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it can be mitigated by degenerately doping the semiconductor 
and/or alloying it with larger-bandgap compounds.

Since the 1950, Bi2Te3-based alloys (BixSb2-xTe3 and 
Bi2Te3-xSex) have been widely used and commercialized for 
refrigeration and thermoelectric energy conversion applica-
tions in the low-temperature range (300–450 K).[11–13] However, 
at higher temperatures (>500 K), their zT value decreases sub-
stantially, mainly due to the onset of bipolar conduction that 
arises from low carrier concentrations and its small bandgap 
(Eg ≈ 0.18 eV). At mid-range temperatures (600–900 K), good 
candidates are mainly limited to PbTe alloys (Eg ≈ 0.31 eV).[14] 
Thus, combining p-type BiSbTe and PbTe may yield good ther-
moelectric materials with a peak zT value located in the low-
medium temperature range (500–600 K). Indeed, aliovalent Pb, 
with less valence electrons than Bi(Sb), can act as an extrinsic 
acceptor for p-type BiSbTe.[15] Similarly, doping with other ele-
ments (Ag,[16] In,[17] Cu,[18] Zn[19]) may allow further tuning of 
the carrier concentration, thus optimizing the power factor and 
shifting the peak zT toward higher temperatures, but at the cost 
of carrier mobility. Carrier concentration can also be modified 
through defect engineering (e.g., Sb/Te antisites), although lim-
itedly.[12,20] On the other hand, nanostructuring can suppress 
lattice thermal conductivity (κl).[8] Nanosizing was also proposed 
to suppress κbi through selectively blocking minority carriers 
in BiSbTe, although limited to below 400 K.[8,21] Additionally, 
alloying/doping may tailor the bandgap and Fermi level, dimin-
ishing bipolar conduction. Alas, without synergistic optimiza-
tion of these interdependent parameters, unity zT cannot be 
achieved in Bi2Te3-based materials from 500 to 600 K, where 
the application of thermoelectrics is promising for the recovery 
of low-grade waste heat. Furthermore, conventional solid-state 
synthesis[22] requires high-temperature, energy-consuming pro-
cesses to alloy or dope, with poor control over grain size. In con-
trast, solution synthesis has provided a more sustainable and 
efficient route to both doping/alloying and nanostructuring,[23] 
inspiring us to improve the performance of Bi2Te3.

Herein, we report the thermoelectric properties of Pb-doped 
BiSbTe nanocomposites derived from a scalable, solution-
synthesized precursor made in 10 g batches. The nominal 
compositions are Bi0.7Sb1.3Te3 with 0–4.0 at% Pb dopants. The 
as-obtained nanocomposites show an optimized power factor 
(S2σ) that peaks at a higher temperature than previous BiSbTe 
compounds, a strongly reduced κl as compared to bulk-grain 
counterpart, a remarkably suppressed κbi, and a high zT (≈1.0) 

More than 50% of the world’s energy consumption is wasted 
in the form of heat, and thermoelectric energy conversion is 
attracting great attention as an effective and reliable method 
to recover this waste heat as electricity.[1] The efficiency of a 
thermoelectric material is determined by its dimensionless 
figure of merit, zT = S2σT/(κe + κl + κbi), where S is the See-
beck coefficient, σ is the electrical conductivity, T is the oper-
ating temperature, and κe, κl, and κbi are the electronic, lattice, 
and bipolar contributions to thermal conductivity, respectively. 
Maximizing zT requires the simultaneous enhancement of the 
power factor (S2σ) and reduction of the thermal conductivity 
(κtot). Band engineering with resonant levels,[2] band conver-
gence,[3] energy filtering effects,[4] and quantum confinement[5] 
are widely explored to enhance S2σ. To reduce κtot, materials 
with an intrinsically low κl are used as the starting material.[6] 
Nanostructuring[7–9] and defect engineering[10] lead to further 
reduction in κl. As κbi is determined by electronic transport, 
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in the range of 513–613 K. This pushes the working tempera-
ture of conventional BiSbTe materials ≈100 K higher.

