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Diameter-dependent thermoelectric figure of
merit in single-crystalline Bi nanowires¥

Jeongmin Kim,? Seunghyun Lee,? Yuri M. Brovman,® Philip Kim® and
Wooyoung Lee*?

The diameter-dependent thermoelectric properties of individual single-crystalline Bi nanowires grown by
the on-film formation of nanowires method have been investigated. The electrical resistivity, Seebeck
coefficient, and thermal conductivity were measured as functions of the nanowire diameter using an indi-
vidual nanowire device. The thermoelectric figure of merit (ZT) calculated from the measured thermo-
electric properties shows an increase from the bulk value to a maximum value of 0.28 at 109 nm-
diameter, followed by a decrease upon further decreasing the diameter. This hon-monotonic diameter
dependence of ZT in Bi nanowires reveals simultaneous positive and negative contributions to the
thermoelectric efficiency, driven by the change in intrinsic properties, which originates from the dia-

www.rsc.org/nanoscale

Introduction

During the last twenty years, much attention has been given to
low-dimensional nanostructures since Hicks and Dresselhaus
first theoretically predicted the enhancement of the thermo-
electric efficiency due to the quantum size effect (QSE) of
quantum-well’ and nanowire (NW)* structures (1993). In par-
ticular, single-crystalline Bi has been considered as a potential
thermoelectric material for nanostructures because of its
unusual intrinsic properties,* ie., its anisotropic Fermi
pocket (L-point electron and T-point hole pocket in the Bril-
louin zone),* small band overlap (38 meV),” small effective
mass (~0.001 m,.),’ long mean free path (MFP ~ 1 mm),” and
large Fermi wavelength (~70 nm).® These properties cause the
semimetal-to-semiconductor (SMSC) transition to occur more
easily (diameter < 50 nm), compared to conventional metals.
The first attempts to demonstrate the enhancement of thermo-
electric efficiency were made by Heremans, Dresselhaus et al.
using the NW structure (1999-2000). In those studies,
although magnetoresistance (MR),” temperature-dependent
resistance,” and the Seebeck coefficient® were intensively inves-
tigated using array-type single-crystalline Bi NWs grown by
anodic alumina (AAO) templates, however the measured
Seebeck coefficients were found to be smaller than in bulk Bi.
Dresselhaus et al. also suggested “pocket engineering” as a
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meter-dependent classical and quantum size effects.

way to achieve a high Seebeck coefficient using Sn-doped Bi
NW.'° They confirmed the enhancement of the Seebeck coeffi-
cient by the Sn doping in relation to that of pure Bi NWs,"" but
the enhanced values could not exceed those in bulk Bi
(2001-2002). Alternatively, Huber et al fabricated array-
type'> ' and individual®'® single-crystalline Bi NWs using
the AAO templates and the Ulitovsky method, respectively.
These NWs with diameters less than 50 nm displayed trans-
port properties, which were predominantly governed by
surface states, including electrical conductivity and the
Seebeck coefficient, in quantum oscillations such as Shubni-
kov-de Haas (SdH)'" and Aharonov-Bohm'® oscillations.
However, the maximum measured Seebeck coefficient''® was
similar to the value in bulk Bi (2004-2011). Moreover, the four-
probe technique used to measure the absolute properties of
the NWs could not be applied owing to the limitation of the
growth methods, the array structure of the AAO template, or
the glass tube used in the Ulitovsky method. Recently, Shapira
et al. reported the enhancement of the Seebeck coefficient
using a one-dimensional Bi NW, exploiting the reduction of
the diameter caused by the electromigration (EM) effect
(2012)."” However, because this reduction of the diameter
using EM was difficult to determine, the resistivity of the NWs
was not obtained. Furthermore, the absence of thermal con-
ductivity measured in the above NWs suggests that the dimen-
sionless thermoelectric figure of merit (ZT), which is used to
estimate the efficiency of a thermoelectric material, has never
been evaluated in Bi NWs.

