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Low thermal conductivity and high figure of merit
for rapidly synthesized n-type Pb1−xBixTe alloys†
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High figures of merit of n-type Pb1−xBixTe alloys have been achieved by rapid synthesis at low tempera-

ture. The effects of Bi dopant and microwave hydrothermal technology on microstructure and thermo-

electric performance have been studied. The solid solubility limit of Bi in PbTe is between x = 0.02 and

0.03. Homogenous nanopowders of about 70 nm have been synthesized by the microwave hydrothermal

method. When followed by hot pressing, sub-microscale grain sizes are also formed for Pb1−xBixTe alloys.

With increase in Bi, the carrier concentration is improved within the solubility limit. This leads to low elec-

trical resistivity and higher power factor at high temperature. A higher power factor of 8.5 μW cm−1 K−2 is

obtained for x = 0.02 sample at 623 K. In addition, the introduction of Bi effectively prohibits the p–n

transition and bipolar thermal conductivity of pristine PbTe. Thus, a low lattice thermal conductivity of

0.68 W m−1 K−1 is achieved at 673 K, combining scattering of alloys, grain boundaries, dislocations and

defects. As a result, the highest peak figure of merit, i.e., zT = 0.62 at 673 K is achieved for Pb0.98Bi0.02Te

sample, which is comparable with that of Bi-doped PbTe alloys synthesized by the conventional melting

method. Thus, the right synthesis conditions of the microwave hydrothermal method can rapidly result in

thermoelectric materials with comparable figures of merit.

Introduction

Thermoelectric materials can directly convert heat into electri-
city and vice versa and play an increasingly important role in
sustainable energy.1–3 The performance of thermoelectric
materials is determined by the dimensionless figure of merit
zT = S2T/[ρ(κe + κL)], where T, S, ρ, κe, and κL are the absolute
temperature, Seebeck coefficient, electrical resistivity, and elec-
tronic and lattice thermal conductivities, respectively.4–6 The
total thermal conductivity (κtot) is the sum of electronic (κe)
and lattice (κL) contributions. Thus, a high-performance ther-
moelectric material should have a high Seebeck coefficient,
low electrical resistivity and low thermal conductivity. These
parameters are strongly dependent on the carrier concen-
tration (n) and hence, optimized carrier concentrations are
needed.7–9 In addition, nanostructures are generally used to
reduce lattice thermal conductivity.10–13 Therefore, enhance-

ment in figure of merit can be achieved by optimizing carrier
concentration and modifying nanostructures.

Lead telluride (PbTe) is a typical middle-temperature
(500–900 K) thermoelectric material, which has promising
applications in recycling waste heat from factories and
engines. As we know, the figures of merit for p-type PbTe
alloys have significantly improved in recent years. Some higher
figures of merit, which are over the desired threshold value of
2.0, have been reported recently.11,14–19 To achieve high conver-
sion efficiency for thermoelectric modules, higher figures of
merit for both p- and n-type materials are required.
Unfortunately, the current zT values of n-type PbTe alloys are
relatively lower compared with those of p-type materials. It is
observed that band structure engineering does not effectively
enhance the Seebeck coefficient of n-type PbTe. In addition,
the thermal conductivity is higher and bipolar thermal con-
ductivity is not prohibited. Therefore, optimization of carrier
concentration, nanostructure, point defects, etc. is generally
applied to modify the thermoelectric performances of n-type
PbTe alloys. Aaron D. Lalonde et al. reported the effect of
carrier concentration modification on thermoelectric perform-
ances for n-type PbTe1−xIx alloys prepared by melting at 1273 K
for 6 h and annealing at 973 K for 48 h, followed by hot pres-
suring.9 As a result, a high zT value of 1.4 was obtained
between 700 and 850 K by precise control of the doping level.
Combining low lattice thermal conductivity by Ag2Te nanopre-
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cipitates and optimized carrier concentration though La
doping, the higher figure of merit zT > 1.5 has been achieved
at 775 K for La-doped (PbTe)1−x (Ag2Te)x alloys synthesized by
the conventional solid state reaction.20 The electrical and
thermal properties have been modified by Sb and S incorpor-
ation and a higher figure of merit, zT = 1.4 at 900 K, has been
obtained for n-type PbTe alloys.21 Their samples were syn-
thesized by melting at 1373 K for 6 h and annealing at 873 K
for 12 h, followed by spark plasma sintering (SPS). Recently, a
state-of-the-art thermoelectric figure of merit of about 1.8 was
achieved for two n-type PbTe compositions obtained by
melting, ball milling and SPS.22,23 One is the incorporation of
InSb into the PbTe matrix, resulting in multiphase nano-
structures; this can simultaneously optimize both electrical
and thermal transport, leading to excellent thermoelectric per-
formances.22 The other contains dual-site substitutional point
defects formed by Sb doped in PbTe0.998I0.002 composition;23