The low-temperature solution-phase synthesis is based on 
a three-step strategy developed by our group.[24,25] In Step 1, 
tellurium dioxide, potassium hydroxide, and polyvinylpyrro-
lidone (Mw = 40 000) are dissolved into ethylene glycol (EG). 
The pale yellow solution is then heated to 100 °C and hydrazine 
hydrate (80%) is injected. The solution turns into a dark blue 
slurry, indicative of the formation of tellurium (0). It is kept at 
100 °C for 1 h before the temperature is raised to 110 °C. In 
Step 2, a solution of lead acetate trihydrate is added drop wise 
into the dispersion of Te nanowires at 110 °C. Then another 
1 h of heating is maintained for the formation of the PbTe-Te-
PbTe nanoheterostructure. In Step 3, an EG solution of Bi and 
Sb precursors (bismuth nitrate pentahydrate and antimony ace-
tate) is added drop by drop, with precedent injection of anhy-
drous hydrazine. The black slurry is heated at 110 °C for 1 h 
and then incubated at 140 °C for another 8 h before the produc-
tion of the PbTe-BiSbTe-PbTe nanoheterostructure.

Comprehensive characterization is performed to examine 
the structure and composition of the intermediate product at 
each step of the synthesis. First, X-ray diffraction (XRD) pat-
terns are recorded to verify the crystal phases. After Step 1, 
pure Te (trigonal, JCPDS-#36-1452) is indexed and no impu-
rity such as TeO2 is found (Figure 1a). This corroborates the 
reducing ability of hydrazine hydrate, as evidenced by its wide 
use in efficient synthesis of Te nanostructures.[25] After Step 2,  
the diffraction peaks of both Te and PbTe (face centered cubic, 
JCPDS-#38-1435) are discerned, indicating that PbTe has 
been incorporated (Figure 1a). After Step 3, the XRD profile 
shows peaks of PbTe, Te, and BixSb2-xTe3 (hexagonal, x = 0.5 

for JCPDS-#49-1713) (Figure 1a). However, as some reflec-
tion peaks of Te, PbTe, and BixSb2-xTe3 overlap with each 
other, transmission electron microscopy (TEM) investigation is 
needed for further clarification.

The compositions of the aforementioned nanostructures are 
further verified by our TEM study. First, the 1D shape of the Te 
nanowire, produced in Step 1, is clearly observed (Figure 1b). 
Statistics of the nanowire diameter reveal a narrow distribution 
(17 ± 2 nm) and the length of nanowires is found to be 1500 ± 
200 nm. The (001) lattice fringe of Te (Figure 2a) that is perpen-
dicular to the axial direction indicates that the nanowire grows 
along the c axis. Second, in Figure 1c, the barbell-like mor-
phology of the PbTe-Te-PbTe nanoheterostructure is displayed. 
The (111) plane of PbTe can be seen on the tips and is parallel 
with the (001) plane of Te wire part (Figure 2b). After step 3, all 
the crystal domains of Te, PbTe, and BixSb2-xTe3 can be found 
in the as-obtained PbTe-BiSbTe-PbTe nanoheterostructure 
(Figure 1d and 2c,d). The PbTe (002) lattice fringe is found on 
the tip. A fast Fourier transform (FFT) pattern along the Te 
[010] zone axis is observed on the nanowire body. The typical 
layered structure and (006) spot of BixSb2-xTe3 in FFT are seen 
on the sidewall of the nanowire (Figure 2c) and also the junc-
tion of the wire and the tip (Figure 2d). This indicates that 
BixSb2-xTe3 is grown from the reaction of Bi and Sb atoms with 
surface Te atoms. High angular annular dark field-scanning 
transmission electron microscopy (HAADF-STEM) and ele-
mental mapping also corroborate that PbTe is grown on the 
tip, while the nanowire body is comprised of BixSb2-xTe3 and 
unreacted Te (Figure 2e).

Scanning electron microscopy (SEM) images further verify 
the morphology of products step-by-step (Figure S1–S4, 
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Figure 1.  Characterization of the intermediate products of the PbTe-BiSbTe nanoheterostructure. a) XRD patterns of Te (top) after step 1, 0.04 PbTe-
Te-PbTe (middle) after step 2, and 0.04 PbTe-BiSbTe-PbTe (bottom) after step 3; the solid lines are indicative of tellurium, the dashed ones are PbTe, 
and dotted ones represent Bi0.5Sb1.5Te3. Transmission electron microscopy images of b) Te nanowire, c) 0.04 PbTe-Te, and d) 0.04 PbTe-BiSbTe 
nanoheterostructure.
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Supporting Information). Energy-dispersive spectrum (EDS) 
also provides strong evidence that the Te nanowire is only par-
tially converted to BiSbTe in the PbTe-BiSbTe-PbTe nanohet-
erostructure. Taking the “0.015 Pb” sample as an example, the 
atomic ratio of Pb:Bi:Sb:Te is 1.5:16.3:49.0:100 in the precur-
sors. While the atomic ratio in the final product is Pb:Bi:Sb:Te =  
1.4:16.9:27.9:100. It is clear that Pb, Bi, and Te are mostly con-
verted, whereas only ≈57% (27.9/49.0) of Sb is reacted.