To evaluate ZT in Bi NWs, we first successfully fabricated
single-crystalline Bi NWs using a novel growth method the on-
film formation of nanowires (OFFON), in 2009."® As shown in
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Fig. 1 Single-crystalline Bi NWs grown by OFFON and a TE device for
the measurement of electrical thermoelectric properties: (a) SEM image
of as-grown Bi NWs on a Bi thin film. (b) HRTEM image of a typical Bi
NW. The sample was prepared by slicing normal to the growth direction,
and thus the [100] zone axis of the SAED pattern (inset) indicates the
growth direction of the Bi NW. (c) SEM image of a TE device based on an
individual Bi NW. The clear parabolic signals of (d) the Seebeck and (e)
the thermometer voltages as functions of the heater voltage confirm
the reliability of the measurements.

Fig. 1a, the high aspect ratio of Bi NWs and the absence of
supporting parts (such as the template and tube) allow the use
of various measurement techniques such as the four-probe
device'®? and the suspended microdevice.>® These prelimi-
nary studies investigated the quantum transport phenomena
and the thermal conductivity anisotropy, and confirmed the
high quality of the single-crystalline properties.'®>* In this
study, we present the diameter-dependent thermoelectric pro-
perties of single-crystalline Bi NWs grown by OFFON. The elec-
trical resistivity (p) and Seebeck coefficient (S) of the Bi NWs
were measured as the functions of diameter (d) and tempera-
ture (T) using thermoelectric (TE) devices based on a single
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NW. The diameter dependence of the thermoelectric power
factor (PF, S*/p) was calculated using the measured resistivity
and the Seebeck coefficient. The diameter-dependent thermal
conductivity (k) of the Bi NWs was obtained using suspended
microdevices based on a single NW. The dimensionless
thermoelectric figure of merit (2T = S*T/pk) was also calculated
as a function of diameter. Its non-monotonic behavior,
observed as the diameter decreases, indicates that the change
in the intrinsic properties originating from QSEs affects the
thermoelectric properties both positively and negatively. This
interpretation, which takes into account the SMSC transition
in low-dimensional Bi, also accounts for the smaller Seebeck
coefficient of Bi NWs than that of bulk Bi, reported in previous
studies.” "1 13

Experimental section
Materials

High-quality single-crystalline Bi NWs were obtained by
OFFON."®** The NWs were grown spontaneously from Bi thin
films to release the stress induced by the heat treatment
without the supporting parts or catalysts. The Bi films, less
than 50 nm thick, were deposited onto thermally oxidized Si
(100) substrates at a rate of 44 A s™' using a custom-made
ultrahigh vacuum (UHV) sputtering system with an Ar gas
pressure of 2 mTorr. To reduce the NW diameter, the substrate
was cooled with liquid nitrogen during the sputtering process;
moreover, the diameter was found to be proportional to the
grain size of the thin film.>* The heat treatment was performed
in a custom-made UHV furnace at 250 °C for 5 to 10 hours.
The annealing time controls the NW length. Fig. 1b shows a
high-resolution transmission electron microscopy (HRTEM,
FE-TEM JEM-2100F JEOL) image and a selected-area electron
diffraction (SAED) pattern (inset) of a Bi NW prepared by
slicing perpendicular to the NW direction using a focused ion
beam (FIB, Quanta 3D FEG FEI).

Device fabrication

The TE devices, based on a single Bi NW for the measurement
of the electrical thermoelectric properties (p and S), were suc-
cessfully fabricated using electron-beam lithography
(JSM-7001F JEOL and ELPHY Quantum Raith) and Ar plasma
etching (custom-made system) (Fig. 1c).'***> The as-grown Bi
NWs were dispersed by direct contact with a thermally oxidized
Si (100) substrate, on which alignment markers were patterned
by photolithography. The position and orientation of a
selected NW were defined by the digitalization of the coordi-
nates from a scanning electron microscopy (SEM) image for
the electron-beam lithography. To remove the native oxide
layer of the Bi NWs, Ar plasma etching was performed before
Cr (5 nm)/Au (100-300 nm) metallization for electrodes, using
a UHV DC sputtering system (custom-made).