in this case, the dual-site point defects improve the figure of
merit by simultaneously modifying power factor and lattice
thermal conductivity. In the above-mentioned observations,
the thermoelectric performances have certainly been
improved. Meanwhile, it is clearly found that these reported
n-type PbTe alloys with excellent properties are always syn-
thesized by the conventional melting method, requiring high
melting temperatures and long times.

In recent years, the microwave hydrothermal method has
become a popular chemical synthesis method, which com-
bines the advantages of microwave heating and hydrothermal
methods. It can decrease the experimental temperature,
shorten the reaction time, and improve the experimental
efficiency. In addition, obtained powders show high purity,
good crystallinity and uniform microstructures.24–26 Few
thermoelectric materials have been prepared in this way, and
the corresponding properties are also reported. For instance,
pristine SnTe alloys have been successfully synthesized by the
microwave hydrothermal method followed by SPS.25 In this
process, the reaction temperature and time are 220 °C and
20 min, respectively. The high figure of merit 0.49 was
achieved for SnTe alloy with optimized reaction conditions,
and it is comparable to that of the conventional melting
method. Therefore, microwave hydrothermal synthesis can be
used to prepare n-type PbTe-based alloys, and high figures of
merit can be obtained with the right synthesis conditions
using this method.

From the above reported study, we infer that Sb is one of
the best doping elements to optimize thermoelectric perform-
ances for n-type PbTe alloys.21,23 Bi has the same configuration
as that of Sb, and it is also a good selection as an n-type
dopant of PbTe alloys for thermoelectric performance modifi-
cation. In this study, Bi-doped PbTe compositions have been
chosen and synthesized by the microwave hydrothermal
method followed by hot pressing. Within the solid solubility
limit of Bi, the carrier concentrations and electrical properties
have been tuned and then, the power factor is enhanced with
Bi doping at high temperature. A higher power factor of
8.5 μW cm−1 K−2 has been obtained for x = 0.02 sample at

623 K. In addition, the lattice thermal conductivity shows a
decreasing trend, and a lower lattice thermal conductivity of
about 0.68 W m−1 K−1 is obtained at 673 K. In total, the higher
figure of merit 0.62 has been achieved at 673 K for
Pb0.98Bi0.02Te alloy; this value is comparable with that of the
material synthesized by the conventional melting method.

Experimental

Pb1−xBixTe (x = 0.00, 0.01, 0.02, 0.03 and 0.04) alloys were syn-
thesized by the microwave hydrothermal method followed by
hot pressing. Lead nitrate (PbN2O6, 99.99%), sodium tellurite
(Na2TeO3, 97%), bismuth chloride (BiCl3, 99%), sodium
hydroxide (NaOH, 96%) and sodium borohydride (NaBH4,
98%) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd and used as precursors without any
further purification.

In a typical synthesis of PbTe nanopowders, 2 g of NaOH,
1.9788 g PbN2O6, 1.3646 g Na2TeO3 and 0.6 g NaBH4 were suc-
cessively added to 50 mL deionized water (proportionate BiCl3
was added for Bi-doped PbTe samples with decreasing quan-
tity of PbN2O6). The solution was transferred to an 80 mL
Teflon autoclave and was heated to 140 °C for 30 min at the
heating rate of 10 °C min−1 in the microwave hydrothermal
synthesizer (XH-800S, Beijing XiangHu Science and Technology
Development Co., Ltd, China). The products were cooled to
room temperature naturally and then centrifuged and washed
several times with deionized water and ethanol. After that,
these washed products were dried to powder in a vacuum
oven. The obtained PbTe nanopowders were sintered by hot
pressing at 773 K for 1 h under 20 MPa. Finally, Pb1−xBixTe
samples with high relative densities >97% were synthesized.