The successful synthesis of the PbTe-BiSbTe nanohetero-
structure and its structural integrity may originate from the 
delicate match in atomic structure of each constituent phase. 
According to high resolution transmission electron microscopy 
(HRTEM) analyses (Figure 2), we construct atomic structure 
models for PbTe (111)-Te (001), BixSb2-xTe3 (001)-Te (001), and 
PbTe (111)-BixSb2-xTe3 (001) interfaces (Figure S5–S10, Sup-
porting Information). In these models, the dangling bonds are 
well saturated and the coordination geometry is finely retained 

at the interfaces. The nice match in crystal structures also 
brings about the generality in synthesis. The composition of 
these PbTe-BiSbTe-PbTe nanoheterostructures is tunable over a 
wide range (0.5–4.0 at% Pb, see the Experimental Section in the 
Supporting Information; Figure S3 and S4 of the Supporting 
Information and Figure 2). This provides us with a rich library 
of potentially new materials. The other important feature of our 
synthesis is the 10 g scale (Figure 3a, inset). To the best of our 
knowledge, this is the first synthesis of nanoheterostructures in 
such an energy-saving, repeatable and scalable way. The scal-
able synthesis of nanoheterostructures will pave the way for 
applications not only in thermoelectrics but also in other fields, 
such as photocatalysis, electronics, and optoelectronics.[26]

The tunable, repeatable, and scalable synthesis of PbTe-
BiSbTe nanoheterostructures allows us to fabricate bulk 
nanocomposites. The nanoheterostructures are washed by an 
ethanol solution of hydrazine and then vacuum dried.[24] The 
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Figure 2.  HRTEM study on intermediate products of the PbTe-BiSbTe nanoheterostructure. HRTEM images of a) the Te nanowire after step 1, b) the 
0.04 PbTe-Te-PbTe nanoheterostructure after step 2, c) the wire part and d) the junction area of the 0.04 PbTe-BiSbTe-PbTe nanoheterostructure after 
step 3. The insets show corresponding fast Fourier transform (FFT) patterns. All scale bars in (a)–(d) represent 10 nm. e) HADDF-STEM image and 
EDS elemental mapping of the 0.04 PbTe-BiSbTe-PbTe nanoheterostructure; the scale bar is 30 nm.
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dried chunk is ground into a fine powder and filled into a phi-
10.0 mm (inner diameter) graphite die in a glove box. Then 
the tooling is loaded in a Fuji-211lx Spark Plasma Sintering 
(SPS) system where it is put under vacuum and subjected to 
a uniaxial pressure of 40 MPa, heated and kept at 425 °C for 
5 min. The as-obtained disk is polished and shows metallic 
luster (Figure 3b, inset).

The compositions of the SPSed disks are checked via EDS. 
For the 0.015 Pb sample, the Pb:Bi:Sb:Te molar ratio is around 
1.4:16.1:30.2:71.1. Compared with the nanoheterostructure 
before SPS (Pb:Bi:Sb:Te molar ratio = 1.4:16.9:27.9:100), 
it is clear that the ratio among Pb, Bi, and Sb is almost 
unchanged. In contrast, there is a 28.9% loss of Te. Before 
SPS, the molar ratio of Te/(Bi+Sb) is 2.23 in the pristine 
powder, which is significantly larger than 1.50, a typical value 
for Bi0.7Sb1.3Te3. The pristine powder can be regarded as Pb-
Bi0.7Sb1.3Te3 alloy plus excess elemental Te. According to the 
Te-rich region of the BixSb2-xTe3-Te phase diagram,[10] the Te 
nanowire melts above ≈420 °C. Therefore, during the SPS 
process (≈425 °C), liquid Te is expelled out of the nanocom-
posite, leaving Bi0.7Sb1.3Te3 nanoflakes and PbTe nanograins 
compressed together (Figure 3b), with an effective grain size of 
40–60 nm (Figure 3e). In the final nanocomposite, the molar 
ratio of Te/(Bi+Sb) is 1.53, which is quite approximate to the 
stoichiometric value of 1.50. Similar trends are also found in 
the 0.01 Pb sample. Before SPS, the Pb:Bi:Sb:Te molar ratio is 