Suspended microdevices, each based on a single Bi NW,
served to measure the thermal conductivity and were fabri-
cated using a drop-casting method and by the deposition of a

This journal is © The Royal Society of Chemistry 2015
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thermal contact.”® The as-grown Bi NWs on the Bi thin film/Si
substrate were rinsed in isopropyl alcohol before drop-casting
onto the suspended microdevices. To improve the thermal
contact between the Bi NW and the microdevice, a Pt/C compo-
site was deposited onto the contact region by FIB.>**>?° The
second deposition and measurement were performed after the
first measurement to allow the subtraction of the thermal-
contact dependence.

Measurement technique

As shown in Fig. 1c, the electrical thermoelectric properties
(p and S) of the Bi NW were measured using a micro-heater,
two thermometers, and two resistivity probes. The four
different electrodes (except the micro-heater) were used for the
four-probe measurement, which yields an absolute value for
the NW resistance independent of the contact resistance. The
resistivity was calculated by the relation, p = Rr(d/2)*/L, where
R and L are the resistance and channel length, respectively. To
estimate the error in p, we considered two different channel
lengths to obtain upper and lower limits: edge-to-edge (pmax)
and center-to-center (pmi,). Repeated measurements showed
negligible variation.

Compared to the resistivity, measuring the Seebeck coeffi-
cient is complicated.””>® To produce a Seebeck voltage, a
temperature gradient was generated by Joule heating using the
micro-heater. As shown in Fig. 1d, the Seebeck voltage
between the two thermometer probes was proportional to the
square of the heater voltage applied to the micro-heater, fol-
lowing the heating power P = V*/R. The temperature difference
was measured using the resistance increase of each thermo-
meter, which also shows a quadratic relationship with the
heater voltage (Fig. le). The resistance of the thermometers
was measured as a voltage signal, which was obtained by a
four-probe method. To calibrate the temperature-voltage ratio
for each thermometer, the measurement was performed at two
different ambient temperatures (See Fig. S1 in the ESIT).
Finally, the Seebeck coefficient was calculated by dividing the
Seebeck voltage by the temperature difference between the
thermometers. The reliability of this method was confirmed by
the clear parabolas shown by the Seebeck and thermometer
voltages, and the errors were obtained from the repeated
sweeps of the heater voltage. The precise measurements of the
Seebeck and thermometer voltages were done with a nano-volt-
meter (2182A KEITHLEY) and a lock-in amplifier (SR850 Stan-
ford Research Systems), respectively.

The suspended microdevice for the thermal conductivity
measurement consisted of two suspended silicon nitride
(SiN,) membranes, each supported by five SiN, beams. One Pt
electrode and a Pt resistance thermometer (PRT) coil with
four-probe electrodes were patterned on each membrane. The
PRT coil served simultaneously as a micro-heater and a
thermometer. Joule heating by the PRT coil on the heating
membrane was transmitted to the sensing membrane through
a Bi NW. Using the four-probe electrodes, the resistance of
each membrane was measured using a lock-in amplifier and
converted to a temperature in the same manner as for the

This journal is © The Royal Society of Chemistry 2015
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Seebeck coefficient measurement. The thermal conductance of
the Bi NW was calculated as G = AT,P/(ATy> — ATS?), where Ty,
and Ty are the temperatures of the heating and sensing mem-
branes, respectively.”® Finally, the thermal conductivity was
obtained using the NW length (L) and cross-sectional area
(n(d/2)*) as x = Gn(d/2)*/L. Errors were estimated from five
repeated sweeps of the heater voltage. All measurements,
including those for the resistivity and Seebeck coefficient, were
performed in an evacuated cryostat (custom-made, ~5.0 x 10~°
Torr) to eliminate convection heat losses. A detailed descrip-
tion of the measurements is given elsewhere.*">*?772