The phase structures of all samples were investigated by
X-ray diffraction (XRD, D8 ADVANCE) using Cu K-alpha radi-
ation. To probe the optical energy band gaps of the samples,
room temperature optical diffuse reflectance measurements
were performed using a Nicolet 6700 FTIR spectrometer in the
frequency range of 4000–400 cm−1 with 4 cm−1 resolution. The
microstructure and chemical composition of the samples were
analyzed by transmission electron microscopy (TEM, JEM-2010
and FEI Tecnai F20) and field emission scanning electron
microscopy (SEM, JSM-7610F) with energy dispersive spec-
trometry (EDS). The TEM samples were prepared by focused
ion beam (FIB). X-ray photoelectron spectra (XPS, ESCALAB
250) were performed using Al Kα X-rays (1261 eV). The room-
temperature Hall coefficient (RH) of the samples was measured
on a home-made system under a reversible magnetic field of
0.6 T and an electrical current of 100 mA. The carrier concen-
tration (n) of each sample was estimated by the relationship
n = 1/eRH, where e is the electronic charge. The Hall mobility
(μH) was calculated using the equation μH = 1/ρRH. The electri-
cal resistivity and Seebeck coefficient were simultaneously
measured under a He atmosphere from 323 K to 673 K using
an LSR-3 instrument. The thermal diffusivity (λ) was measured
with a laser thermal conductivity instrument (LFA-457). The
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heat capacity (CP) was estimated with the equation of CP (kB
atom) = 3.07 + 4.7 × 10−4 × (T/K − 300),27 as shown in
Fig. S4(a).† Total thermal conductivity (κtot) was calculated
with the equation κtot = λCpd, in which the density (d ) was
measured using the Archimedes’ method. The figures of merit
were obtained based on above-mentioned parameters.

Results and discussion

Fig. 1(a) shows the XRD patterns of Pb1−xBixTe nanopowders
at room temperature synthesized by the microwave hydro-
thermal method. All the diffraction peaks can be indexed to
face-centered cubic PbTe with space group Fm3̄m (225)
(PDF#65-0881). No impurity diffraction peaks were found in
XRD patterns for any powder. Thus, Pb1−xBixTe nanopowders
with single phase structure were successfully prepared. The
XRD patterns for Pb1−xBixTe bulk alloys are shown in Fig. 1(b).
These alloys are obtained by hot pressing sintering of achieved
nanopowders. It is clear that the XRD patterns for alloys are
identical with those of corresponding powders. All alloy
samples show a pure single phase of cubic crystal structure.
Thus, the process of hot pressing does not affect the crystal
structure, and Pb1−xBixTe alloys with single cubic phase have
been synthesized. Based on the XRD data of Pb1−xBixTe alloys,
the lattice constants as a function of dopant concentration (x)
of alloy samples were calculated and are presented in Fig. 1(c).
The lattice constant of pristine PbTe is 6.464 Å, which is in
agreement with the previously reported value.28 With Bi
doping, the lattice constant decreases with increasing dopant
concentration up to x = 0.02 and remains almost the same
when x is further increased. Since the radius of Bi3+ (1.08 Å) is
much smaller than that of Pb2+ (1.20 Å), decrease in lattice
constant is found. The turning point of lattice constant vs.
doping concentration is observed at x = 0.02, as shown in
Fig. 1(c). In addition, the chemical compositions of Pb1−xBixTe
nanopowders were analyzed by EDS mapping, as shown in
Table S2.† The content of Bi increases until x = 0.03 although
the EDS measurement contains certain error because of the
limit of EDS mapping. Considering lattice constants and
element analysis, the solid solubility limit of Bi in PbTe should
be between x = 0.02 and 0.03. This inference of solid solubility
limit is consistent with the following microstructural and
physical properties; however, it is seemingly contradictory with
XRD patterns for samples with more Bi doping. This may
result from the microwave hydrothermal method. The over-
dopants are dissolved in liquid and can be washed away in the
end. Thus, the impurity phases are not found for over-doped
samples. In summary, Pb1−xBixTe alloys with a single cubic
phase have been formed by the microwave hydrothermal
method followed by hot pressing.