around 0.8:17.1:25.7:100. After SPS it is 0.8:16.1:28.1:70.0. The 
Pb:Bi:Sb:Te molar ratio in the after-SPS 0.005 Pb sample is 
0.4:14.0:25.2:60.2. For the undoped (0% Pb), after-SPS, sample 
the Bi:Sb:Te molar ratio = 14.3:25.6:60.2.

In the final PbTe-Bi0.7Sb1.3Te3 nanocomposites, Pb may 
be dissolved in Bi0.7Sb1.3Te3 or precipitate out as PbTe 
inclusion.[27] In SEM-EDS elemental mapping of 0.01 PbTe-
Bi0.7Sb1.3Te3, Pb is found to be scattered throughout the 
sample (Figure S13, Supporting Information). The dissolu-
tion of Pb in Bi0.7Sb1.3Te3 is revealed by the progressive shift 
in the XRD peak of Bi0.7Sb1.3Te3 (0 1 5) and (0 0 15) toward 
lower 2θ (higher interplane distance; Figure 3d), as the atomic 
radius of Pb is larger than Bi(Sb). The dissolved Pb is expected 
to act as an acceptor to parent Bi0.7Sb1.3Te3 because there is 
one less valence electron in Pb (6s26p2) than in Bi (6s26p3, 
Sb, 5s25p3). This leads to p-type conduction in the as-obtained 
disk, as is proved by the Hall effect measurement (Figure S14a, 
Supporting Information). The efficient doping of Pb may be 
aided by the small grain size of the starting PbTe-BiSbTe nano-
heterostructures, which readily facilitates diffusion of Pb into 
BiSbTe during SPS. For the 0.01 Pb sample, the reflection 
peaks of PbTe are not detectable in XRD (Figure 3c). As the 
concentration of Pb increases (e.g., for 0.04 Pb sample) and 
exceeds the solubility limit in BiSbTe, PbTe can precipitate out 
as inclusions, as proved by XRD (Figure 3c, lower pattern) and 
TEM (Figure 3e).

Adv. Mater. 2017, 1605140
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Figure 3.  Characterization of the Pb-BiSbTe nanocomposites after SPS. a) Schematic illustration and digital image of 9.6 g of nanoheterostructures 
before SPS; b) Schematic illustration of as-pressed Pb-BiSbTe nanocomposite, atomic structure of PbTe-BiSbTe interface (purple: Bi/Sb; gray: Pb; and 
orange: Te) and digital image of the SPSed cylinder and disk; scale bar is 10 mm. c) XRD profiles of the 0.01 PbTe and 0.04 PbTe-Bi0.7Sb1.3Te3 bulk 
nanocomposites. The red drop line indicates PbTe and the blue one corresponds to Bi0.5Sb1.5Te3; d) XRD peak shifts corresponding to increased lattice 
parameters with nominal Pb doping; e) HRTEM image of 0.04 PbTe-Bi0.7Sb1.3Te3 bulk nanocomposite. The white lines depict lattice fringes of PbTe and 
the yellow ones stand for those of BiSbTe. The scale bar is 10 nm.
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The successful fabrication of PbTe-BiSbTe bulk nanocom-
posites with tunable composition enables us to investigate 
their thermoelectric properties. Unless intentionally noted, 
all measurements are conducted in the cross-plane direction 
(Figure 4; also see in-plane results in Figure S15, Supporting 
Information). Electrical conductivities (σ) of the 0.005, 0.010, 
and 0.015 Pb samples all decrease with ascending tempera-
ture, as is typical of heavily doped degenerate semiconduc-
tors (Figure 4a). While in the high-temperature intrinsic 
region, σ of the 0.010 Pb sample shows saturation. The 
0.015 Pb sample has similar electrical conductivity with 
that of the 0.010 Pb sample and higher σ than that of the 
0.005 Pb sample. Hole concentration (np) increases mono-
tonically with increased Pb composition (8.00 × 1019 cm−3 for 
0.010 Pb sample and 1.25 × 1020 cm−3 for 0.015 Pb sample; 
Figure S14a, Supporting Information) while the hole mobility 
(µp) shows the opposite trend (Figure S14b, Supporting 
Information).

