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ABSTRACT: We demonstrate the rational solution-phase
synthesis of compositional modulated telluride nanowire
heterostructures containing lead telluride (PbTe) and bismuth
telluride (Bi,Te;). By tuning the ratio between PbTe and
Bi,Te; through adjusting the amount of critical reactants and
precursors during the synthesis, the influence of composition
on the thermoelectric properties of the nanowire hetero-
structures has been investigated in hot pressed nanocomposite
pellets. Measurements of the thermoelectric properties show
strongly reduced thermal conductivity that leads to an
enhanced thermoelectric figure of merit (ZT) of 1.2 at 620 K.
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Recent demands on energy conservation have created a
significant interest in thermoelectric materials that can
perform a direct conversion between thermal energy and
electrical energy for waste heat recovery"” and solid-state
cooling®* with improved stability and reliability.” The thermo-
electric device efliciency is determined by the figure of merit
(ZT = TS%0/k). The three factors, Seebeck coefficient (S),
electric conductivity (), and thermal conductivity (k), are
inherently correlated, thus greatly restricting the improvement
of ZT.° In the past two decades, nanomaterials have been
theoretically and experimentally proven to be able to partially
decouple the three factors through the unique material
properties at nanoscale, such as low energy electron filtering’~”
and phonon scattering.'”'" Especially in the most recent
literatures, dual-phase nanocomposites were studied intensively
because of the extremely low thermal conductivity and great
potential for enhancing thermoelectric properties.'*~** Herein,
we use the Te—Bi,Te; barbell nanowire heterostructures
developed by our group previously' to synthesize PbTe/
Bi,Te; “barbell” nanowire heterostructures by converting Te
sections into PbTe. The influence of composition (ratio
between PbTe and Bi,Te;) has been investigated in hot
pressed nanocomposite pellets and an enhanced ZT of 1.2 has
been achieved at 620 K.

We focus our research on telluride-based thermoelectric
materials because of their outstanding figure of merit."®"”
However, few investigations have been performed on the
PbTe/Bi,Te; system. In the existing papers discussing PbTe/
Bi, Te; related systems, other elements, such as Sn and Sb, were
introduced to form ternary alloy compounds; in other cases,
Pb** or Bi** were simply used as dopants in Bi,Te; or PbTe,
respectively, without the coexistence of both phases.'®™>
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Meanwhile, most of these materials were synthesized by high-
temperature solid-state reaction, such as zone melting and the
Bridgman method,”"** which are extremely energy intensive.
Moreover, ball milling has been used to obtain nano/
micrometer-size grains,””>* but this could not only introduce
unwanted impurities but also offer little control on the
dimensions and uniformity of the grain sizes of each
component.

Our synthetic approach to produce PbTe/Bi,Te; nanowire
heterostructures involves a three-step solution-phase reaction at
a much lower temperature compared to solid-state reactions.
The reaction starts with the synthesis of Te nanowires, followed
by the growth of Bi,Te; nanoplates on the Te nanowire bodies,
and then ends with the conversion of Te sections in the Te—
Bi,Te; nanowire heterostructures into PbTe. The synthesis of
PbTe—Bi,Te; barbell nanowire heterostructures is carried out
in a standard Schlenk line with nitrogen protection. Tellurium
dioxide (TeO,, 99%+), ethylene glycol (EG, 99%+), potassium
hydroxide flakes (KOH, 90%), polyvinylpyrrolidone (PVP,
average molecule weight 40 000), hydrazine hydrate solution
(N,H,-H,0, 80%), anhydrous hydrazine (98%), bismuth
nitrate pentahydrate (Bi(NO;);-SH,0, 98%), and lead acetate
trihydrate (Pb(CH;CO,),-3H,0, 99%+) were all purchased
from Sigma-Aldrich. All of the chemicals are used as received
without further purification. In a typical process, 1.5 mmol of
TeO,, 10 mmol of KOH, 0.3 g of PVP, and 15 mL of EG are
added into a 50 mL three-neck flask. Nitrogen is purged
through the system to keep the reaction in an oxygen-free
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Figure 1. (A) Scheme of the transformation in the three-step synthesis of PbTe—Bi,Te; barbell nanowire heterostructures. SEM images of the
nanowire heterostructures with composition ratio of (B) PbTe/Bi,Te; = 27:1 and (C) PbTe/Bi,Te; = 2:1. XRD patterns of (D) PbTe/Bi,Te; = 2:1
sample and (E) PbTe/Bi,Te; = 27:1 sample. The black text refers to PbTe and the red text refers to Bi,Te;. Energy dispersive X-ray spectroscopy
(EDS) of (F) PbTe/Bi,Te; = 2:1 sample and (G) PbTe/Bi,Te; = 27:1 sample. Inlaid tables give the atomic percentage of Pb, Bi, and Te.

