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Abstract

We report the thermoelectric performance of individual PbTe nanowires with sizes ranging from
76 to 436 nm grown from a vapor transport method that synthesizes high-quality,
single-crystalline PbTe nanowires. Independent measurements of temperature-dependent
Seebeck coefficient (§), thermal conductivity («) and electrical conductivity (o) of individual
PbTe nanowires were investigated. By varying the nanowire size, the simultaneous increase and
decrease of S (—130 ©V K" and x (1.2 W m~! K1), respectively, are achieved at room
temperature. Our results demonstrate the enhanced thermoelectric properties of individual
single-crystalline PbTe nanowires, compared to that of bulk PbTe, and can provide guidelines
for future work on nanostructured thermoelectrics based on PbTe.

Online supplementary data available from stacks.iop.org/Nano/22/295707/mmedia

(Some figures in this article are in colour only in the electronic version)

1. Introduction

As lead telluride, PbTe, has been the subject of particular
attention as a thermoelectric material due to its high
ZT [1-13], many efforts have been made to improve
thermoelectric properties of PbTe and its alloys, and thus
increase the thermoelectric conversion efficiency. The
thermoelectric efficiency is given by ZT = S%*0T/k (S
is thermopower, o is electrical conductivity, « is thermal
conductivity and 7 is temperature), and S, o and « are
not mutually exclusive. There are a variety of techniques
for increasing the thermoelectric efficiency, particularly in
nanoscale architectures [14-21]; these strategies are (1)
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utilizing sharp peaks of the density of electronic states in
quantum-sized systems and (2) optimizing of the phonon
dynamics to reduce « in nanostructured systems [22, 23]. In the
latter case, which is more practical, the rational incorporation
of phonon-scattering elements at several length scales was
found to be crucial in decreasing « significantly [23]. These
strategies benefit mostly from using one-dimensional nanowire
architectures.

However, measuring k, o and S on the same nanowire
to obtain ZT is still challenging because each measurement
needs a different set of device platforms. As an alternative,
one can separately measure «, o and S on different nanowires
of similar dimension whose physical properties, i.e. carrier
concentrations, do not vary significantly. This approach can
provide thermoelectric properties of nanowires that can be
compared with those of bulk materials, and be an initial

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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d ;= 0.32 nm

Figure 1. Structural characteristics of single-crystalline PbTe
nanowires. (a) A SEM image shows the high-density PbTe nanowires
and (b) a lattice-resolved TEM image of an individual nanowire
reveals the highly crystalline (200) PbTe planes. The SAED pattern
(at the [001] zone axis) confirms that the single-crystalline nanowires
grew in the [200] direction (inset).

step toward investigating an increase of the thermoelectric
efficiency. Herein, we report the independent measurements
of k¥, o and S for individual PbTe nanowires grown from a
vapor transport method that synthesizes high-quality, single-
crystalline nanowires. The simultaneous increase and decrease
of S and «, respectively, were observed at room temperature.

2. Experimental details

For the synthesis of PbTe nanowires, lead (II) chloride (PbCl,,
99.999%, Aldrich) and tellurium (Te, 99.8%, Aldrich) powders
were placed inside a quartz tube reactor. A thermally oxidized
Si(100) substrate on which Au nanoparticles were deposited
was positioned at a distance of 10 cm away from the PbTe
source. As the source was allowed to evaporate at 1100°C
for 2 h under argon flow (300 sccm), PbTe nanowires were
grown on the substrate. In this work, the novel growth
method for PbTe nanowires is termed a vapor transport method,
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Figure 2. Thermal conductivity of individual PbTe nanowires.

(a) An SEM image of a PbTe nanowire bridging two suspended
heating membranes for thermal conductance measurement. (b) The
highlighted SEM image of a thermal contact between the membrane
and PbTe nanowire. (c) Diameter-dependent thermal conductivity of
individual PbTe nanowires. The temperatures are 60, 150 and 290 K,
respectively.

based on the vapor-liquid—solid (VLS) mechanism using Au
catalytic nanoparticles [24]. Figure 1(a) shows a scanning
electron microscope (SEM) image of the PbTe nanowires
grown on an Si substrate. The PbTe nanowires were found
to grow to several hundred micrometers in length and a
few hundred nanometers in diameter. Figure 1(b) exhibits
the lattice-resolved transmission electron microscope (TEM)
image of a PbTe nanowire, demonstrating its single-crystalline
structure. The (200) fringes were found to be separated by a
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Figure 3. Seebeck coefficient of a PbTe nanowire. (a) A SEM image of a representative device based on an individual single-crystalline PbTe
nanowire with D = 76 nm for TEP measurements. (b) The graphs show the normalized change in R, and Ry and thermoelectric voltage as a
function of the heater current, I;,, at 300 K. (¢) TEPs (S) = —130 and —76 £V K~! are obtained from the slope of a linear fit to the data at

300 K.

distance of 3.2 A, which is equal to that of cubic PbTe crystal
(a = 6.454 A). The corresponding selected-area electron
diffraction (SAED) pattern, measured on the [001] zone axis,
confirmed that the single-crystalline nanowires grew in the
[100] direction (inset).

