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Bi(Sb)2Te(Se)3 alloys, as the only commercial thermoelectric materials, have been applied widely in cooling fields.
While, the current energy conversion efficiency (dominated by the dimensionless ZT) of commercial products is still lower
and cannot meet the market demand. In this paper, high thermoelectric performance at room temperature in both zone-
melted (ZM) Bi0.46Sb1.54Te3 ingots and powder-metallurgy (PM) Bi0.46Sb1.54Te3 blocks with a large size was realized
successfully by optimizing their preparation process. The peak ZT values of ZM and PM p-type Bi0.46Sb1.54Te3 alloys
reached 1.26 and 1.45, respectively. They are higher than those of all the n-type or p-type Bi2Te3-based products in current
commercial applications. In particular, their production process of large size p-type Bi0.46Sb1.54Te3 alloys could be directly
industrialized.
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1. Introduction
At present, the serious energy crisis and environmental

problems have aroused widespread concern on exploring sus-
tainable and eco-friendly energy resources.[1,2] Thermoelec-
tric devices can converse directly electricity and heat with
many advantages.[3–5] The performance of thermoelectric ma-
terials is typically assessed by the dimensionless thermoelec-
tric figure of merit (ZT, ZT = S2σ

κt
T ),[6–11] where κt is the

total thermal conductivity, S is the Seebeck coefficient, σ is
the electrical conductivity, and T is the absolute temperature.
Therefore, excellent thermoelectric materials must have low κt

and high power factors (PF = S2σ ) simultaneously. Their op-
timized strategies include energy band engineering,[12–16] and
phonons engineering,[17–29] etc.

Currently, Bi2Te3-based thermoelectric alloys dominate
the room temperature thermoelectric cooling (TEC) devices
due to their excellent thermal and electrical stabilities.[30–33]

On the one hand, the zone-melting (ZM) method is commonly
used to produce commercial bismuth telluride. However, ZT
values of p-type zone-melted Bi2Te3 ingots is low,[34] and
needs further improvement. On the other hand, the poor me-
chanical strengths of such ingots limit the application in minia-
ture devices. The processability and mechanical strengths can
be optimized by the powder-sintering or powder-metallurgy
(PM) method.[35,36] Currently, polycrystalline Bi2Te3-based
thermoelectric alloys prepared by PM can be cut into small
π-legs with a cross-section of 0.1 mm×0.1 mm, but their ther-
moelectric performance needs further improvement too.[37–40]

In our previous work, high thermoelectric performance
was achieved successfully in large size n-type Bi2Te2.7Se0.3

ingots.[41] Further, high thermoelectric and mechanical prop-
erties were realized in n-type Bi2Te2.7Se0.3 bulks through
PM and carrier concentration regulation.[37,42] TEC devices
need both n-type and p-type Bi2Te3-based π-legs. In this
paper, high thermoelectric properties of large size p-type
Bi0.46Sb1.54Te3 ingots were realized by optimizing the prepa-
ration conditions, and their large size polycrystalline bulks
were obtained by further PM. Finally, the ZT of the samples
prepared by the ZM method reached a peak value of 1.26 at
360 K along the ZM growth direction. The Bi0.46Sb1.54Te3

PM bulks have the peak ZT value (ZTmax) of 1.45 at 300 K.

2. Experimental details

The large size p-type Bi0.46Sb1.54Te3 ingots (length in
300 mm, diameter in 30 mm) were prepared by the ZM
method. The process was similar to our earlier work of n-type
Bi2Te2.7Te0.3 ingots.[34] The large size p-type Bi0.46Sb1.54Te3

polycrystalline bulks (30 mm×30 mm×70 mm) were prepared
by the ZM, pulverizing, grinding, and vacuum hot-pressing
(HP) method. The process was similar to our previous work
of n-type Bi2Te2.7Te0.3 polycrystalline bulks.[36,42] The ingots
and polycrystalline bulks were cut into 2 mm×4 mm×13 mm
for electrical property testing, and 2 mm×10 mm×10 mm for
thermal performance testing. Regarding to the anisotropy, the
ZM‖ meant the testing direction parallel to the ZM growth
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direction, and the ZM⊥ meant the testing direction perpen-
dicular to the ZM growth direction. The testing direction of
polycrystalline bulks was perpendicular to the pressure.