environment. The mixture is stirred and heated to 140 °C.
After all of the chemicals are dissolved thoroughly, 0.20 mL of
80% hydrazine hydrate solution is injected into the reaction,
and the yellow-transparent solution becomes a black slurry,
which is kept at 140 °C for 1 h to allow Te nanowires to form
completely. Meanwhile, 0.6 mmol (for PbTe/Bi,Te; = 2:1,
molar ratio) or 0.1 mmol (for PbTe/Bi,Te; = 27:1, molar
ratio) of Bi(NO;);-SH,O are added into S mL of EG in a glass
vial to form a solution that is kept at 100—120 °C. After that,
the temperature of Te nanowire solution is raised to 160 °C,
and the Bi(NO,);-SH,0/EG solution is hot-injected into the
flask. The reaction continues at 160 °C for another hour. At the
same time, 0.6 mmol (for PbTe/Bi,Te; = 2:1) or 1.35 mmol
(for PbTe/Bi,Te; = 27:1) of Pb(CH,CO,),-3H,0 are added
into S mL of EG in a glass vial to form a solution which is kept
at 100—120 °C. After 1 h, 0.4 mL of anhydrous hydrazine is
first added into the reaction and then the Pb-
(CH;CO,),-3H,0/EG solution is injected into the reaction,
which continues for another 1 h before naturally cooling down
to room temperature. The as-obtained product is centrifuged
followed by washing with deionized water three times and
ethanol twice. The whole procedure is shown in Figure 1A.
The products of the PbTe/Bi,Te; barbell nanowire
heterostructures with different compositions are first charac-
terized by scanning electron microscopy (SEM) (Figure 1B,C),
X-ray diffraction (XRD) (Figure 1D,E), and energy dispersive
X-ray spectroscopy (EDS) (Figure 1F,G). Interestingly, both
products show nanowire shape observed from SEM studies and
both XRD spectra can be readily indexed into PbTe (JCPDS
No. 38-1435) and Bi,Te; (JCPDS No. 15-0863) without Te
impurity peaks, proving a complete conversion of Te into
PbTe. However, the intensity of the Bi,Te; peaks in the XRD
patterns is slightly different. Bi,Te; peaks in the PbTe/Bi,Te; =
27:1 sample spectrum (Figure 1E) are almost unidentifiable
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because of the low Bi,Te; concentration. Meanwhile, the (1 1
0) peak of Bi,Te; grows much higher and those peaks not
appearing in the PbTe/Bi,Te; = 27:1 sample spectrum, such as
(2 05) and (1 2 S), start to arise in the PbTe/Bi,Te; = 2:1
sample spectrum (Figure 1D), which clearly indicates an
increased amount of Bi,Te; phase. Furthermore, the
composition difference between the two samples is further
confirmed by EDS (Figure 1F,G), which shows that the
elements in both samples have stoichiometric ratios with nearly
negligible Te redundancy (0.14% for the PbTe/Bi,Te; = 2:1
sample and 0.69% for the PbTe/Bi,Te; = 27:1 sample). The
Bi,Te; molar percentage of 33.4% in the PbTe/Bi,Te; = 2:1
sample (theoretical value: 33.3%) and of 3.38% in the PbTe/
Bi,Te, = 27:1 sample (theoretical value: 3.57%) were obtained,
which proves that our strategy to control over the molar ratio
between PbTe and Bi,Te; during the synthesis by adjusting the
amount of the initial precursors is quite successful. Notably,
these two compositions represent the boundary of a wide
tunable range where we can vary the ratio between PbTe and
Bi,Te; while still maintaining the nanowire heterostructures; if
the PbTe/Bi,Te; ratio is smaller than 2:1, the extra Bi
precursor would lead to the random deposition of Bi,Te; on
the nanowire body and suppress the selective growth of Bi,Te;
plates on the ends of the initial Te nanowires; if the PbTe/
Bi,Te; ratio is larger than 27:1, the low concentration of Bi
precursor amount would not be enough to form two obvious
plates on the two ends of Te nanowire.

