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Herein, we report the results of a systematic study on the effect of Pb doping on the thermoelectric transport
properties of p-type BiSbTe alloys to validate its potential applications for low-temperature power generation.
Themaximum power factor (~4.4 mWm−1 K−2) at 300 Kwas obtained using 0.31 at.% Pb-doped Bi0.52Sb1.48Te3
and was found to originate from an enlarged density of states effective mass as a result of the band engineering
effect. The maximum efficiency of thermoelectric power generation (ηmax) could be enhanced by 150% at ΔT =
220 K when the Pb concentration was optimized.
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Among renewable energy resources, thermoelectric power genera-
tion has been given renewed attention because of the increased societal
need to efficiently use energy fromwaste heat sources. According to the
estimated USA waste heat sources by temperature range, the annual
total energy from such heat sources was estimated to be approximately
41× 109 GJ [1]. In particular, 78% of these annual total heat sourceswere
in the low-temperature range (b200 °C). Thus, significant research has
been devoted to power generation devices using BiTe-based thermo-
electricmaterials because of their high conversion efficiency at low tem-
peratures [2–7].

The conversion efficiency of thermoelectric materials is typically
represented by the dimensionless figure of merit zT=σS2T/κtot, where
σ is the electrical conductivity, S is the Seebeck coefficient, and κtot is
the total thermal conductivity (κtot) at a given absolute temperature T.
The zT values of commercialized BiTe-basedmaterials are approximate-
ly 1.0 near room temperature. However, given the wide range of tem-
peratures for waste heat sources, it is necessary to develop customized
BiTe-based thermoelectric materials with high zT values to maximize
the power generation efficiency at a given temperature range for
waste heat sources. One promising route to tune the temperature for a
peak zT is compositional tuning such as through substitutional doping.
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Themost commercialized BiTe-basedmaterials are Bi0.5Sb1.5Te3 and
Bi2Te2.7Se0.3 for p-type and n-type materials, respectively [8]. In BiSbTe
alloys, the carrier concentration (nc) and power factor (σS2) are sensi-
tively influenced by the compositional ratio between Bi2Te3 and
Sb2Te3 [8]. In previous reports [9,10], large power factors
(N3.5 mW m−1 K−2) were found for Bi0.4Sb1.6Te3 and Bi0.52Sb1.48Te3,
and intensive work was conducted to study the effect of doping on the
thermoelectric properties of compositions near these two materials
[11–16]. Interestingly, the power factor was increased and the maxi-
mum zT was shifted toward higher temperatures by the incorporation
of Ag [11,16,17] or Cu [14,15,18] into BiSbTe alloys. This was because
some elements such as Ag and Cu are effective acceptors in p-type
BiSbTe alloys, suppressing the effect of bipolar conduction at higher
temperatures.

Pb is another promising dopant for shifting the temperature for a
peak zT toward higher temperatures, because the previous work by
Lin et al. [19] showed that Pb works as an effective acceptor. In this pre-
vious work, nc in p-type Bi0.4Sb1.6Te3 was increased by Pb doping, clari-
fying the temperature shifting effect. However, it is believed that an
excessive amount of Pb gives rise to a decreased zT in Bi0.4Sb1.6Te3.

In the presentwork,we systematically investigated thedoping effect
of Pb on the thermoelectric properties of Bi0.52Sb1.48Te3 by precisely
controlling the Pb content. Bi0.52Sb1.48Te3 was selected because the nc
in Bi0.52Sb1.48Te3 is smaller than that in Bi0.4Sb1.6Te3 [8]. Thus, the effect
of an increased nc on BiSbTe could be effectively explored. We found
that the maximum power factor (~4.4 mW m−1 K−2) at 300 K was
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Fig. 1. Temperature dependences of (a) electrical conductivity and (b) Seebeck coefficient
of Bi0.52Sb1.48 − xPbxTe3 (x = 0–0.01 (0.5 at.%)).
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generated from 0.31 at.% Pb-doped Bi0.52Sb1.48Te3 and this increased
power factor was induced by an enlarged density of states (DOS) effec-
tive mass resulting from the band engineering effect. The enhanced zT
values of BiSbTe alloys could be attributed to simultaneous improve-
ments in the carrier transport and phonon scattering by Pb doping. Fi-
nally, the enhanced thermoelectric conversion efficiencies of Pb-doped
BiSbTe alloys for low-temperature waste heat sources were evaluated
by estimating the maximum efficiency of thermoelectric power
generation.