Results and discussion

Single-crystalline Bi nanowires

The HRTEM image and SAED pattern confirm that the
OFFON-grown Bi NW is a high-quality single-crystal in the
[100] direction (inset of Fig. 1b). As shown in Fig. 1b, the
lattice-fringe spacings are 3.96 and 3.74 A, which are consist-
ent with the lattice plane spacings of (003) and (0—11) in Bi,
respectively (a = 4.546 A and ¢ = 11.862, JCPDS card no. 85-
1329).>° The large MR and definite SdH oscillations seen in
previous studies also indicates the high-quality of the single-
crystalline OFFON-grown Bi NWs.'®%** Twelve different Bi
NWs with diameters ranging from 21 to 506 nm were used for
the TE devices and additional four-probe devices were fabri-
cated to measure the diameter dependence of the resistivity.

Electrical resistivity

Fig. 2a shows a significant variation in the temperature depen-
dence of the NW resistance with diameters 21, 27, 40, 59, 67,
109, and 178 nm. In general, the resistance (resistivity) of
metals decreases with decreasing temperature, owing to the
increase in the mobility, which is caused by the reduction of
carrier-acoustic phonon scattering. Conversely, in typical semi-
conductors, a reduction in carrier concentration leads to a
decrease in resistance as the temperature decreases. However,
In the case of the semimetal Bi, the metallic and semiconduct-
ing characteristics coexist because of the small carrier concen-
tration of Bi (2.7 x 10'7-3.0 x 10"® em™ at 2-300 K).>”'*"'> The
temperature dependence of the resistance is determined by
the competition between the mobility and the carrier concen-
tration.”'>'* Moreover, in Bi NWs, the mobility could be
varied not only by the carrier scattering from the non-specular
surface but also by the strong coupling effect in the L-point
sub-bands.”**! Bi NWs with a large diameter (d > 100 nm),
show bulk-like metallic behavior, whereas, in the intermediate
diameter range of 40 < d < 110 nm, the mobility contribution
diminishes with decreasing diameter because of the spatial
constraints of the Bi NWs. Furthermore, the reduced carrier
concentration due to QSE** results in the semiconducting be-
havior of the Bi NWs. For small diameters (d < 30 nm),
however, the temperature dependence of resistance returned
to metallic. In Bi NWs'>*'® and Bi thin films*"** with dimen-
sions below 50 nm, the metallic surface-state effects reportedly
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Fig. 2 Diameter- and temperature-dependent electrical thermoelectric properties of single-crystalline Bi NWs: Resistivity (normalized resistance)
was measured as a function of (a) temperature and (b) diameter. The Seebeck coefficient is also plotted against (c) temperature and (d) diameter.
The diameter dependence of both the resistivity and the Seebeck coefficient reverses around 40 nm. The insets in (d) show schematic band struc-
tures and grey regions indicate the diameter range dominated by Bi surface states.

influence the bulk characteristics owing to their large surface/
volume ratio and SMSC transition. In the Bi NWs along the
[100] direction, the critical diameter was found to be less than
40 nm. The two-dimensional transport properties caused by
surface-states were also revealed by the study of quantum oscil-
lations using a 33 nm diameter OFFON-grown Bi NW.*! For
the 21 and 27 nm diameter Bi NWs, the carrier concentrations
induced from metallic surface-states were estimated to be 9.5 x
10" and 7.4 x 10'® em™, respectively. These are greater than
the concentration in the bulk (3.0 x 10'® em™) and produce
metallic behavior. The carrier concentrations were obtained
from the surface-state density of Bi reported in previous
studies (ns = 5 x 10'* cm™2, measured by angle-resolved photo-
emission spectroscopy) based on the relation, n = 2n,/r, where
r is the NW radius.'®**