The PbTe/Bi,Te; barbell nanowire heterostructures are
further studied by transmission electron microscopy (TEM).
The low-magnification TEM images of the PbTe/Bi,Te; = 2:1
sample (Figure 2A) and the PbTe/Bi,Te; = 27:1 sample
(Figure 2C) clearly display the uniformity of the barbell
morphology with smooth surfaces. The statistical analysis on
Figure 2A,C shows the similar average diameters of the PbTe
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Figure 2. (A,C) Low-magnification TEM images of the PbTe/Bi,Te;
barbell nanowire heterostructures with compositions of PbTe/Bi,Te;
=2:1 and PbTe/Bi,Te, = 27:1. (B,D) HRTEM images of the interface
between Bi,Te; bar and PbTe nanowire body in the samples with the
composition of PbTe/Bi,Te; = 2:1 and PbTe/Bi,Te; = 27:1. (E,(F)
The histogram of the diameter of PbTe nanowire body and the length
of Bi,Te; bars, respectively. The red curves refer to the sample of
PbTe/Bi,Te; = 27:1 and the black curves refer to the sample of PbTe/
Bi,Te, = 2:1.

nanowire part (Figure 2E) of 28.74 + 2.34 nm (for the PbTe/
Bi,Tey = 2:1 sample) and 31.99 + 3.39 nm (for the PbTe/
Bi,Te; = 27:1). The average lengths of the Bi,Te; bars (Figure
2F), however, are quite different in the two samples with of
22247 + 1746 nm in the PbTe/Bi,Te; = 2:1 sample and
105.15 #+ 23.71 nm in the PbTe/Bi,Te; = 27:1 sample. Such a
big difference (~120 nm) is consistent with the disparity of Bi
molar concentration in the two samples. Moreover, the high-
resolution TEM (HRTEM) images taken at the interface of the
PbTe nanowires and Bi,Te, bars (Figure 2C,D) reveal several
important points: first, the nearly defects-free lattices infer the
single crystalline nature of both the nanowire and bar parts;
second, the fast Fourier transform (FFT) performed individ-
ually on the nanowire and bar parts show the pure PbTe and
Bi,Te; phases, respectively; third, the axial direction of PbTe
and Bi,Te, is perpendicular to the (1 1 1) and (0 0 6) crystal
planes, respectively. There is a 4.01% lattice mismatch at the
PbTe/Bi,Te; interface, which is larger than the Te/Bi,Te;
interface lattice mismatch (1.62%) but still small enough to
tolerate epitaxial growth.
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The rational and reproducible PbTe-Bi,Te; barbell nanowire
heterostructures synthesis procedure confirmed by various
characterization methods provides us the opportunity to further
investigate their bulk thermoelectric properties through mass
production. The as-synthesized products are washed with
hydrazine to remove the capping ligands on the surfaces of
barbell nanowire heterostructures and vacuum-dried at room
temperature following the detailed procedures described in our
previous paper.”> Afterward, the cleaned and dried nanowire
powder is hot-pressed at 150 °C and 165 MPa for half an hour
and then naturally cooled down to room temperature while the
pressure is maintained at 165 MPa. A subsequent annealing at
300 °C for two hours is followed to eliminate unwanted defects
created during the hot press and remove retained capping
ligands. Digital photos (insets, Figure 3A,B) of the two samples

Figure 3. (AB) Cross section HRTEM images of the sample PbTe/
Bi,Te; = 2:1 and the sample PbTe/Bi,Te; = 27:1 pellets, which clearly
show nanoscale PbTe and Bi,Te; crystal domains and preserved grain
boundaries inside the nanocomposites. The insets are digital photos of
two PbTe-Bi,Te; pellets after hot pressing and subsequent annealing.

show a slight color variation because of the different
compositions. The temperatures for hot pressing and annealing
are much lower compared to the alloying temperature shown in
the equilibrium diagram of the PbTe and Bi,Te; binary system
and the possible ternary compounds (PbBi,Te,), such as
PbBi,Te,, PbBi,Te,, or Pb;Bi,Tey can only form at 850 K.>>*°
The preservation of the compositions (PbTe and Bi,Te,
instead of their alloys) and nanoscale grain boundaries are
clearly demonstrated by the HRTEM studies performed on the
cross sections of the hot-pressed/annealed samples of PbTe/
Bi,Te; = 2:1 (Figure 3A) and PbTe/Bi,Te; = 27:1 (Figure 3B)
in both of which the different nanoscale grains can be readily
identified as PbTe and Bi,Te; phases with random orientations.