The direct band gaps for all samples have been studied.
These values are derived from the measurement of optical
absorption, as shown in Fig. 2. The values of direct band gaps
can result from the intercept on the energy axis according to
the relationship α = α0[(E − Eg)/Eg]

n, where α, α0, E, Eg, C and n

are the absorption coefficient, a constant, energy, band gap,
instrumental shift, and 1/2 for a direct band gap, respectively.
In Fig. 2, the band gap value of 0.28 eV has been obtained for
pristine PbTe alloy, which is consistent with a previously
reported value.19 With Bi doping, the direct band gaps do not
change clearly; the values of direct band gaps are very near to
that of pristine sample. In other words, Bi as a dopant does
not clearly affect the direct band gap of PbTe.

The morphologies and microstructures of Pb1−xBixTe nano-
powders were scanned, and all SEM images are displayed in
Fig. 3(a–e). In general, the morphology of all nanopowders is

Fig. 1 XRD patterns at room temperature of (a) nanopowders and (b)
bulk alloys for Pb1−xBixTe compositions. (c) Lattice constants of
Pb1−xBixTe bulk alloys.
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cubic. In addition, the grain size distribution for each nano-
powder is relatively uniform and most grain sizes are in the
40–100 nm range, as shown in Fig. S1.† The average grain size
for each nanopowder is presented in Fig. 3(f ). It is shown that
the average grain size of all nanopowders is about 70 nm.
Thus, Pb1−xBixTe nanopowders with relatively better crystal
shape and uniform size have been rapidly prepared by the
microwave hydrothermal method. Fig. 4(a–e) show the cross-
sectional SEM images for Pb1−xBixTe bulk alloys. It is easily
found that the grain sizes for all samples are evidently
enlarged compared with that of the nanopowders. The average
grain sizes are between 0.9 μm and 2.6 μm for all samples, as
shown in Fig. 4(f ), which are much larger than that of nano-

powders (70 nm). This phenomenon further confirms that
grains can be grown with high-temperature sintering process.
It is also observed that the average grain size decreases with Bi
doping, which indicates that Bi can prohibit the grain growth
in hot-pressing process. Additionally, the grain size distri-
butions are counted and displayed in Fig. S2.† Although the
average grain size is below 2.6 μm for all samples, a number of
nano-grains with grain size less than 500 nm and large micro-
grains of over 3 μm are also present in each sample, as shown
in Fig. S2.† Therefore, it can be concluded that various-scaled
grains have been formed, which is helpful in reducing the
thermal conductivity. In addition to morphology and grain
size from SEM images, EDS mappings are also conducted for
element distributions. Fig. 5 shows the EDS mapping of
polished surface for Pb1−xBixTe bulk alloys. It can be found

Fig. 2 The optical absorption spectra replotted as α2 vs. energy for
Pb1−xBixTe bulk alloys.

Fig. 3 SEM images of Pb1−xBixTe nanopowders for (a) x = 0.00, (b) x =
0.01, (c) x = 0.02, (d) x = 0.03, and (e) x = 0.04. (f ) Average grain size of
Pb1−xBixTe nanopowders.

Fig. 4 SEM images of Pb1−xBixTe bulk alloys for (a) x = 0.00, (b) x =
0.01, (c) x = 0.02, (d) x = 0.03, and (e) x = 0.04. (f ) Average grain size of
Pb1−xBixTe bulk alloys.

Fig. 5 EDS mapping of polished surface for Pb1−xBixTe bulk alloys.
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that the elements are not abundant in all alloys; Pb, Te and Bi
are homogenously distributed. Since the excess Bi dopant over
the solid solubility limit has been washed away, the x = 0.03
and 0.04 samples also show homogenous element distri-
bution. In the end, Pb1−xBixTe alloys with compact microstruc-
ture and homogenous element distributions have been suc-
cessfully synthesized.