3. Results and discussion

The measurement of x in individual PbTe nanowires was
conducted using a suspended microstructure with two micro-
Pt coils that is designed to probe thermal conductance through
the PbTe nanowire, while preventing thermal transport through
the substrate (figure 2(a)). Two micro-Pt coils patterned on an
SiN, membrane were utilized as a heater and thermometer in
the measurement of nanowire thermal conductance. In order
to improve the thermal contact between the membrane and
the PbTe nanowire, the Pt/C composite was locally deposited
using the electron beam of a dual-beam focused-ion-beam
(FIB) system (FEI Strata 235), as shown in figure 2(b). k was
calculated from the measured thermal conductance using the
PbTe nanowire dimension and the thermal conduction length
between thermal contacts. The detailed process for calculating
Kk using the same suspended microstructure is well described in
previous studies [25, 26].

Figure 2(c) shows the diameter (D) dependence of the
measured « data at T of 60, 150 and 290 K. The measured
k decreased as D decreased, and this tendency became more
clearly observed as T decreased; the diameter derivatives of

7 JCPDS card no. 78-1905.

the thermal conductivities, d«/dD, at temperatures of 290,
150 and 60 K were 2580, 3230 and 3850 kW m 2K~ !,
respectively. This diameter dependence can be attributed
either to the size effects of the nanowires or to the variation
in carrier concentrations. Thermal conductivity is given by
k = (1/3)C,vl, where C, is the specific heat per unit volume,
v is the phonon group velocity and [/ is the phonon mean
free path. In general, k¥ depends strongly on [ (~1/T due
to phonon—phonon scattering) around the Debye temperature
(®Op,pyre ~ 140 K) [27], because v is essentially insensitive
to temperature. The observed « data in figure 2(c) agrees well
with k o 1/T, as a consequence,  [; the latter is likely to
rely on D at a given T, which implies boundary scattering
of phonons in small D. In particular, boundary scattering
of phonons seems more obvious at low temperature where
both phonon—phonon and phonon—impurity collisions become
ineffective. The wavelength of phonons at low temperatures is
relatively long and consequently / mostly relies on D. In fact,
the observed d« /dD at 60 K exhibited a higher value than those
at 150 and 290 K, implying boundary scattering of phonons
and a clear diameter dependence of k at low 7. This size effect
was also shown by the observation of a peak shift in k-7 [28],
where k oc T2 (entirely from the specific heat C,) at low 7 and
k o< 1/T (entirely due to /) at high 7. However, it is worth
noting that a decreased « (1.29 Wm~! K~! for D = 182 nm
at 300 K) is only about half that of bulk PbTe. This relatively
small reduction in x is probably due to a short phonon mean
free path of PbTe that suppresses the size effect [29].

For the measurement of S, the fabrication, calibration and
experimental measurements are described as follows. PbTe
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nanowires were dispersed by applying a drop of isopropyl
alcohol (IPA) containing free-standing nanowires onto a
thermally oxidized Si(100) substrate with a grid of points
patterned by photolithography and a lift-off process. The
spatial positions and orientations of each nanowire were
recorded by digitizing the coordinates from optical microscopy
images. A combination of electron-beam lithography and
a lift-off process was utilized to fabricate inner micron-
scaled Cr (5 nm)/Au (130 nm) electrodes with resistances R,
(near-electrode resistance), Ry (far-electrode resistance) and
a microheater connecting a PbTe nanowire on the grid of
points. A plasma etching system was used to remove the
oxide layer from the outer surface of the nanowires before the
deposition of the inner electrodes. The etching and deposition
of electrodes were done in situ without breaking the vacuum in
order to prevent further formation of the oxide layer. Finally,
a combination of photolithography and a lift-off process was
utilized to fabricate outer electrodes, providing individual PbTe
nanowire devices.