Composition-dependent Seebeck coefficients (S) are pre-
sented in Figure 4b. For the 0.005, 0.010, and 0.015 Pb 
samples, the S have positive signs, agreeing well with the 
Hall-effect measurements showing a p-type transport behavior 
(Figure S14a, Supporting Information). The Seebeck coef-
ficients increase steadily with rising temperature in the 
low-temperature range and then decrease afterward with 
elevated temperature. This roll-over behavior can be attrib-
uted to the thermal excitation of minority carriers (electrons) 
and their adverse contribution to the net Seebeck coefficient. 
The decreased Seebeck coefficients with respect to increased 
carrier concentration can be explained by the Pisarenko 
plot (S-nH) (Figure S14g, Supporting Information). Power 
factors (S2σ; Figure 4c) for all the samples first exhibit incre-
ment with rising temperature in the low-temperature range 
before reaching plateau. The maximum power factors of 
the 0.005, 0.01, and 0.015 Pb samples are 1.15, 1.00, and 
0.86 mW m−1 K−2, respectively.

Adv. Mater. 2017, 1605140
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Figure 4.  Measurements and simulations of thermoelectric properties. Temperature dependence of a) electrical conductivity, b) Seebeck coefficient, 
c) power factor, d) thermal conductivity, and e) figure of merit. f) BTE-calculated power factor (S2σ) as a function of hole concentration (curves) with 
experimental values (markers). The markers in (a)–(f) are experimental values and the curves in (a), (b), and (f) are simulations.
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The thermal conductivity can be expressed by κ = Cp × DT × ρ, 
where Cp (J g−1 K−1) is the specific heat obtained by differential 
scanning calorimetry (Figure S14c, Supporting Information), 
DT (m2 s−1) is the thermal diffusivity measured by the laser 
flash method (Figure S14d, Supporting Information), and ρ is 
the density (≈5.30 g cm−3, relative density = 78%, determined 
geometrically). The dependence of total thermal conductivity 
(κtot) on temperature is presented in Figure 4d. The κtot of the 
0.005 Pb sample decreases from 0.60 W m−1 K−1 at 313 K to 
0.57 W m−1 K−1 at 388 K and then increases to 0.64 W m−1 K−1 
at 538 K. Similarly, the κtot of the 0.010 Pb and 0.015 Pb sam-
ples show an initial decrease and subsequent increase as the 
temperature goes high.

Finally, the temperature dependence of figure of merit is 
plotted in Figure 4e. Clearly the zT of the 0.005 Pb sample is 
better than those of the other two compositions below 450 K, 
reaching a peak of 0.84 at 438 K, but starts to drop at >450 K. 
The zT of the 0.010 Pb sample increases from 0.35 (at 313 K) to 
1.02 (at 513 K) and maintains higher than 1.0 (at 613 K) before 
dropping below 1.0 (0.95 at 638 K). The zT of the 0.015 Pb 
sample increases steadily from 0.21 (at 313 K) to 0.95 (638 K). 
Moreover, the high performance is maintained the same after 
repeated tests (Figure S16, Supporting Information). The ther-
moelectric properties of the 0.020 and 0.040 Pb samples are 
also shown in Figure S15f,g (Supporting Information).

To investigate the origin of the high zT values in the low-
medium temperature (513–613 K) range, we have conducted a 
series of experimental analysis and theoretical modeling. First, 
diffuse reflectance Fourier transform infrared spectroscopy 
is used to determine the optical bandgap for several Pb con-
centrations at room temperature (Figure 5d and Figure S17, 
Supporting Information). By definition of the Burstein–Moss 
effect, g g,0 g

BME E E= + ∆  (dashed line in Figure 5d), increased 
degeneracy pushes the Fermi level deeper into the band (val-
ance band for our p-type material), causing the effective 
bandgap, Eg, to widen as minority carriers must not only cross 
the intrinsic bandgap, Eg0, but also reach the lowest unoccupied 
level in the band. The extra energy required for these carriers to 
cross the gap is called the Burstein–Moss shift, defined in the 
context of parabolic bands as ( /2 )(3 )g