In addition to SEM images and element distributions, low
magnification high angle annular dark field images (HAADF)
and high resolution TEM images (HRTEM) for pristine PbTe
and Pb0.98Bi0.02Te alloys are shown in Fig. 6. It is clearly seen
that dislocations are found in both samples. For pristine PbTe,
the dislocations are numerous in grain boundaries and form a
dislocation network. For Pb0.98Bi0.02Te alloy, most dislocations
are in grains with high densities and few are in grain bound-
aries. Thus, with the introduction of Bi, most dislocations
transfer from grain boundaries to inside grains. In the HAADF
images, although some defects are found, they are also found
to exhibit single crystal phase from the selected area electron
diffraction pattern (SAED); no other diffraction spots emerge.
These defects and dislocations are beneficial for reducing
lattice thermal conductivity, as shown in the following
descriptions.

Fig. 7 presents the XPS survey spectrum of Pb0.98Bi0.02Te
alloy and high resolution XPS spectrum of Bi 4f. All peaks can
be assigned to Pb, Te, Bi, O and C, as shown in Fig. 7(a). The
Bi 4f5/2 and Bi 4f7/2 peaks were observed at about 163 and
157 eV, respectively, as shown in Fig. 7(b), which are consistent
with previously reported results.29,30 With these results, the
valence state of Bi3+ is confirmed. Thus, when Bi3+ is substi-

tuted at the site of Pb2+, more electrons are formed. Bi is an
n-type dopant for PbTe, just as the initial proposal.

The results for electrical resistivities of Pb1−xBixTe alloys are
shown in Fig. 8(a). For pristine PbTe, shown in the inserted
figure, the electrical resistivity increases with increasing tem-
perature up to ∼500 K and then decreases with further
increase in temperature. In other words, it shows a metal–
semiconductor transition around 500 K. This transitional be-
havior is consistent with previously reported results; the only
difference is that the transitional temperature is slightly
different from previously reported results.28,31,32 With the Bi
doping, the electrical resistivity behavior changes to semi-
conductor–metal transition. With increasing Bi content, the
transitional temperature moves toward a higher temperature
range, i.e., from 426 K to 527 K. For semi-conductive behavior
at a relatively low temperature, the grain boundaries, dis-
locations and defects found in SEM and TEM images are pre-
dominantly scattering the carriers. These localized factors lead
to semi-conductive behavior.33 Within the measured tempera-
ture limit, the lowest electrical resistivity of about 4.5 mΩ cm
has been obtained at a transitional temperature for x = 0.02
and 0.03 alloys. In the temperature range of metallic conduc-
tion behavior, the electrical resistivity reduces and then
slightly increases with increasing Bi content. This behavior is
relative to the solid solubility limit between x = 0.02 and 0.03,
as in the above description. In the semi-conductivity range, no
clear trend is observed. To understand the electrical resistivity
at room temperature, carrier concentration and mobility are

Fig. 6 (a) HAADF image and (b) HRTEM image with inserted SAED
pattern for pristine PbTe sample; (c) HAADF image and (d) HRTEM image
with inserted SAED pattern for Pb0.98Bi0.02Te sample.

Fig. 7 (a) XPS survey spectrum of Pb0.98Bi0.02Te alloy. (b) High resolu-
tion XPS spectrum of Bi 4f of Pb0.98Bi0.02Te alloy.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2018 Dalton Trans., 2018, 47, 15957–15966 | 15961