High-purity (N99.999%) Bi, Sb, Te, and Pb granules were weighed
based on the intended compositions of Bi0.52Sb1.48 − xPbxTe3 (x = 0–
0.01 (0.5 at.%)), and ingots were synthesized using a melt-solidification
process. The granules were loaded into vacuum-sealed quartz tubes
with 14 mm diameters, and then melted in a box furnace for 10 h at
1085 °C. The acquired ingots were pulverized using a mortar and pestle
and sieved to obtain b53 μm diameter particles. The powders were
compactedusing a spark plasma sintering (SPS) technique to formpoly-
crystalline bulks under 45 MPa at 480 °C for 3 min in vacuum.

An X-ray diffraction (XRD) (Ultima IV/ME 200DX, Rigaku, Japan)
analysis with CuKα radiation was conducted to analyze the phases of
the sintered bulk samples. The XRD data were further analyzed to
study the microstructural evolutions using the whole powder pattern
fitting (WPPF) refinement method in the Rigaku PDXL XRD analysis
software. Surface analysis was performed using field emission scanning
electron microscope (JEOL-7800F). To obtain the nc and Hall mobility
(μHall), Hall effect measurements were performed in the van der Pauw
configuration under a 1 T magnetic field, and the nc and μHall values
were subsequently computed using a one-band model. The power fac-
tor consisting of σ and S was measured from 300 K to 520 K using the
thermoelectric property measurement system (ZEM-3, ULVAC, Japan).
The total thermal conductivity (κtot=ρSCpλ, where ρs is the density,
Cp is the heat capacity, and λ is the thermal diffusivity) was identified
from measurements taken separately. The laser flash method (Netszch
LFA-457, Germany) was used to measure λ. Low-temperature (100 K–
400 K) Cp values were measured using a Quantum Design PPMS (phys-
ical properties measurement system). The Cp values at T N 270 K of all
samples were nearly constant at 0.186 J g−1 K−1. Thus,
0.186 J g−1 K−1 was used as a constant Cp value within the temperature
range (300 K–520 K). The measured ρs of the sintered samples was
~6.65 g cm−3. Note that all thematerial properties required to calculate
zT values were measured in the direction perpendicular to the SPS
pressing direction.

Fig. S1 (Supplementary data) shows the X-ray diffraction patterns of
the planes perpendicular to the pressing direction for the sintered
Bi0.52Sb1.48 − xPbxTe3 (x = 0–0.01 (0.5 at.%)) bulks, as described in the
schematic. All of the patterns are indexed with the targeted rhombohe-
dral Sb2Te3 structure (space group R3m). Most of the Pb atomswere ef-
fectively substituted into Sb sites. This was also confirmed by the
calculation of lattice parameters a and c obtained from theWPPF refine-
ment, as shown in Fig. S2 (Supplementary data). Both lattice parameters
a and c increase with the increasing Pb concentration. The increases in
lattice parameters a and c by the Pb doping can be explained by the
fact that the ionic radius of Pb (133 pm) is larger than that of Sb
(90 pm). Further details on the orientation degree [20] of the
{00l}planes for each sintered sample are introduced in Fig. S1. It is
noted that no secondary phases are observed in the SEM images (Fig.
S3, Supplementary data), indicating that the complete single phase of
Pb-doped BiSbTe was successfully fabricated.

To clarify the effect of Pb doping on the BiSbTe alloy, the thermoelec-
tric transport properties of Bi0.52Sb1.48 − xPbxTe3 (x=0–0.01 (0.5 at.%))
were measured, and the associated parameters were calculated. Fig.
1(a) shows the variation in σ as a function of temperature for the pris-
tine and Pb-doped Bi0.52Sb1.48Te3 with dopant concentrations of 0.06–
0.5 at.%. First, it can also be clearly observed that σ systematically in-
creases from approximately 6.8 × 104 S m−1 to 2.0 × 105 S m−1 at
300 K as the Pb concentration increases because of the acceptor-like
effect of the Pb atoms at Sb sites. To validate the increased σ by Pb dop-
ing, the nc and μHall values at 300 K were estimated from the Hall mea-
surements, and are listed in Table S1 (Supplementary data). The nc
values gradually increased with increasing Pb concentration, while
μHall monotonically decreased after a 0.31 at.% Pb concentration
(Pb0.00625Bi0.52Sb1.47375Te3). This implies that the enhancement of the
power factor by Pb doping could be induced by the optimized nc and
μHall.