These transitions in transport behavior were also confirmed
by the diameter dependence of resistivity at room temperature
(Fig. 2b). Although the four-probe method was employed, the
measured resistivity was sensitive to the contact between the
NW and the electrodes. Therefore, the additional four-probe
devices were used to determine the diameter dependence of
the resistivity accurately. The resistivity of Bi NWs with a large
diameter (d > 100 nm) was consistent with that of bulk Bi
(~2x107* Q cm) and the diameter dependence was negligible,
which confirms the quality of the single-crystalline Bi NW.
However, with the further decrease in diameter, the resistivity
increased sharply owing mainly to the decreased mobility. The
carrier non-specular surface scattering caused by the spatial
constraints of NWs decreases the MFP. Moreover, the increase
in the carrier effective mass caused by the strong coupling

5056 | Nanoscale, 2015, 7, 5053-5059

between electrons and holes also leads to a reduction of the
mobility, as predicted theoretically>® and demonstrated experi-
mentally*> by SdH oscillations in a 100 nm diameter Bi NW.
The significant increase of resistivity for the NWs with the dia-
meter range of 40 < d < 110 nm could be attributed to the
strong coupling effect, because the energy shift in the L-point
sub-bands due to QSE dominates the spatial constraints of the
Bi NWs in this diameter range.>' Furthermore, the SdH study
reported a decrease in carrier concentration as a result of a
change in the band overlap energy due to QSE, which also
leads to an increase in resistivity.>> Finally, for the diameters
below 30 nm, the carrier concentration induced by the Bi
surface states reduced the resistivity significantly, as men-
tioned above. However, the values of reduced resistivity could
be compared with that of the large Bi NWs showing bulk resis-
tivity characteristics owing to the high effective mass of the
surface carriers."* The variations in the measured resistances
as well as the resistivities with temperature and diameter were
in good agreement with the QSE and the surface-state effect of
low-dimensional Bi (See ESIT for detail).

Seebeck coefficient

Fig. 2c shows the temperature dependence of the Seebeck
coefficient in the same samples as Fig. 2a. Physically, the
Seebeck coefficient represents the entropy carried per unit
charge; thus, the measured values converge to zero as the
absolute temperature decreases.”® In a two-band system, the
total Seebeck coefficient is determined by the partial Seebeck
coefficients of each band weighted by their partial conduc-

This journal is © The Royal Society of Chemistry 2015
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tivity. Semimetallic Bi has indirect conduction and valence
bands, therefore the total Seebeck coefficient is given by"

Stotal = onSh + Oede ) (1)
oh + Oe

where the subscripts h and e refer to holes and electrons,
respectively. Because the partial Seebeck coefficients of the T-
point hole and the L-point electron bands have opposite signs,
the total Seebeck coefficient is relatively small despite the large
absolute values of the partial coefficients (S, ~ 670 uvV K" and
Se ~ —490 pv K™ at 300 K)."*?** Consequently, the total
Seebeck coefficient is extremely sensitive to intrinsic pro-
perties, such as carrier concentrations, carrier effective
masses, and the MFP, which define the partial conductivities,
i.e., the weighting factors in eqn (1).”*> As shown in Fig. 2d,
the decrease in the Seebeck coefficient as the diameter
decreases to 40 nm can also be explained by a similar mecha-
nism, involving the SMSC transition. The decrease in the
band-overlap energy due to QSE with decreasing diameter can
be determined from the confinement energy:*

h*

Ag~——
2me*d?’

(2)
where 7 and m.* are the reduced Planck’s constant and the
carrier cyclotron effective mass, respectively. When the con-
finement energy is greater than the band-overlap energy
(38-98 meV at 77-300 K),>*?° the SMSC transition occurs and
produces a band gap. Previous theoretical studies have pre-
dicted that a change in band-overlap energy appears for dia-
meters below 200 nm and leads to the formation of the band
gap at approximately d = 50 nm at room temperature.”* More-
over, the transition diameter was calculated to be approxi-
mately 35 nm when considering the increase in carrier
effective mass due to the strong coupling effect, which origi-
nates from the increase in the band gap energy of each sub-
band (L-point electron and T-point hole sub-bands). Since the
cyclotron effective mass of L-point electrons (~0.018 m,) is ten
times smaller than that of T-point holes (~0.19 m,) in the Bi
NW along the [100] direction,*?* the L-point conduction (elec-
tron) sub-band rises faster than the lowering of the T-point
valence (hole) sub-band with decreasing diameter (see eqn
(2)).> Consequently, the increase in effective carrier mass
affects the L-point electrons more than the T-point holes,
which leads to a decrease in the weighting factor of the
L-point-electron partial Seebeck coefficient.”* A recent study
reported that the increased cyclotron effective mass of elec-
trons is greater than three times the bulk value for a diameter
of 100 nm.>> As a result, the absolute value of the total
Seebeck coefficient decreased with decreasing diameter down
to 40 nm according to eqn (1).