BM 2
vc
* 2 2/3E m n� π∆ =  where 

vc
*m  is the reduced effective mass of the valance and conduc-

tion band (a value of unity was used in Figure 5d), and n is 
carrier concentration. While there may be a renormalization 
term added to account for carrier screening effects,[28] the trend 
in the observed optical gap with Pb concentration (Figure 5d) 
clearly follows a Burstein–Moss-type behavior, as also seen in 
Pb-doped Bi2Te3 (values shown as green squares in Figure 5d 
were calculated from data taken from ref. [29]). The increase 
in effective bandgap is further corroborated by the observed 
increase in the Goldsmid–Sharp gap[30] (Table S1 and blue 
markers in Figure S17b, Supporting Information) calculated 
empirically from the Seebeck data.

Generally, theoretical modeling of the electrical conductivity 
and Seebeck coefficient of different Pb-BiSbTe samples is done 
using the Boltzmann transport equation (BTE).[31] We consid-
ered both conduction and valence bands in the modeling to 
quantify the bipolar transport effect on these material proper-
ties. The band structure parameters used in the BTE simulation 
were obtained by fitting the electronic density of states (DOS) 

of Bi2Te3 from the first-principle band structure calculations.[32] 
We used the modified Kane model in the DOS fitting to account 
for the nonparabolicity in the bands, and included two conduc-
tion bands and two valence bands to fit the DOS over a wide 
energy range.[31] More information can be found in the Sup-
porting Information. The same band parameters that were used 
for Bi2Te3 were used for our materials except for the bandgap,  
which was adjusted to best fit the experimental electrical con-
ductivities and Seebeck coefficients of our samples. As a result, 
a bandgap of 0.22 eV was used in our simulations, and this value 
is consistent with the Goldsmid–Sharp energy gap (Table S1,  
Supporting Information). Note that this bandgap value used in 
our BTE simulation does not include the Burstein–Moss shift 
shown in the optical bandgap. Table 1 summarizes the band 
structure and material parameters used in the BTE simula-
tion. As shown in Table 1, the hole mobility is reduced with 
increased Pb, which is due to the increased carrier scattering 
with defects and interfaces.

The calculated electron transport properties are shown as 
solid curves in Figure 4a,b, and match well with the experi-
mental results (markers in Figure 4a,b). With increased Pb 
doping and corresponding higher carrier concentration, the 
Pb-BiSbTe samples show an increased Fermi level away from 
the valence band maximum, according to BTE calculations 
(Figure S14e, Supporting Information), in agreement with the 
Burstein–Moss shift discussed above. Increased majority carrier 
(hole) concentration, occupying higher energy levels, results in 
reduced thermal excitation of minority carriers (electrons), thus 
the net Seebeck coefficient remained high with delayed bipolar 
effects. As a result, both the peak in Seebeck coefficient and 
plateau in power factor (S2σ) were shifted to a higher tempera-
ture with increased Pb doping, extending the plateau of zT to 
higher temperatures. As one can see in Figure 4f, our 1% Pb 
(8.00 × 1019 cm−3) and 1.5% Pb (1.25 × 1020 cm−3) samples are 
well optimized in terms of carrier concentration to achieve a 
maximum power factor at 500 and 600 K, respectively.

Besides the tuned power factor, the total thermal conductivity 
of the nanocomposite is pronouncedly reduced compared to 
bulk grain materials reported in the literature, and comparable 
to the κtot of other nanostructured BiSbTe at room tempera-
ture (Figure 5b). Moreover, due to the delayed onset of bipolar 
conduction in our Pb-doped material, the thermal conductivity 
remains consistently low over the investigated temperature 
range, whereas the other studies report a notable increase in 
κtot above 400 K (Figure 5b).[8,10] We can model the various 
contributions to thermal conductivity, as κtot is expressed as 
κe + κl + κbi, in which κe is electronic contribution, κl is the 
lattice part, and κbi is the bipolar thermal conductivity. κe is 
estimated as LσT, where L is the Lorenz number (calculated 
through BTE; Figure S14f, Supporting Information) and σ is 
the electrical conductivity. We find that the electronic contribu-
tion to the κtot is around 25–40% depending on the doping level 
(Table S2, Supporting Information).

