the crystal orienta-
tion or sample preparation, the temperature dependence
varies significantly with the sample type for diameters smaller
than 200 nm. Some sample types indeed show opposite trends
in this diameter range. This indicates that the Seebeck coeffi-
cient is more sensitive to intrinsic properties in the small-
diameter regime, where quantum confinement results in
subband shifting. In this regard, the change in intrinsic
properties that is due to the subband shifting is estimated
to be more significant than that originating from different
crystal orientations or from the nanowire growth method, as
reported in a previous study.*>** Furthermore, the predicted
enhancement of S was not observed in these nanowires.'>"?
The increase in S brought about by the reduction of the
diameter was demonstrated only in the quantum point
contact fabricated by the EM method.*® Although it cannot
be confirmed that this increase leads to an enhancement
of thermoelectric performance (in the absence of electrical-
conductivity measurements), the measured value is greater
than 1 mv K *.*°

J. Mater. Chem. C, 2015, 3, 11999-12013 | 12009


http://dx.doi.org/10.1039/c5tc02886h

Published on 26 October 2015. Downloaded by Yonsei University on 19/11/2015 13:17:14.

Review

View Article Online

Journal of Materials Chemistry C

8 8
(a) Roh ef al. Moore et al. | (b)
—e—58nm —0—232nm
6 ®—98 nm 6
—e— 115 nm
g —e— 327 nm
X
g 4 4
=3 °
X
21 21 o Kim et al.
O Roh etal.
® Moore et al.
0 L T v T ¥ T 0 ¥ T ¥ T X T
0 100 200 300 0 100 200 300

T(K)

d(nm)

Fig. 12 Thermal conductivity of individual single-crystalline Bi nanowires. (a) Temperature dependence in [-102] (red), [100] (orange, dark yellow, and
green), and [1—20] (blue) Bi nanowires. The data were taken from ref. 63 and 74 by image digitization. Digitization errors are negligible compared to the
symbol size. (b) Room-temperature thermal conductivity of [100] (open circles) and [1-20] (dotted open circle) nanowires plotted as a function of

diameter. Reprinted with permission form The Royal Society of Chemistry.**

4.3 Thermal conductivity

The thermoelectric performance of materials depends on thermal
transport as well as the electrical transport. The thermoelectric
figure of merit is inversely proportional to thermal conductivity.
Therefore, the reduction in thermal conductivity using low-
dimensional materials was intensively investigated, considering
different scattering mechanisms between charge carriers and
phonons.>”? In this regard, one-dimensional Bi is a promising
thermoelectric material, not only in terms of quantum confine-
ment but also owing to phonon scattering due to spatial con-
finement in the nanowire structure. However, a practical and
accurate measurement of thermal conductivity in a nanowire
structure is the most challenging to achieve among the three
thermoelectric properties that define the thermoelectric figure of
merit. In the case of charge-transport measurements, current
channels in a sample are clearly defined with respect to insulating
regions, such as thermally-oxidized Si substrates and air. In
contrast, when measuring thermal transport, the sample must
be in a thermally insulating environment (i.e., a vacuum) since
heat transfer must be confined to within the sample. Therefore,
the Bi nanowire should be suspended from the substrate to
measure the thermal conductivity accurately.’ This is why mea-
surements of thermal conductivity in Bi nanowires are rare,
comparing to those of electrical conductivity and the Seebeck
coefficient.*>*>’* Details of the sample preparation and the
measurement technique using the suspended device are given
elsewhere.**%%7476

Fig. 12 shows the thermal conductivity of individual single-
crystalline Bi nanowires plotted as a function of temperature or
diameter. Whereas in bulk Bi aligned parallel or perpendicular
to the [001] crystal orientation, the thermal conductivity was
found to increase with decreasing temperature in the range
100-300 K,”” measurements in Bi nanowires show a different
behavior. The thermal conductivity of Bi nanowires grown by
the OFFON method decreases with decreasing temperature
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(Fig. 12(a), solid circles)® and that grown using an AAO template
shows very weak temperature dependence (Fig. 12(a), open
circles).”* It was reported that the thermal conductivity in bulk
Bi is dominated by phonons at low temperatures but that charge
carriers become important with increasing temperature.”® In
this regard, the temperature dependence of Bi nanowires can
be understood in terms of reduced phonon propagation due
to the spatial confinement.®® The thermal conductivity of the Bi
nanowires is determined by the charge-carrier component, even
at low temperatures, which depends on the carrier concen-
tration. Moreover, the thermal conductivity depends signifi-
cantly on the crystal orientation. The [—102]-oriented nanowire
shows higher thermal conductivity than [100] nanowires of
similar diameter.®®