After the fabrication process, the pellets are micromachined
and polished into regular rectangular shape with identical size
before the measurement of electrical conductivity, Seebeck
coefficient and thermal conductivity (Figure 4, the black square
curves and red dot curves are obtained from the PbTe/Bi,Te; =
2:1 sample and PbTe/Bi,Te; = 27:1 sample, respectively). The
electrical conductivity is measured through a standard four-
probe method with a maximum temperature fluctuation of +2
K. The Seebeck coefficient is measured by bridging the sample
between a heater and heat sink and testing the voltage
difference between the hot and the cold sides with a maximum
temperature fluctuation of +0.2 K and a voltage resolution of
50 nV. The thermal conductivity (k) is measured through
thermal diffusivity (a) and specific heat (C,) and then
calculated via the equation k = apC, (p is the density). In
the temperature range from 310 to 650 K, the electric

dx.doi.org/10.1021/nl1400319u | Nano Lett. 2013, 13, 2058—2063
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Figure 4. Thermoelectric properties of the PbTe/Bi,Te; = 2:1 sample and the PbTe/Bi,Te; = 27:1 sample made by hot pressing and subsequently
annealing the heterostructures. The red dot curves and the red bars stand for the PbTe/Bi,Te; = 27:1 sample and the black square curves and the
black bars stand for the PbTe/Bi,Te; = 2:1 sample. (A) Electrical conductivity, (B) Seebeck coefficient, (C) power factor, (D) thermal conductivity,
(E) ZT of a typical sample measured between 300 and 650 K, and (F) the distribution of peak ZT values based on the different Seebeck coefficients

measured on six samples from each composition.

conductivity of the PbTe/Bi,Te; = 2:1 sample increases from
28 to 90 S/cm, while the PbTe/Bi,Te; = 27:1 sample has a
higher electric conductivity that increases from 39 to 113 S/cm
at 550 K and then decreases to 105 S/cm (Figure 4A). The
different conductivities could be explained in two aspects: first,
a larger Bi,Te; composition could lead to more PbTe/Bi,Te;
interfaces, which could scatter the electron transport; second,
even though the same process was applied to fabricate the two
pellets, the relative density of PbTe/Bi,Te; = 27:1 pellet
(76.27%) is higher than that of PbTe/Bi,Te; = 2:1 pellet
(68.22%). In fact, because of the noticeable porosity in both
pellets, the electric conductivities of both samples are much
smaller compared to those of bulk Bi,Te; (880 S/cm)** and
PbTe (526 S/cm).'” However, our samples’ electric con-
ductivities are still comparable to other PbTe-based nano-
composites at high-temperature range where the optimum ZT
occurs, such as PbTe/BaTe (150 S/cm at 750K)'* and PbTe/
PbSnS, (140 S/cm at S00K)."* Both samples with different
composition show n-type behavior as shown by the negative
Seebeck coefficients observed with absolute value between 250
uV/K and 310 uV/K (Figure 4B), which are slightly improved
compared to the bulk Bi,Te; (optimum Seebeck coefficient,
220 44V/K)*? and the bulk PbTe (optimum Seebeck coefficient,
230 uV/K)."” The enhanced Seebeck coefficient could partially
result from the energy filtering effect at the PbTe/Bi,Te;
interface with a band offset around 0.8 eV.?”** The
temperature-dependent behavior of the Seebeck coefficient is
related with the bipolar effect in which the thermal excited
holes have opposite contribution to Seebeck coefficient thereby
reducing the absolute value.’ Such a bipolar effect becomes
more obvious with increasing temperature: in both the PbTe/
Bi,Te; = 27:1 and the PbTe/Bi,Te; = 2:1 samples, the Seebeck
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coefficients reach to the maximum absolute values between 400
and 450 K and then start to decrease. The only difference
between two samples is that in the PbTe/Bi,Te; = 27:1 the
Seebeck coefficient starts to increase again after 520 K due to
the saturation of the electric conductivity while in the PbTe/
Bi,Te; = 2:1 sample the electrical conductivity keeps increasing
(due to enhanced hole transport), thus further decreasing the
Seebeck coeflicient. The most interesting property of the two
samples is the extremely low thermal conductivity (Figure 4D).
At temperatures between 310 and 620 K, the thermal
conductivity of the PbTe/Bi,Te; = 2:1 sample ranges from
0.333 to 0.610 W/m-K which is lower than that of the PbTe/
Bi,Te; = 27:1 sample (0.575—0.515 W/m-K). The thermal
conductivity results highlight a few important points. First, the
overall thermal conductivities of both samples are significantly
smaller than the lowest thermal conductivity of bulk Bi,Te; (1.4
W/m-K at 345 K)** and PbTe (1.4 W/m-K at 720 K),"” as well
as other telluride based nanocomposites, such as PbTe/BaTe
(0.9 W/m-K at 750 K)'* and PbTe/PbSnS, (0.9 W/m-K at 500
K);13 second, the calculated lattice thermal conductivities
(Lorenz number = 2.44 X 107 W-S'™.K™2) of our nano-
composites are from 0.307 to 0.427 W/m-K for the PbTe/
Bi,Te; = 2:1 sample and from 0.350 to 0.550 W/m-K for the
PbTe/Bi,Te; = 27:1 sample, respectively. The lattice thermal
conductivities of both samples are much smaller than bulk
Bi,Te, (0.8 W/m-K at 345 K)** and PbTe (0.8 W/m-K at 720
K),"” as well as PbTe/BaTe (0.63 W/m-K at 750 K)'* and
PbTe—PbSnS, (0.73 W/m-K at 500 K)"* nanocomposites. On
the basis of the measured electrical conductivities, Seebeck
coefficients, and thermal conductivities, we calculate the ZT of
the two nanocomposite samples and plot the temperature-
dependent curves in Figure 4E. The peak ZT of the PbTe/