From the TEM (Figure 3e and the nanograin as indicated 
by yellow boundaries in Figure S11, Supporting Information) 
and SEM (Figure S12, Supporting Information) study of PbTe-
Bi0.7Sb1.3Te3, both the nanograins of PbTe and Bi0.7Sb1.3Te3 do 
not grow much in size upon SPS. XRD is also used to estimate 
the grain size, d, based on the Scherrer equation (d = Kλ/βcosθ, 

Adv. Mater. 2017, 1605140
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Figure 5.  Experimental and theoretical study on the origin of high zT. a) Simulated κlattice as a function of grain diameter (effect of nanostructuring); 
b) a comparison of κtotal of our nano-1.0% Pb-BiSbTe samples with literature values of BiSbTe-based materials;[8,10] c) a breakdown of thermal con-
ductivity: Kl, Kl + Ke and Ktot; d) the optical bandgap of select Pb-BiSbTe samples with different carrier concentrations (red triangles), as compared 
to single parabolic band (SPB)-derived bandgaps (dash line) and the bandgaps of Pb-doped Bi2Te3 (green squares);[29] e) the zT of our 1% Pb-doped 
nanocomposite in comparison with previously reported undoped BiSbTe;[8,10] and f) the zT of our nanocomposites in comparison with doped BiSbTe 
in the literature (1% Ag-Sb2Te3,[16] 5% Cu-Bi0.5Sb1.5Te3,[18] 0.1% and 0.5% Pb-Bi0.4Sb1.6Te3

[15]).
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where K is the shape factor (0.9), λ is the X-ray wavelength, β is 
the full width at half maximum (FWHM, averaged on several 
peaks), and θ is the Bragg angle, d = 61, 38, and 50 nm for 
0.005, 0.010, and 0.015 Pb samples, respectively.[33] The nano-
size of the grain is likely to be benefited from the fast (5 min) 
and efficient sintering process of SPS, as compared to conven-
tional technique such as melt ingot forming and hot pressing. 
Consequently, κl can be strongly reduced in contrast to the 
bulk-grain counterpart, due to the intensified grain boundary 
scattering of phonons in our nanocomposites.

This is corroborated by the theoretical modeling of κl. Since 
Bi2Te3 and Sb2Te3 have three dispersive acoustic branches 
and many low-energy optical branches, we use a phonon 
BTE model[34] together with an exact full phonon dispersion 
obtained from first-principles (density functional theory) calcu-
lations[35] rather than a simple Debye model (only one branch 
with linear dispersion). The total phonon scattering rate for the 
phonon mode (k,v) is given by Matthiessen’s rule:
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where k and v specify the phonon wave vector and disper-
sion branch, respectively. The terms on the right-hand side 
are the scattering rates induced by the lattice anharmonicity 
(p, determined by the pristine Bi2Te3 and Sb2Te3), Bi-Sb alloy 
mass disorder (mass, determined by Bi-Sb atomic ratio), Pb 
impurity (Pb, determined by Pb concentration), other defects  
(d, including antisites, vacancies, dislocations, distortion, etc., 
gother as a fitting parameter), and grain boundaries (b, grain 
diameter DF as a fitting parameter), respectively. Based on the 
phonon BTE, the lattice thermal conductivity can be calculated 
by (see the Supporting Information for more details):
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The only two fitting parameters gother and DF are fitted to best 
reproduce the low-temperature experimental lattice thermal 
conductivity when the bipolar effect is negligible. We find that 

the κl of Pb-BiSbTe is mainly determined by the scattering 
induced by the alloy mass disorder, grain boundaries, and other 
defects, whereas it is less influenced by the Pb impurity since 
the Pb concentration is relatively small (Figure S19, Supporting 
Information). At 300 K, the alloy mass disorder reduces the 
κl of the imaginary mixture of PbTe, Bi2Te3, and Sb2Te3 from  
2.1 W m−1 K−1 to 0.74 W m−1 K−1. The low κl achieved in our 
materials are mainly benefited from the large amounts of 
defects and small grain sizes. The antisites, vacancies, dislo-
cations, distortion, etc., further reduce κl to 0.61 W m−1 K−1. 
The nanograin in 0.005, 0.010, and 0.015 Pb sample reduces 
it further to 0.442, 0.365, and 0.371 W m−1 K−1, respectively 
(Figure 5a). The lowest value of κl (0.365 W m−1 K−1 at 313 K)  
reported here is comparable with the lowest reported κl 
(0.31–0.33 W m−1 K−1 at 300 K) in BiSbTe nanocomposites from 
the literature, and much lower than that of bulk BiSbTe.[10,20] 
As indicated in Figure 5a, if the grain size is further reduced to 
10–20 nm, κl can be reduced to 0.15–0.20 W m−1 K−1, which is 
similar to that of Bi2Te3/Sb2Te3 superlattices.[36]