The p-type behavior of Pb-doped BiSbTe alloys can be confirmed by
the positive S in Fig. 1(b). In contrast to σ, at 300–350 K, S gradually de-
creased with an increase in the Pb concentration, which is reasonable
because S is inversely proportional to nc, according to [21].

S ¼ 8π2k2B
3eh2

π
3nc

� �2=3

m�T; ð1Þ

where kB, e, and h denote the Boltzmann constant, elementary charge,
and Planck constant, respectively. The power factor was calculated
from themeasured σ and S, and is represented as a function of the tem-
perature in Fig. 2(a). As the Pb concentration increases, a gradual in-
crease in the power factor can be seen until a Pb concentration of
0.31 at.% at 300 K. After 0.31 at.%, the power factor at 300 K starts to de-
crease, while that near 500 K shows amonotonic increase until a 0.5 at.%
Pb concentration. From Fig. 2(a), it is clarified that themaximumpower
factor of ~4.43mWm−1 K−2 at 300K can be obtained from a specific Pb
concentration (0.31 at.%) via the optimized σ and S. It should be noted
that the increase in the power factor is rather larger considering the
trade-off relationship betweenσ and S, suggesting theband engineering
effect by the Pb doping. To clarify this, we calculated the value of md

∗ ,
which is an important electronic transport parameter used to determine
S. Fig. 2(b) shows Swith respect to nc for all the samples at 300 K,where
the solid lines represent the equivalentmd

∗ values for 0.7, 0.9, and 1.1m0,
under the assumptions of a single parabolic band and an energy-inde-
pendent carrier scattering approximation for degenerated semiconduc-
tors. As shown in Fig. 2(b), md

∗ increases with an increasing Pb
concentration. Band engineering such as band flattening or Fermi level



Fig. 2. (a) Temperature dependences of power factor of Bi0.52Sb1.48 − xPbxTe3 (x=0–0.01
(0.5 at.%)) and (b) Seebeck coefficient as function of carrier concentration (Pisarenko plot)
at 300 K for Bi0.52Sb1.48 − xPbxTe3 (x = 0–0.01 (0.5 at.%)).

Fig. 3. Temperature dependences of (a) total thermal conductivity and (b) lattice thermal
conductivity of Bi0.52Sb1.48 − xPbxTe3 (x = 0–0.01 (0.5 at.%)). The inset shows the lattice
thermal conductivity (κlat) as a function of the Pb concentration at 300 K.
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tuning may be the mechanism underlying the enhancedmd
∗ by Pb dop-

ing [22,23].
Fig. 3(a) shows the temperature dependence of κtot for Bi0.52Sb1.48 −

xPbxTe3 (x=0–0.01 (0.5 at.%)). Two interesting effects of Pb doping can
be clearly observed. First, at room temperature, κtot gradually increases
from 1.09 W m−1 K−1 to 1.68 W m−1 K−1 with increasing Pb concen-
tration, and second, the minimum κtot shifts toward higher tempera-
tures from room temperature. The latter occurred because the onset of
bipolar thermal conductionwas suppressed by the increased concentra-
tion of the majority carriers (holes). To understand the increase in κtot
by Pb doping at room temperature, the κlat value was calculated by
subtracting κele from κtot, where κele was obtained using the
Wiedemann–Franz law (κele=LσT, where L is the Lorenz number).
The value of L was found using the following equation:

L ¼ 1:5þ exp −
Sj j

116

� �
; ð2Þ

where L and S are in 10−8 W Ω K−2 and μV K−1, respectively [24]. The
resulting κlat with respect to temperature is shown in Fig. 3(b), which
indicates that overall, κlat decreases with an increase in the Pb concen-
tration over the entire temperature range. From Fig. 3(a) and (b), it is
clarified that the enhancement in the κtot values of the BiSbTe alloys
by Pb doping at a 300–350 K temperature range was induced not by
κlat but by κele. The variation in κlat with respect to the Pb concentration
without the influence of the bipolar effect can be observed by compar-
ing the κlat values at room temperature (inset in Fig. 3(b)). It can be
seen that κlat is gradually decreased by Pb doping as a result of the inten-
sified point defect phonon scattering from themass difference between
Pb (MPb = 207.2) and Sb (MSb = 121.8).