The microstructure was observed by the scanning elec-
tron microscope (SEM, JSM-6700F). The Seebeck coefficient
and electrical resistivity were simultaneously measured using
the LSR-3/800 system (Linseis, Germany) under helium at-
mosphere. An error of approximately 4% in the measurement
of both electrical conductivity and the Seebeck coefficient was
estimated. The thermal diffusivity D was measured by using
the FLASHLINETM3000 (ANTER, USA) and the LFA-457
(Netzsch, Germany), the estimated error of approximately 5%.
The total thermal conductivity κt (κt = DρCp) was calculated
by measuring the specific heat Cp, thermal diffusivity D, and
density ρ . The Hall carrier concentration and mobility were
measured at room temperature using the Van der Pauw method
under 0.5-T magnetic field conditions with an estimated error
of approximately 10% (HMS-5500, ECOPIA, Korea).

3. Results and discussion
As illustrated in Fig. 1, the XRD pattern of the powder

obtained by crushing and sieving the sample prepared by ZM
is shown. The diffraction peaks in the image are consistent
with the PDF card, demonstrating a single-phase rhombohe-
dral structure. This indicates that the prepared sample is pure
Bi0.46Sb1.54Te3. Both large size ZM ingots and HP bulks of
Bi0.46Sb1.54Te3 are prepared successfully, and their macro-
scopic photographs are shown in Fig. 2(a). In order to further
observe the internal topography of samples, the fracture sur-
face was characterized by the SEM, as shown in Figs. 2(b)–

2(d). The fracture surface morphologies of the samples pre-
pared by zone-melting method along the crystal growth direc-
tion (ZM‖) and vertical crystal growth direction (ZM⊥) are
shown in Figs. 2(b) and 2(c), respectively. The crystal plane
size along the grain growth direction (ZM‖) is very larger. The
fracture surface in vertical growth direction exhibits an ob-
vious orientation and layered structure, and the grain size is
larger. They demonstrate an excellent ZM growth. Due to the
obvious difference in the microscopic morphology of the two
directions, the thermoelectric properties of the two directions
are also significantly different, which can also be obviously
observed in the subsequent thermoelectric performance im-
ages. Figure 2(d) shows the fracture surface of the HP sample,
which exhibits typical polycrystalline structure. Many grain
boundaries are introduced, and the grain size of the HP sam-
ple is significantly reduced. While, the layered structure of the
bismuth telluride-based sample can still be observed, which is
similar to the results of previous literatures.[36]
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Fig. 1. XRD patterns of the Bi0.46Sb1.54Te3 powder.
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Fig. 2. (a) Macroscopic photographs of ZM and HP Bi0.46Sb1.54Te3 samples and schematic measuring illustration, (b)–(d) SEM fracture surface
images of (ZM‖), (ZM⊥), and HP.
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Fig. 3. Thermoelectric transport properties of zone-melted and hot-pressed Bi0.46Sb1.54Te3 samples: (a) electrical resistivity ρ , (b) Seebeck
coefficient S, (c) power factor PF, (d) thermal conductivity κt.

Figures 3(a)–3(d) display the electrical resistivity, power
factor, Seebeck coefficient, and thermal conductivity as func-
tions of temperature for ZM and HP Bi0.46Sb1.54Te3 sam-
ples. In Fig. 3(a), the electrical resistivity of all samples in-
creases gradually with the increase of temperature, demon-
strating metal-conducting behavior, and their degenerate semi-
conductor nature, which obeys the common characteristic of
Bi2Te3-based materials. Among them, the resistivity in two
ZM directions is very different, such as at room temperature,
the resistivity of the ZM‖ sample is 6.5 µΩ·m, and the resistiv-
ity of the ZM⊥ sample is 13.8 µΩ·m. The difference between
the two is nearly 53%, exhibiting strong anisotropy. The re-
sistivity perpendicular to the zone growth direction is high,
which is attributed to the enhanced carrier scattering by lay-
ered grains. The HP sample has relatively high resistivity. On
the one hand, the HP causes the donor-like effect, thus reduces
the carrier concentration.[43,44] On the other hand, the poly-
crystalline grain boundary enhances the carrier scattering, thus
reduces the carrier mobility. Their carrier concentrations are
7.06×1019 cm−3, 5.27×1019 cm−3, 2.71×1019 cm−3. Their
carrier mobilities are 897.7 cm2·V−1·s−1, 107.6 cm2·V−1·s−1,
188.8 cm2·V−1·s−1 for ZM‖, ZM⊥, and HP samples, respec-
tively. These Hall test results are also in agreement with the
results of resistivity.