Pu
bl

is
he

d 
on

 1
8 

O
ct

ob
er

 2
01

8.
 D

ow
nl

oa
de

d 
by

 B
ei

jin
g 

N
or

m
al

 U
ni

ve
rs

ity
 o

n 
1/

14
/2

01
9 

6:
27

:1
9 

A
M

. 
View Article Online

http://dx.doi.org/10.1039/c8dt03387k


presented in Fig. 8(b). The carrier concentration is positive for
pristine PbTe, which indicates that it is a p-type semiconductor
at room temperature. With Bi doping, all carrier concen-
trations change to negative values, which demonstrates that
the main carriers are electrons for Bi-doped PbTe alloys. This
results from Bi3+ substitution on the site of Pb2+, which is con-
firmed by XPS spectra, as shown in Fig. 7. The carrier concen-
tration for pure PbTe alloy is 0.1 × 1019 cm−3, which is consist-
ent with previously reported values.28 The absolute value of
carrier concentration is significantly enhanced with increasing
Bi content up to x = 0.02 and then increases slightly from
x = 0.02 to 0.03. This further confirms that the solid solubility
limit of Bi in PbTe alloy is in between x = 0.02 and 0.03. The
electron mobility is extremely small for Bi-doped PbTe alloys
compared with high hole mobility of 394 cm2 V−1 s−1 for pris-
tine PbTe alloy; this results from Bi substitution on Pb site and
small grain sizes. Thus, the lower electrical resistivities for
x = 0.02 and 0.03 samples are mainly due to higher carrier
concentrations.

Fig. 9(a) shows the temperature dependence of the Seebeck
coefficient for Pb1−xBixTe alloys. The value of Seebeck coeffi-
cient changes from positive to negative for pristine PbTe alloy
at the temperature of ∼550 K, as shown in the inset of
Fig. 9(a). This indicates that the main charge carriers are trans-
ferred from holes to electrons in the measured temperature

range. The transitional temperature of 550 K is in the tempera-
ture range of semiconductor–metal transition for electrical res-
istivity. With Bi doping, the values of Seebeck coefficients of
all samples become negative in the entire temperature range,
which indicates that electrons are the main charge carriers
and Bi is an n-type dopant for PbTe compositions. This is in
good agreement with negative values of carrier concentrations
at room temperature presented in Fig. 8(b). As the Bi-doped
PbTe alloys are typical degenerate semiconductors with higher
electrical concentrations over 1019 cm−3, the absolute Seebeck
coefficients increase with increasing temperature over the
entire measured temperature range, as shown in Fig. 9(a). The
absolute Seebeck coefficients decrease with increasing Bi
content up to x = 0.03 and increase slightly for x = 0.04. This is
because the Seebeck coefficient is inversely proportional to
carrier concentration. As shown in Fig. 8(b), the x = 0.03
sample shows the highest carrier concentration; thus, its
absolute Seebeck coefficient has the lowest value, as shown in
Fig. 9(a). In this case, the x = 0.01 sample has the largest absol-
ute Seebeck coefficient value in the whole measured tempera-
ture range. The absolute values of Seebeck coefficients are
153 μW cm−1 K−2 and 251 μW cm−1 K−2 at room and high
temperatures, respectively, for Pb0.99Bi0.01Te alloy.

The power factors (PF), calculated according to the formula
of PF = S2/ρ, are plotted in Fig. 9(b). The power factor decreases
with increase in temperature until 528 K and then increases
up to the measured limit for pristine PbTe alloy. This turning

Fig. 8 (a) The temperature dependence of electrical resistivity for
Pb1−xBixTe alloys. (b) The absolute value of carrier concentration and
mobility at room temperature.

Fig. 9 The temperature dependence of (a) Seebeck coefficient and (b)
power factor for Pb1−xBixTe alloys.
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point of power factor is almost the same as the transitional
temperature of electrical resistivity and Seebeck coefficient.
The highest value for power factor of about 8.5 μW cm−1 K−2 is
observed at 326 K for pure PbTe alloy. The behaviors of tem-
perature dependence of power factors change with Bi doping.
The power factor first increases and then slightly decreases
with increasing temperature for all Bi-doped samples. Thus,
the peak values of power factors shift to a higher temperature
range. In other words, the power factor is enhanced at middle
and high temperature ranges with Bi doping. The maximum
value of power factor reaches about 8.5 μW cm−1 K−2 at 623 K
for x = 0.02. This results from the lowest electrical resistivity
and moderate Seebeck coefficient at high temperature range.

