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Abstract

Bi,Te;-based alloys are currently the best room-temperature thermoelectric materials, and have been used widely in the
field of thermoelectric refrigeration. Bi, Te; ingots prepared by the zone-melting method provide convenience for large-scale
commercial application. Currently, one trend is that the dimensionless thermoelectric figure-of-merit (Z7) value of the n-type
Bi,Te, ;Se 5 is slightly lower than that of the p-type Bi, sSb, sTe;. In this paper, n-type Bi,Te, ;Se,, 5 alloy ingots with large
size were successfully prepared through the optimized zone-melting preparation process, and achieved a high ZT value of
1.16 at 360 K. This value is higher than all the n-type or p-type Bi,Te;-based ingots in current commercial applications.
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Introduction

The ever-increasing population and rapidly developing
economy have greatly increased the demand for energy and
will inevitably bring about a series of environmental pollu-
tion problems. Energy diversification and efficient multi-
level utilization have become an effective approach to solve
the energy gap without adding additional environmental
burdens. > Thermoelectric materials can realize the direct
conversion between thermal energy and electric energy.’
For example, it can convert a large amount of waste heat
and residual heat which are difficult to utilize in industry
into electric energy”, and has attracted extensive attention
from industry and academia.’ Thermoelectric materials are
mainly used in the fields of thermoelectric power genera-
tion and thermoelectric cooling.® Due to their irreplaceable
advantages and characteristics, such as adaptability, diver-
sity, and reliability, thermoelectric materials are receiving
unprecedented expectations as the key technology support-
ing many modern industries.””

The conversion efficiency of a thermoelectric material is
characterized by its dimensionless thermoelectric
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figure-of-merit (Z7) value. The ZT value is closely related
to mainly physical quantities, such as resistivity (p), Seebeck
coefficient (§), thermal conductivity (x), and absolute tem-
perature (7). The specific relationship is ZT = j—;T. The

thermoelectric properties are divided into two parts: electri-
cal transport properties and thermal transport properties.
The electrical transport properties can be characterized by

the power factor (PF = %2) Good electrical conductivity is

one of the characteristics of thermoelectric materials, so
most of the research on thermoelectric materials initially
focused on metals and their alloys with extremely low resis-
tivity. However, it was later discovered that the Seebeck
coefficient of metallic materials is too small. Metallic mate-
rials are not destined to be excellent thermoelectric materi-
als. With the development of semiconductor materials, ther-
moelectric materials have again become a research boom
and rapidly entered an explosive stage.'’"!* In the 1950s,
Bi,Te;-based thermoelectric materials quickly became the
focus of researchers as soon as they were discovered, and
entire research was centered on how to obtain high ZT val-
ues.'* In the following decades, Bi,Te;-based thermoelectric
materials continued to refresh the highest ZT values.!>!’
Bi,Te; is a typical narrow-band semiconductor material.'®
It has a high density of states and effective electronic mass
due to its complex energy band structure. Furthermore,
because of the small electronegativity difference between Bi
and Te atoms, it helps to obtain higher carrier mobility.
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Under the influence of multiple factors, Bi,Te; alloys
became the optimal thermoelectric material systems near
room temperature.'>!?

Furthermore, Bi,Te; thermoelectric materials are cur-
rently the only thermoelectric material system widely used
in business, such as refrigeration near room temperature.”’>2
However, the ZT value of commercial Bi, Te; is mostly below
0.9. The development of high-performance Bi,Te; thermo-
electric materials is conducive to further seize the thermo-
electric material market. On the whole, the performance
of n-type materials is not yet comparable to that of p-type
materials.**27 Therefore, the research and development of
high-performance n-type Bi,Te, 5S¢ ; alloys is more impor-
tant. The common preparation methods of thermoelectric
materials include hot pressing (HP),”®* spark plasma sin-
tering (SPS),**?! zone melting,*>3? etc. The ZT values of
Bi,Te, ;Se, ; thermoelectric materials prepared by different
methods are not the same.>* In this paper, the zone-melting
method was used to prepare n-type Bi,Te, ;Se, 5 crystals.
Compared with other preparation methods, its products
have a large size and higher thermoelectric properties due
to texturing, which is beneficial for commercial applications.
Especially, compared to the conventional zone-melting pro-
cess, the zone-melting method in this paper was optimized
by using quartz tubes instead of common glass tubes, and
two vacuum pumps instead of one mechanical pump, and
adding a process of swing furnace.