For diameters below 40 nm, the SMSC transition is
expected to increase the Seebeck coefficient through the for-
mation of band gap. Although the absolute value of the
measured Seebeck coefficient increased with the decrease in
diameter below 40 nm, the increase was small compared to

This journal is © The Royal Society of Chemistry 2015
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the theoretical predictions. In practice, the largest measured
value (~—80 pV K ') was comparable to the maximum Seebeck
coefficient reported in bulk Bi.>” This can be attributed to the
significant increase in the electron effective mass and the con-
tribution of metallic surface states to the total Seebeck coeffi-
cient, which were not considered in the theoretical
predictions. As shown in Fig. 2d insets, the band-overlap
energy decreased with a reduction of diameter, but the band
shifting itself delayed the SMSC transition, resulting in a
decrease in the transition diameter due to the increase in the
electron effective mass. Moreover, below the transition dia-
meter, the band gap formed was dominated by the metallic
surface states of Bi. However, the Seebeck coefficient of the Bi
surface states exceeded the value of the Bi NWs because of the
formation of the band gap, which eliminated the contribution
of holes in the T-point valence sub-band below the transition
diameter of the Bi NWs.

Thermal conductivity

Fig. 3 displays the diameter dependence of the thermal con-
ductivity of Bi NWs, measured using the suspended micro-
device (inset) at room temperature, with five different
diameters 40, 69, 203, 230, and 301 nm. The previous thermal
conductivity data, obtained using single-crystalline Bi NWs
grown by same method (OFFON)** and AAO templates,®®
confirm the reliability of the measurements. Unlike the electri-
cal thermoelectric properties, the thermal conductivity
decreased monotonically as the diameter decreased from 310
to 40 nm and all the measured values in the Bi NWs were
below that of bulk Bi.* The reduction of the thermal conduc-
tivity obtained in OFFON-grown Bi NWs, consistent with pre-
vious reports, can be attributed to the increase in diffuse
phonon-surface scattering and partially diffuse surface scatter-
ing of carriers due to the classical size effect.*® The fact that
the slope of the thermal conductivity with respect to the dia-

/
10 o
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P
2 ° S/
E 54 =
s /
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_ %06 o J. Roh, etal.
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Fig. 3 Diameter-dependent thermal conductivity of single-crystalline
Bi NWs: The thermal conductivity, measured using a suspended micro-
device (inset), is plotted as a function of the diameter (green circles).
The values measured by Roh et al. and Moore et al. were taken from ref.
23 and 25, respectively (black circles). Thermal conductivities were
determined at the same diameters with power factor, by extrapolation
(green curve).
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meter decreased with decreasing diameter signifies that
phonon transport was sufficiently suppressed at a diameter of
approximately 100 nm. Thermal conductivity could not be
obtained for Bi NWs with d < 40 nm because of the challenge
of fabricating a suspended microdevice in this diameter range.
A Bi NW with such a small diameter (d < 40 nm) could not
sustain when placed between the two membranes of the sus-
pended microdevice, and a few dispersed Bi NWs were cracked
during the drop casting. To place a selected Bi NW of such a
diameter on the suspended microdevice, a nano-manipulator
system*®*! is preferred instead of the drop-casting method, in
which the membranes were bent by the dropped solution.