The total thermal conductivities for Pb1−xBixTe alloys are
displayed in Fig. 10(a). With increasing temperature, the total
thermal conductivity decreases, especially for the Bi-doped
sample. The lowest total thermal conductivity of 0.85 W m−1

K−1 is obtained at 673 K. The total thermal conductivities of
Bi-doped samples do not show a clear trend at a low tempera-
ture in comparison with that of pristine sample, whereas the
value of total thermal conductivity over 472 K is significantly
lower. The lattice thermal conductivity is calculated and pre-
sented in Fig. 10(b), which is obtained by subtracting elec-
tronic thermal conductivity from total thermal conductivity.
Here, the electronic thermal conductivity is calculated by the
formula κe = LT/ρ, where L is the Lorenz number and is derived

from the equation L = 1.5 + exp(−|S|/116)34 for each sample, as
shown in Fig. S4(d).† It can be found from Fig. 10(b) that the
lattice thermal conductivity of pure PbTe alloy first decreases,
reaches a plateau and then slightly decreases with increase in
temperature in the whole measured temperature range. The
plateau of lattice thermal conductivity may result from the
combined effects of p–n transition and bipolar thermal con-
ductivity. As previously reported, lattice thermal conductivity
often changes suddenly at phase transition regions.35,36 In
addition, the bipolar thermal conductivity always exists, which
is reported in previous studies.28,31,32 Thus, these two factors
and their combined effects may cause this plateau in a certain
temperature range. With Bi doping, p–n transition and bipolar
effect are removed and prohibited. Thus, the lattice thermal
conductivities continue to decrease with increase in tempera-
ture over the transition temperature range of the pristine
sample. Lattice thermal conductivity of 0.68 W m−1 K−1 is
achieved at 673 K. Additionally, the lattice thermal conduc-
tivities do not show clear changes with various amounts of Bi;
this is in accordance with the results of Bi-doped PbTe alloys
synthesized by the conventional melting method.21 However,
lattice thermal conductivities decrease significantly at middle
and high temperature ranges with Bi doping compared with
that of pristine PbTe alloy. As described above, the bipolar
effect is prohibited in Bi-doped alloys, which may be the main
factor to reduce the lattice thermal conductivity at middle and
high temperature ranges in these samples. Besides the prohi-
bition of bipolar thermal conductivity, the scattering of alloys,
grain boundaries, dislocations and defects are also introduced
and strengthened by Bi doping on Pb sites. The reduction in
lattice thermal conductivity is also ascribed to these factors.
In the end, the lowest lattice thermal conductivity of
0.68 W m−1 K−1 is obtained for Pb0.98Bi0.02 alloy at 673 K, and
its total thermal conductivity of 0.85 W m−1 K−1 is also the
lowest when compared with the values of all samples.

The figures of merits, zTs, of Pb1−xBixTe alloys are shown in
Fig. 11(a). The figures of merit of all Bi-doped PbTe samples
increase with increasing temperature within the measured
temperature limit. This is due to the shift of peak power
factors to a high temperature range and significant reduction
in thermal conductivity at a high temperature, as described
above. Thus, peak values of figures of merit are obtained at
673 K for all Bi-doped PbTe samples. The highest peak figure
of merit zT = 0.62 is achieved for Pb0.98Bi0.02Te alloy, which is
enhanced by about 9 times compared with that of pristine
PbTe alloy at 673 K. The average figure of merit is calculated
based on eqn (1):

zTave ¼ 1
Th � Tc

ðTh
Tc

zTdT ð1Þ

here, Th and Tc are the hot-side and cold-side temperatures,
respectively. The average figures of merit values for all samples
are shown in Fig. 11(b). All average figures of merit values,
zTave, are in the range of 0.25–0.3 at the temperature range of
323–673 K for Bi-doped samples, whereas zTave is only near 0.1

Fig. 10 The temperature dependence of (a) total thermal conductivity
and (b) lattice thermal conductivity for Pb1−xBixTe alloys.
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for pristine PbTe alloy. This is because the figures of merit at
the middle and high temperature ranges are enhanced by Bi
doping, as shown in Fig. 11(a). Pb0.99Bi0.01Te alloy shows the
highest average figure of merit (zTave, ∼0.3), which is improved
by about 3 times compared with that of pure PbTe alloy. This
mainly results from the highest figure of merit at low and
middle temperature ranges.