dx.doi.org/10.1021/nl400319u | Nano Lett. 2013, 13, 2058—2063
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Bi,Te; = 2:1 sample is 0.72 at 570 K, which is smaller than the
one of the PbTe/Bi,Te; = 27:1 sample (1.20 at 620 K).
Notably, the peak ZT value (1.20 at 620 K) of PbTe/Bi,Te; =
27:1 sample is better than that of the bulk Bi,Te; (1.05 at 320
K)* and slightly higher than the ZT (1.19) of the state-of-the-
art bulk n-type bulk PbTe at the same temperature of 620 K."”

We have also performed a statistic study on multiple samples
(six samples for each composition). Notably, the electrical
conductivity and thermal conductivity of each group of six
samples with the same composition are nearly same (within 1—
2%), however, the biggest variation comes from the measure-
ment of Seebeck coefficient when these samples are mounted
between a heater and a heat sink where every time the thermal
interface resistance between the sample and the heater/heat
sink will be different, leading to the tiny variation of “effective”
temperature difference across the samples and resulting to the
distribution of ZT values shown in Figure 4F. But for the same
composition, the peak ZT values of the six samples all happen
at the same temperature (570 K for the PbTe/Bi,Te; = 2:1
samples and 620 K for the PbTe/Bi,Te; = 27:1 samples), thus
shows the uniformity of our materials and sample preparation.

The enhanced ZT values in our nanowire heterostrutures
mainly result from the low thermal conductivities observed in
both nanocomposites, however, the measured thermal con-
ductivities of the two nanowire heterostructures with different
compositions show completely different temperature depend-
ence, for which we have applied a theoretical analysis of our
materials. It has been already known that the total thermal
conductivity is contributed by lattice ki, electron k,, and bipolar
effect k>’

ko = ke + ki + ko, (1)