Figure 3(b) shows the Seebeck curves with temperature
change. The positive Seebeck coefficients of all samples in-
dicate that the major carriers in the samples are holes, which
is consistent with the characteristics of p-type Bi0.46Sb1.54Te3

materials. It can be clearly seen that the Seebeck coefficients

of the HP sample are large. The Seebeck coefficients of the
samples obtained by ZM are still different in two directions,
and the ZM⊥ Seebeck coefficient is relatively large at higher
temperature. This phenomenon is attributed to the intrinsic
excitation, which is consistent with references.[45,46]

The curve of power factor (PF) variation with temper-
ature calculated by the Seebeck coefficient and resistivity is
shown in Fig. 3(c). Because the very low resistivity of the sam-
ple parallel to the ZM direction compensates for the slightly
lower Seebeck coefficient in this direction, the power factor
obtained parallel to the zone-melting direction is the highest,
reaching 5540 µW/m·K2 at room temperature. Compared with
reported literatures of Bi2Te3-based materials,[37,38,41–43,47–49]

this PF value is one of the highest, meaning an excellent ther-
moelectric power. It is 47% higher than that in the vertical
direction, and is 29% higher than that of the HP sample.

Figure 3(d) shows the thermal conductivity curve of the
materials with temperature. All the thermal conductivity in-
creases at high temperature, mainly due to the contribution
of additional bipolar diffusion thermal conductivity, which
accords with the narrow bandgap characteristic of bismuth
telluride-based thermoelectric materials. The thermal conduc-
tivity in different directions is obviously different. The ZM‖
sample has the highest thermal conductivity due to weakened
phonon scattering. The lower thermal conductivity of the sam-
ples prepared by the HP method is mainly due to the fact that
the polycrystals of the samples prepared by this method have
more crystalline boundary or interfaces as compared to the
samples prepared by the ZM method, which will favour the
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scattering of phonons within the material and thus reduce the
thermal conductivity.

Figure 4(a) demonstrates the temperature dependence of
ZT of ZM and HP Bi0.46Sb1.54Te3 samples. The ZT value of
the HP sample is higher at low temperature, and reaches a peak
value of 1.45 at 300 K. This ZTmax value in this work exceeds
those of most reported p-type BiSbTe-based materials. The
ZT of the ZM sample along the growth direction reaches a

peak value of 1.26 at 360 K. Although it is lower than that
of the HP sample, it is an excellent result in reported ZM in-
gots. Figures 4(b) and 4(c) summarize and compare some ad-
vanced ZT values of p-type Bi2Te3-based thermoelectric ma-
terials over the last decade along with the years.[44,49–66] It can
be seen that at room temperature, the HP sample in this work
exhibits a higher level, which is beneficial for the TEC appli-
cation of Bi2Te3-based thermoelectric materials.
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Fig. 4. (a) The ZT curves of ZM and HP Bi0.46Sb1.54Te3 samples, (b) reported ZT values in BiSbTe-based materials at room temperature,
(c) reported ZT curves in BiSbTe-based materials.

4. Conclusions

On the one hand, by optimizing the ZM preparation pro-
cess, the large size Bi0.46Sb1.54Te3 ingot achieves an excellent
thermoelectric performance, its ZTmax reaches 1.26 at 360 K.
This value is higher than those of all the current n-type or
p-type Bi2Te3-based ingots in commercial applications. On
the other hand, by combining optimized ZM, BM, and HP,
large size Bi0.46Sb1.54Te3 polycrystalline bulks weaken the
anisotropy, enhance the mechanical strengths of ZM ingots,
and realize high thermoelectric performance with a ZTmax of

1.45 at 300 K. This production process of large size p-type
Bi0.46Sb1.54Te3 polycrystalline bulks could be directly indus-
trialized, targeting the TEC devices.
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