Power factor and figure of merit

The power factor, which estimates electrical thermoelectric
performance, is presented in Fig. 4a. It decreases from its
value in bulk Bi to near zero at a 40 nm diameter, before
increasing upon the further decreasing of the diameter. As
mentioned in the description of the resistivity and Seebeck
coefficient, reducing the NW diameter causes a variation of
intrinsic Bi NW properties, which in turn decreases the power
factor. Although the carriers induced by the metallic surface
states of Bi increased the power factor for the NWs with dia-
meters below 30 nm, the enhancement was smaller than the

(a) . ]
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Fig. 4 Diameter-dependent power factor and ZT of single-crystalline Bi
NWs: (a) As the diameter decreases, the power factor decreases from its
bulk value, except where surface states are dominant (grey area). (b) ZT
calculated from measured values increases with decreasing diameter,
and decreases sharply after the peak at the diameter of 109 nm. The
large error in the peak value is mostly due to the error in the extrapo-
lated thermal conductivity.
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theoretical prediction. Previous theoretical studies assumed
that the SMSC transition in Bi leads to a significant increase of
the Seebeck coefficient by reducing the two-band effect, which
is explained in the Seebeck coefficient section.>* However,
because of the increase of electron effective mass due to the
strong coupling effect and the unexpected metallic surface
states, the predicted effect is decreased by reducing transition
diameter and overlapping the band gap. The enhancement of
the Seebeck coefficient could not exceed the largest bulk
value.””

Finally, we calculated the figure of merit for single-crystal-
line Bi NWs as a function of diameter at room temperature
using the measured thermoelectric properties. Because, the
thermal conductivity of Bi NWs with d < 40 nm could not be
obtained, ZT values are given for 40 nm < d < 500 nm. As the
diameter decreases within this range, whereas the thermal
conductivity contributes to an increase in Z7, the variation of
the power factor tends to decrease Z7T. As a result, ZT shows
non-monotonic behavior with respect to the diameter, with a
maximum value 0.28 for d = 109 nm. This maximum is five
times greater than the value in bulk Bi, as shown in Fig. 4b. It
is noted that the enhancement of ZT originates from the
reduction of thermal conductivity, whereas the variation of the
power factor has a negative contribution for diameters of
40-500 nm. Moreover, despite the increase in the power factor
for Bi NWs with a diameter less than 40 nm, it is difficult to
expect the ZT enhancement, because the thermal conductivity
can also be increased owing to the carrier density increase,
according to Wiedemann-Franz law.

Conclusions

In summary, we have measured the diameter-dependent
thermoelectric properties of single-crystalline Bi NWs grown
by OFFON. The electrical resistivity, Seebeck coefficient, and
thermal conductivity of Bi NWs were measured as functions of
the diameter using TE devices and suspended microdevices
based on a single NW. In contrast to theoretical predictions, as
the diameter decreases to 40 nm, the observed variations of
resistivity and Seebeck coefficient, arising from the classical
and quantum size effects, caused a decrease in the power
factor. Although, when the diameter decreased below 30 nm,
the power factor started to increase because of Bi surface
states, this increase was smaller than expected. Moreover, the
thermal conductivity showed a monotonic dependency with
diameter and contributed positively to ZT in the measured dia-
meter range. As a result, the calculated ZT showed an increase
relative to the bulk value, reaching a maximum value of 0.28 at
a diameter of 109 nm, followed by a decrease upon further
decreasing the diameter. In low-dimensional Bi, enhancing ZT
is achieved more effectively via the suppression of the thermal
conductivity than by controlling electrical thermoelectric pro-
perties, which make competing positive and negative contri-
butions. We believe our findings not only provide an
explanation for the thermoelectric properties of Bi NWs

This journal is © The Royal Society of Chemistry 2015
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reported in previous studies, but also demonstrate the func-
tion of low-dimensional effects in thermoelectric materials.
They therefore provide a basis for enhancing ZT using low-
dimensional materials in the future.
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