The calculated temperature-dependent lattice thermal 
conductivities are compared to the experimental values in 
Figure 5c. They match well at low temperatures while they 
start to deviate from each other at 370, 530, and 570 K for the 
0.5%, 1%, and 1.5% Pb-doped BiSbTe nanocomposites, respec-
tively. This indicates that the κbi, the difference between κtot 
and κl + κe, is suppressed more as the Pb doping concentration 
increases (Figure 5c). This is in agreement with the tempera-
ture-dependent Seebeck data (Figure 4b), and is also the result 
of the Burstein–Moss shift discussed above, where the optical  
bandgap increases with increasing carrier concentration 
(Figure 5d).[37] As a result, the onset temperature of increasing 
thermal conductivity due to the bipolar effect has been signifi-
cantly shifted to higher temperatures compared to that of the 
undoped BiSbTe in the literature (Figure 5b).[8,20]

For our nanocomposite with 1% Pb, the zT reaches 1.0 at 
513 K and maintains unity until 613 K, thanks to the optimized 
S2σ and suppressed κl and κbi. For all previously reported bulk 
and nanoundoped BiSbTe, the zT drops below 1 for tempera-
tures above 500 K (Figure 5e) due to bipolar contributions to 
the thermal conductivity (Figure 5b) and Seebeck coefficient 
(not shown).[8,13,20] For doped-BiSbTe, zT = 1 has also never 
been achieved in this temperature range (Figure 5f), due to the 
impaired carrier mobility μ from doping and unreduced κl.[15–19] 
Compared with state-of-the-art undoped BiSbTe, the zT peak of 
our Pb-BiSbTe nanocomposite is notably shifted to higher tem-
perature, by more than 100 K (Figure 5e). More significantly, in 
contrast to previously doped BiSbTe materials, the unity plateau 
of zT lasts from 500 to 600 K, giving a high average value of zT 
(Figure 5f).

For the low-medium temperature range (500–600 K), which 
is quite crucial for the recovery of low-grade waste heat, mate-
rial candidates with zT > 1 are extremely limited. GeTe[38] and 
MgAgSb[39] were found to have decent zT. However, Ge and Ag 
are precious and rare elements. CdSb[40] and NaPbSbTe[22] are 
also strong candidates, but use large amounts of toxic elements 
(Cd, Pb). Doped SnSe single crystals have the best zT along the 
b-axis,[41] but it is highly anisotropic and fragile, having much 
lower performance along other crystallographic directions. 
Our Pb-BiSbTe nanocomposite is based on nanocrystalline 

Table 1.  Band structure and material parameters used in BTE simula-
tions for the electron transport modeling of the Pb-doped Bi0.7Sb1.3Te3 
samples at room temperature.

Parameter 0.5% Pb 1.0% Pb 1.5% Pb

Electronic bandgap [eV] 0.22

Electron effective mass [m0] 0.63

Hole effective mass [m0] 1.19

Hole concentration [cm−3] 4 × 1019 8 × 1019 1.1 × 1020

Hole mobility [cm2 V−1 s−1] 58.6 39.2 32.0
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BiSbTe, which is cost-efficient, less toxic (using only 1% Pb), 
and mechanically rigid. Thus, it can be readily integrated into 
commercial modules as a p-type leg and can replace the mid-
temperature PbTe alloy materials in the 500–600 K range.

In conclusion, we have fabricated tunable PbTe-BiSbTe nano-
heterostructures using a scalable, repeatable, wet chemical 
synthesis method that can be used beyond the field of thermo
electrics. Nanocomposites (≈40 nm grain size) can be made from 
the nanoheterostructures by spark plasma sintering. The thermo-
electric properties were enhanced by tuning the power factor and 
delaying bipolar conduction through controlled Pb-doping, as well 
as reducing the lattice thermal conductivity through nanostruc-
turing. These p-type materials have a zT > 1 in the low-medium 
temperature range (513–613 K), making them better than previ-
ously reported BiSbTe materials for low grade waste heat recovery.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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