Fig. 4(a) shows the zT values of Bi0.52Sb1.48 − xPbxTe3 (x = 0–0.01
(0.5 at.%)) as a function of temperature. First, enhanced zT values over
a wide temperature range (350–520 K) can be observed for the Pb-
doped Bi0.52Sb1.48Te3 (0.13–0.38 at.%) compared to pristine
Bi0.52Sb1.48Te3. Two distinct effects contributed to these enhanced zT
values: (1) the increased power factor and (2) the shift in theminimum
κtot toward higher temperatures. The significantly reduced κtot at 400–
520 K was attributed to the suppression of the bipolar thermal conduc-
tion by the Pb incorporation, which controlled the majority carrier
(hole) concentration. Hence, it was possible to maximize the zT value
for the targeted waste heat temperature by selecting the optimal Pb
concentration. As shown in Fig. 4(b), the most suitable doping level
for the targeted temperature range can be identified based on the aver-
age zT (zTavg). Overall, a higher zTavg can be observed for 300–400 K
compared to wider temperature ranges across a Pb concentration of
0–0.38 at.%. Fig. 4(b) also shows that a small zTavg is unavoidable
when the material is used at a wide range of temperatures such as
300–520 K. For the temperature ranges of 300–450 K, 300–500 K, and
300–520 K, a Pb concentration of 0.31 at.% provides the highest zTavg.

The efficiency of the thermoelectric generation (ηmax) based on Pb-
doped Bi0.52Sb1.48Te3 was estimated using the following equation:

ηmax ¼
ΔT
Th

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Z∙Tavg

p
−1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ Z∙Tavg
p þ Tc

Th

; ð3Þ

where Tc and Th are the cold-side and hot-side temperatures, respec-
tively, and ΔT and Tavg are equal to Th−Tc and (Th+Tc)/2, respectively
[25]. Fig. 4(c) shows the computed ηmax as a function of ΔT. Across the
whole range of Pb concentrations, ηmax shows an ascending trend
until ΔT=100 K. However, the lightly Pb-doped samples (0.06–
0.25 at.%) exhibit a descending trend afterΔT=150 K, while Pb concen-
trations of 0.38–0.5 at.% maintain an ascending trend until ΔT=200 K.
Compared to the ηmax value for pristine Bi0.52Sb1.48Te3, a significant en-
hancement in ηmax by Pb doping can be observed; ηmaxwas enhanced by
39%, 73%, 131%, and 150% when ΔT = 100 K, 150 K, 200 K, and 220 K,



Fig. 4. (a) Dimensionless figure of merit zT as function of temperature (300–520 K). (b)
Average zT values with respect to the Pb concentration for various ranges of
temperature. (c) The maximum efficiency of thermoelectric power generation as a
function of ΔT (=Th − Tc).
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respectively. zTwas increased from0.97 at 300 K to 1.14 at 400 K (an in-
crease of ~18%) by the Pb doping, but ηmax was significantly increased
by up to 150%. This indicates that it is crucial to select the optimal dop-
ing level for high efficiency power generation.

We investigated the thermoelectric transport properties of
Bi0.52Sb1.48 − xPbxTe3 (x = 0–0.01 (0.5 at.%)) polycrystalline bulks
with precisely controlled Pb doping content to validate its potential ap-
plication for low-temperature power generation. First, the power fac-
tors of BiSbTe in a temperature range of 300–520 K were enhanced by
Pb doping as a result of an enlarged DOS effective mass induced by
the band engineering effect, and the maximum power factor at 300–
450 K was observed for a Pb concentration of 0.31 at.%. Second, the in-
creased majority carrier (hole) concentration by Pb doping suppressed
the onset of bipolar thermal conduction, shifting the minimum thermal
conductivity toward higher temperatures. Consequently, the peak zT of
BiSbTe was enhanced and precisely controlled at higher temperatures
by Pb doping. In particular, the highest average zT values for various
temperature ranges (300–450 K, 300–500 K, and 300–520 K)were gen-
erated by a 0.31 at.% Pb concentration. The estimated efficiency of ther-
moelectric power generation (ηmax) in BiSbTe compounds was
enhanced by 150% through Pb doping when ΔT=220 K. Interactive
plots directly visualizing the relationship between zTavg and ηmax were
provided, enabling systematic material design for low-temperature
power generation.
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