Figure 3(a) shows an SEM image of a representative
device based on an individual single-crystalline PbTe nanowire
with D = 76 nm used for thermoelectric power (TEP)
measurements. A bias voltage was applied to the heater line
in order to produce Joule heating and to raise the temperature
locally around the adjacent contact area. The heat generated by
the local heater was designed to propagate through a 0.5 um
thick SiO, layer, providing a temperature gradient across the
PbTe nanowire and the surface of the SiO, layer to which
it was thermally anchored due to low thermal conductivity
(~0.5 Wm~'K™!). The temperature of the nanowire—
electrode junctions was monitored by variations in the R, and
R; electrodes using the four-probe method. The thermoelectric
voltages across the PbTe nanowire can be readily measured by
the electrode contacts with the nanovoltmeter. As shown in
figure 3(b), a heater current (/,) applied to the heater gives rise
to a temperature gradient across the substrate through Joule
heating. The temperature difference (A7) between the two
PbTe nanowire—electrode contacts was obtained by probing the
resistance variation (A R) of R, and R¢. As I, changed, it was
found that the difference of AR, and ARy is proportional to
Ihz. The variation in the thermoelectric voltage (AV') was also
measured across the PbTe nanowire with increasing /j,.

In this work, S of the PbTe nanowire was obtained by the
simple relation S = AV/AT, since it was confirmed that
AV Ih2 o« AT. Figure 3(c) demonstrates the linearity
of the thermoelectric voltages (AV') measured with respect to
the applied temperature difference (AT) for two nanowires
at room temperature. S of 76 and 132 nm diameter PbTe
nanowires were —130 and —72 uV K~!, respectively. The
negative sign of § values indicates that our PbTe nanowires
grown by a vapor transport method can be attributed to
electron diffusion, indicating that the nanowires are n-type
semiconductors. Furthermore, S of small-diameter nanowires
(76 nm) is larger than that of large diameter (136 nm), but
agrees with the diameter dependence in earlier measurements
of § of individual single-crystal antimony telluride (Sb,Tes3)
nanowires [30].
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Figure 4. Temperature-dependent electrical conductivity and
Seebeck coefficient of n-type PbTe nanowire. (a) Electrical
conductivity (o) of a D = 140 nm nanowire was measured by
four-probe measurement over the temperature range 200-300 K: the
inset shows an SEM image of a four-terminal device based on an
individual PbTe nanowire. (b) Seebeck coefficient of a nanowire with
D = 136 nm was measured in the temperature range 40-300 K

(O = first measurement, A = second measurement of the same
device).

For detailed study, T dependence of o (D = 140 nm)
and S (D = 136 nm) was investigated for individual PbTe
nanowires, as seen in figure 4. Fabrication of a nanodevice
with four probes based on the individual PbTe nanowire
for measuring o was described in detail elsewhere [31-34].
From I-V measurements®, the contacts to the nanowire
were observed to be highly ohmic at 300 K, corresponding
to a o of 45 Scm™! that is smaller than that of the
bulk (256 S cm™!) [35], which probably arises from surface
scattering of charge carriers that reduces ¢ compared to that
of the bulk. While this scattering decreases o, this loss can be
compromised by a decrease in « and an increase in S. It was
found that o decrease as 7T increases, which can be ascribed to
its doped nanowire composition (degenerate) exhibiting near-
metallic conductivity [23]. However, the magnitude of §
increases as 7' increases and tends to zero as T decreases.
S is the entropy per electric charge and thus S must go to
zero at 0 K [36]. The trend of S in figure 4(b) was relatively
temperature-invariant below 200 K. Importantly, S at 290 K

8 See supporting information available at stacks.iop.org/Nano/22/295707/
mmedia.
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of the PbTe nanowire with D = 136 nm was found to be
—72 uV K~! that is about three times larger than that of bulk
PbTe (S ~ —25 uV K1) [37].

4. Conclusions

In summary, we separately measured «, o and S for individual
PbTe nanowires and observed the enhanced thermoelectric
properties, compared with those in bulk PbTe at room
temperature. Based upon the result of « (1.29 Wm™! K™!,
D = 182 nm), 0 45 Scm™!, D = 140 nm) and S
(=72 nv K~!, D = 136 nm) at 300 K, the experimental
estimation of Z7T in PbTe nanowires is ~0.0054, while ZT
in bulk PbTe is approximately ~0.002 at 300 K. Such an
enhanced ZT can in part be attributed to the size effect of
nanowires, but cannot fully exclude the parameters that also
affect thermoelectric efficiency, i.e. carrier concentration. A
systematic quantification of such parameters will be needed
to fully exploit the potential of PbTe nanowires for increasing
thermoelectric efficiency.
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