Experimental

All samples in this experiment were prepared using the
zone-melting method. The n-type Bi,Te, ;Se,, ; ingredients
were weighed according to the stoichiometric ratio, mixed,
and sealed in a high-vacuum quartz tube. In the swing fur-
nace, the raw materials were shaken for 10 h at 1023 K to
achieve the effect of uniform mixing of the ingredients.
Cooled to room temperature, the quartz tube was fixed on
a zone fusion furnace. The melted ingot underwent zone
fusion crystal growth at a temperature of 973 K with a grow-
ing rate of 8 mm/h. After the zone-melting temperature
dropped to room temperature, the n-type Bi,Te, ;Se, 5 ingot
were removed from the broken quartz tube. The ingot was
cut into the required size for testing the electrical and ther-
mal properties using a wire-cut electrical discharge machin-
ing. The sample size for electrical performance testing was
2 mm X 3 mm X 13 mm, and the sample size for thermal
performance testing was 2 mm X 10 mm X 10 mm.

The treated samples were subjected to various micro-
structure characterization and performance tests. The
phase structure of the material was characterized by an
x-ray diffraction analyzer (XRD), and the micromorphol-
ogy was observed by scanning electron microscopy (SEM).

Regarding thermoelectric performance, this mainly includes
two aspects: electrical transport performance (Seebeck coef-
ficient and resistivity) and thermal transport performance
(thermal conductivity). The LSR system (LSR-3/800 See-
beck coefficients/electrical resistance measuring system;
Linseis, Germany) can simultaneously measure the See-
beck coefficient and the resistivity of the sample. The inert
gas environment during the test was provided by argon.
The thermal conductivity was calculated by the formula
x = dDC,. The physical symbols d, D , and C, represent
the density, thermal diffusion coefficient, and specific heat
capacity of the material, respectively. They were calculated
using the Archimedes principle, tested by the LFA457 sys-
tem (Netzsch, Germany), and measured by differential scan-
ning calorimetry (DSC) independently.

Results and Discussion

The Bi,Te, ;Se, 5 alloy in this paper has two distinct advan-
tages. The first is that the thermoelectric properties are
generally higher than those of the Bi,Te, ;Se 5 currently
on the market. The second is that Bi,Te, ;Se, ; can be pro-
duced at large scale to meet the needs of commercialization.
The ingot length was 28 cm and its diameter was 2.6 cm,
as shown in Fig. 1. In order to obtain more reliable data,
three sets of samples taken from different areas of the ingot
(Fig. 1) were tested separately for thermoelectric perfor-
mance. In addition, the thermoelectric properties were tested
along two different directions, one parallel to the zone melt-
ing direction (results are shown in Fig. 3), and the other
perpendicular to the zone-melting direction.

Figure 2 shows the XRD pattern for the Bi,Te, ;Se 5
ingot. By comparing the standard cards and several pub-
lished reports, the diffraction peaks of this group of samples
match well, with no impurity diffraction peaks, confirming
that this group of samples is the target material.

In Fig. 3a, the resistivity of all the samples is proportional
to temperature, exhibiting typical degenerate semiconduc-
tor characteristics. In Fig. 3b, the Seebeck coefficient of all
the samples is negative, indicating that the samples are all

Area 1¢

Area 2¢ Area 3¢

Fig.1 The Bi,Te,;Se,; ingot; the red box refers to the area of the
sample (Color figure online).
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Fig.2 XRD patterns for the Bi,Te, ;Se 5 ingot.

n-type semiconductors with electrons as the main carrier.
The Seebeck coefficient gradually increases with increasing
temperature, reaching its maximum value at a certain tem-
perature, and then begins to decrease. This phenomenon is
attributed to the bipolar effect. At higher temperatures, due
to the intrinsic thermal excitation, electron and hole pairs
are produced in thermoelectric materials, while due to the
opposite sign of the Seebeck coefficients of the electrons
and holes, the minority carrier would decrease the Seebeck
coefficient. Thus an S peak appears. The highest values of
the Seebeck coefficient for the n-type Bi,Te, ,Se ; sample
prepared by hot pressing were about 140-160 uV /K>
The absolute value of the Seebeck coefficient of the n-type
Bi,Te, ;Se, ; sample prepared by SPS is below 200 uV /K
,3637 but the absolute value of the Seebeck coefficient in
this experiment is 205-230 ¢V /K. Compared with other
experimental methods, the ZT values of the Bi,Te, ;5S¢ 3
samples in this study may be not the highest, but their high
Seebeck values make them more competitive because of
their high detection sensitivity. The power factor calculated
by the resistivity and the Seebeck coefficient is shown in
Fig. 3c. The highest power factor can be achieved near room
temperature.