The electron part k, can be estimated by Wiedemann—Franz
law k, = o(T)L,T, L, = 244 X 107® W-S™".K™% which is
approximately applicable for quasicrystals and aggproxim—
ants®>*" and has been used in many other works.” ** To
understand the remaining part ke, — k., we use the effective
medium approximation (EMA) and empirical fitting to find the
lattice contribution and finally obtain the bipolar effect
contribution. First, existence of the porosity®> >° can decease
the lattice thermal conductivity according to k; = (1 — p)¥ zkf,
where k¢ is the lattice thermal conductivity of the imagined fully
dense nanocomposites, P = 1 — p/p; is the porosity, whose
values are 0.316 and 0.2364 for the 2:1 and 27:1 PbTe/Bi,Te,
nanocomposites, respectively. Second, k; can be de-
scribed®*°™3% as 1/k; = 1/k, + 2R,/d, where k, is the lattice
thermal conductivity of the imagined nonboundary-resistance
nanocomposite, Ry is the thermal boundary and interfacial
resistance (Kapitza resistance), and d is the average grain
diameter. The temperature dependence of Kapitza resistance
can be expressed as R, ~ T’ where the value of  can be either
positive®> or negative.”” Additionally, k, can be evaluated from
EMA4 ()originally done by Bruggemann®” and developed by Nan
et al™

total

ky + (n = Dk, = (n — Dp,(k; = k,)
ky + (n = Dk + p, (k; = k)

0=k
)

Where n = 3/% is the shape factor of nanoparticles with
sphericity ¥ < 1, p, is the volume fraction of Bi,Tes, and k; and
k, are the lattice thermal conductivity*** of bulk PbTe and
bulk Bi,Te;, respectively. Finally the lattice thermal con-
ductivity can be expressed by
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-1
k= (1- P)3/2(L + Z—Rl‘)
k, d (3)
Considering that the bipolar contribution increases™ while
the lattice contribution decreases with increasing temperature
proven by experiment and simulation,***” we assume that at
low temperature the bipolar contribution is negligible
compared to the lattice contribution that is estimated as k =
kiytas — k. that can be used to determine the fitting parameters
R, and n. After that we can use eq 3 to predict the high-
temperature range lattice thermal conductivity and finally
obtain the contribution of the bipolar effect at the high
temperature range with the results shown in Figure 5. For the
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Figure 5. Thermal conductivity of the 2:1 (A) and 27:1 (B) PbTe/
Bi,Te; nanocomposites, including the total thermal conductivity
(black squares), electron contribution (red circles), and lattice
contribution (upward-pointing triangles). The down-triangular
denotes the remaining part after subtracting the electron contribution
from the total thermal conductivity. The inlaid figure in (B) shows the
lattice thermal conductivity of bulk PbTe***® and bulk Bi,Te,.***

PbTe/Bi,Te; = 27:1 sample (Figure SB), the fitting results
shows that the Kapitza resistance increases with temperature
with an approximately linear dependence (f & 1), which makes
the total thermal conductivity decrease with temperature more
quickly than both bulk PbTe and bulk Bi,Te;. At temperatures
of 300 and 650 K, the values of Ry are approximately 1.04 X
107* m*K-W™" and 1.88 X 107® m*K-W™' determined by
fitting the experimental thermal conductivity data at low
temperature, respectively, which are of the same order as the
bulk thermal resistance and cannot be neglected, as the phonon
mean free path of bulk PbTe and bulk Bi,Te; are of same order
as the grain size d & 30 nm. The total thermal conductivity is
mostly contributed by lattice vibration since the PbTe bipolar
effect starts at around 600 K. For the PbTe/Bi,Te; = 2:1
sample (Figure SA) that contains more Bi,Te; in which the
bipolar effect becomes relevant at about 350 K, the total
thermal conductivity increases dramatically with temperature
above 350 K. The Kapitza resistance R, = 1.89 X 107°
mZK-W! at 320 K is higher than that of the PbTe/Bi,Te; =
27:1 sample at the same temperature due to the increased
fraction of Bi,Te; that leads to the increased amount of
compositional interfaces/grain boundaries. In conclusion, the
distinct temperature dependence of the two nanowire
heterostructure systems is indeed due to the different
compositions, which decides the temperature at which the
bipolar effect becomes dominant. More importantly, the well-
preserved compositional interfaces/grain boundaries in the

dx.doi.org/10.1021/nl400319u | Nano Lett. 2013, 13, 2058—2063
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nanocomposite samples result in the large Kapitza resistance,
thus leading to the extremely low thermal conductivity in both
samples.

To summarize, we have developed a rational synthesis of
PbTe—Bi,Te; “barbell” nanowire heterostructures through a
solution-phase one-pot three-step reaction. Through the
control of the ratio between PbTe and Bi,Te;, the thermo-
electric properties can be manipulated to achieve a largely
reduced thermal conductivity and enhanced thermoelectric
figure of merit (ZT) of 1.2 at 620 K.
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