Fig. 12(a) presents comparisons of figures of merit at 673 K
for Pb1−xBixTe alloys with different synthesis methods. The
figures of merit of Bi-doped samples synthesized by the micro-
wave hydrothermal method are comparable with reported
values for samples prepared by conventional melting methods.
The maximum figure of merit achieved in this study is
zT = 0.62, whereas the reported zT value is about 0.7 at the
same temperature point. In addition to figure of merit, syn-
thesis time and temperature are also compared herein. For the
microwave hydrothermal method followed by hot pressing con-
ducted in this study, the total synthesis time is about 2 hours,
as described in the Experimental section. The reported
melting synthesis and SPS method has a preparation time of
about 40 hours. It is clearly seen that the microwave hydro-
thermal method followed by hot pressing can rapidly result in
Pb1−xBixTe alloys with comparable figures of merit. In
addition, the synthesis temperature of microwave hydro-
thermal method is generally low: it is only 140 °C for
Pb1−xBixTe samples. Although Pb1−xBixTe alloys have compar-
able thermoelectric figures of merit when synthesized by these

two methods, the main influencing factors on thermoelectric
parameters are different, as shown in Fig. 12(b). The power
factor obtained in this study is much inferior, but thermal con-
ductivity is significantly lower. This may be related to the fine
grains formed by the microwave hydrothermal method. Thus,
the comparable figure of merit obtained by the microwave
hydrothermal method is mostly due to low thermal conduc-
tivity or optimized microstructure. By comprehensively analys-
ing the effect of microwave hydrothermal synthesis on the
thermoelectric performance of n-type Pb1−xBixTe alloys, it can
be concluded that this synthesis method at right reaction con-
ditions may be much better for optimizing this kind of ther-
moelectric material, which has high electrical properties and
thermal conductivity.

Conclusions

N-type Pb1−xBixTe alloys with x = 0.00, 0.01, 0.02, 0.03 and
0.04 have been rapidly synthesized by the microwave hydro-
thermal method followed by hot pressing. Single cubic crystal
structures, compact microstructures and homogenous element
distribution have been formed in all samples. The solid solubi-
lity limit of Bi in PbTe has been confirmed to be between
x = 0.02 and 0.03. Most grain sizes of Bi-doped samples are at
sub-microscale and are smaller than those of pristine PbTe.

Fig. 11 (a) The temperature dependence of the figure of merit and (b)
average figure of merit for Pb1−xBixTe alloys at 323–673 K.

Fig. 12 (a) Comparison of figures of merit for Pb1−xBixTe alloys with
different synthesis methods. (b) Power factor and total lattice thermal
conductivity for Pb1−xBixTe composition with the highest zT value syn-
thesized with different methods.
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With increase in Bi content, the carrier concentration is
improved until the solubility limit, and the lowest electrical
resistivity is found at x = 0.02 and 0.03. The values of Seebeck
coefficients are negative with Bi doping, and the change in be-
havior with Bi content is consistent with carrier concentration.
Following that, the maximum power factor value of about
8.5 μW cm−1 K−2 has been achieved at 623 K for x = 0.02. Since
bipolar thermal conductivity is prohibited with the introduc-
tion of Bi, the lattice thermal conductivity is still low with
increase in temperature. In addition, the scattering of alloys,
grain boundaries, dislocations, and defects are introduced and
strengthened. Thus, the lowest lattice thermal conductivity of
0.68 W m−1 K−1 is obtained at 673 K for Pb0.98Bi0.02Te alloy. As
a result, the improved power factor at high temperature and
lowest lattice thermal conductivity lead to the highest figure of
merit of zT = 0.62 at 673 K for Pb0.98Bi0.02Te. This figure of
merit is comparable to that of Bi-doped PbTe alloys syn-
thesized by the conventional melting method. Therefore, the
microwave hydrothermal method at optimized reaction con-
ditions can rapidly result in n-type Pb1−xBixTe alloys with com-
parable thermoelectric performance.
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