Fig. 12(b) plots the room-temperature thermal conductivity
of Bi nanowires as a function of their diameter. Unlike the
Seebeck coefficient, the thermal conductivity shows a monotonic
decrease with decreasing diameter in the range 40-300 nm. This
can be attributed not only to phonon scattering but also to the
fact that all the changes in intrinsic properties that are associated
with the diameter decrease the charge-carrier component of
thermal conductivity:** the concentration and mean free path
of the carriers decrease and the effective mass increases.””****
Moreover, the diameter dependence depends significantly on the
crystal orientation; [—102]-oriented nanowires show a stronger
diameter dependence compared to [100]-oriented nanowires,*
which was also confirmed in Bi nanowires grown using AAO
templates.”*

5. Conclusions and future outlook

In this article, we have presented a comprehensive review
of single-crystalline Bi nanowires in terms of their growth
methods and thermoelectric properties. Their unique intrinsic
properties, highly anisotropic band structure, low band-overlap
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energy, small effective mass, long mean free path, and large
Fermi wavelength all make low-dimensional Bi a very promising
candidate as a thermoelectric material. Single-crystalline Bi nano-
wires have been particularly investigated for their aptitude at
displaying quantum-confinement effects more effectively than
other nano-materials.

Various types of single-crystalline Bi nanowires were pre-
pared by different methods: (1) array-type [101]** and [001]*
oriented nanowires grown by the liquid-phase method using
AAO templates, [101]'® and [1—20]"* oriented nanowires grown
by the vapor-phase method using AAO templates, and nano-
wires grown by pressurized injection using quartz templates;>*
(2) individual [1—11]-oriented nanowires grown by the Ulitovsky
method,*® [100],** [-102],%*> and [001]** nanowires grown by
the OFFON method, and nanowires grown by the pressurized-
injection method using quartz templates;*® and (3) quantum-point
contact fabricated by the EM method® based on [110]-oriented
nanowires.** Although there was no monotonic trend in the
electrical conductivity and Seebeck coefficient as a function of
diameter (in all the nanowires except those grown by the
OFFON and EM methods), the observed variation of the resis-
tance and Seebeck coefficient with temperature and diameter
indicates that the electrical transport properties are very sensitive
to competing phenomena, owing to the semimetallic nature of
the Bi band structure.!*'®>*?%26283% The decrease in band
overlap energy, caused by the subband shifting for diameters
below 400 nm, not only drives the SMSC transition (which would
enhance the Seebeck coefficient) but also changes the intrinsic
properties of the Bi nanowires.'”** In particular, the increase in
effective mass due to the strong coupling effect caused by the
subband shifting decreases the critical diameter of the SMSC
transition and reduces the electrical conductivity.'”** Moreover,
the decrease in carrier concentration and mean free path produces
a further decrease in electrical conductivity with decreasing
diameter. These changes in the intrinsic properties dominate
the effect of SMSC transition in the total Seebeck coefficient
according to eqn (1) and contribute negatively to the thermo-
electric performance.””**** Furthermore, the surface states
observed in low-dimensional Bi overlap with the band gap
formed by the SMSC transition, so that the transport properties
of Bi nanowires with diameters below 50 nm are dominated by
carriers induced by the metallic surface states.””*>*® Conversely,
the thermal conductivity is reduced monotonically with decreasing
diameter, as expected. Thus, it was reported that the thermo-
electric figure of merit for Bi nanowires further depends on the
thermal conductivity trends rather than on the sensitive electrical
conductivity and Seebeck coefficient trends.** Alternatively, a
significant enhancement of the Seebeck coefficient was demon-
strated in another low-dimensional Bi system: a quantum point
contact.*> Although the other thermoelectric properties were not
confirmed, the enhancement was over two orders of magnitude
relative to the bulk value. This effect was consistent with the one-
band model predicted for the SMSC transition.*®

Consequently, previous studies of the thermoelectric properties
of Bi nanowires identified two major issues for achieving high-
performance thermoelectric applications. First, more high-quality
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low-dimensional Bi nanowires are required. The enhancement
of thermoelectric performance was demonstrated in a lower
dimension than was predicted theoretically. To determine the
thermoelectric properties accurately, the Bi nanowires should
have a large aspect ratio. Second, a device-fabrication technique
should be developed. The evaluation of thermoelectric perfor-
mance involves three different properties (g, S, and x) that must
be measured in the same sample. Moreover, to demonstrate
a practical thermoelectric module based on nanowires, a tech-
nique to control individual nanowires is needed. Research into
low-dimensional Bi has opened several possibilities for yielding
high thermoelectric performance, but further development
is needed to overcome the remaining obstacles to achieve
practical thermoelectric energy-conversion systems.
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