The physical quantity that characterizes the thermal trans-
port properties of materials is the thermal conductivity (k).
This is composed of three parts: electronic thermal con-
ductivity, lattice thermal conductivity, and bipolar thermal
conductivity. There is a strong correlation between the elec-
tronic thermal conductivity and the electrical resistivity. Low
resistance and large electronic thermal conductivity always
occur together. So, the electronic thermal conductivity is not

@ Springer

easy to individually control. The lattice thermal conductivity
is a relatively independent parameter, and research on ther-
mal conductivity generally focuses on reducing the lattice
thermal conductivity.*** In the Bi,Te, ,Se,, ; materials, both
Bi and Te atoms have large atomic masses, and the melting
point of the system is lower (about 858 K), so the system
has a lower lattice thermal conductivity, as shown in Fig. 3d.
In Fig. 3e, the total thermal conductivity first decreases due
to the enhanced phonon scattering, and then increases with
increasing temperature due to the bipolar effect. It changes
in the range of 1.3-1.7 W/m.K.

Under the combined effect of the Seebeck coefficient,
resistivity, and thermal conductivity, the ZT of the mate-
rial first increases and then decreases with temperature, as
shown in Fig. 3f. In the temperature range of 300-400 K,
ZT values of more than 1 are achieved. At 360 K, the n-type
Bi,Te, ;Se, ; obtains an optimum Z7 value as high as 1.16.
This value may be lower than some reported values whose
bulk samples are prepared by HP, SPS, HTHP, LSM, etc.,
4.25.2641-50 i5 3 highly competitive one in the zone-melting
field due to the high vacuum, high pure raw materials, and
swing sintering in this experiment.?>*>! In particular, four
Bi,Te;-based alloy ingots can be simultaneously prepared in
the zone-melting furnace. So, the preparation process in this
paper can be directly industrialized.

On the whole, the three groups of samples show similar
patterns, but the performance of the area 2 sample is better
than the other two samples. This is because the areas 1 and
3 are located at the two ends of the ingot, respectively. The
samples in these two areas are prone to component segre-
gation during the zone-melting process, which reduces the
thermoelectric properties. That is to say, some samples with
poor performance may be produced at the two ends of the
ingot, while the size of the two specific areas needs to be
further studied.

The samples prepared by zone melting are polycrystal-
line with oriented growth characteristics, and their mechani-
cal properties are better than those of single crystals. Ele-
ment doping was used to adjust the carrier concentration to
achieve a uniform distribution of impurities, and the ther-
moelectric performance is then more stable. Figure 4 shows
the fracture morphology of the Bi,Te, ;Se, ; sample. The
observed directions in Fig. 4a and b are parallel and per-
pendicular to the zone-melting direction, respectively. The
morphology is a typical layered density structure. The test
results of the thermoelectric properties of the Bi,Te, ;Se 5
sample taken from area 2 along two directions are shown
in Fig. 5.
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Fig.3 Variation of thermoelectric properties with temperature for different regions of Bi,Te, ;Se 5: (a) resistivity, (b) Seebeck coefficients, (c)
power factors, (d) lattice thermal conductivity, (e) total thermal conductivity, and (f) ZT values.
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(b)

Fig.4 SEM fracture morphology diagram of Bi,Te, ;Se, ; along two tested directions: (a) parallel to the zone melting direction, (b) perpendicu-

lar to the zone melting direction.

Figure 5a shows the change trend of the sample’s resis-
tivity with temperature in two directions. The resistivity
increases with increasing temperature, differs signifi-
cantly in the two directions and has obvious anisotropy.
The numerical ratio of the resistivity in the two direc-
tions is called the anisotropy ratio of resistivity.*’ In this
experiment, the electrical resistivity perpendicular and
parallel to the zone-melting directions at room tempera-
ture was 17.66 uQ.m and 9.95 uQ.m, respectively. The
calculated anisotropy ratio was 1.78, which is lower or
comparable to the data in the literature.?>>? This anisot-
ropy of electrical conductivity in the n-type Bi,Te, ;Se 5
ingot is well understood by the anisotropic nature in car-
rier mobility as the crystallographic directions, as demon-
strated by its texturing and layered microstructure shown
in Figs. 1 and 4. Figure 5b shows the variation range of
the Seebeck coefficient in two directions. Within the
experimental error range, the experimental data in the
two directions are roughly the same. In other words, the
Seebeck coefficient is isotropic.>® This is consistent with
the theoretical calculation results based on the relaxa-
tion time approximation.’* Through the above analysis,
the samples with parallel zone-melting directions have a
high Seebeck coefficient and low resistivity at the same
time. The sample in the parallel zone-melting direction
has a higher power factor, which is about 1.9 times that
of the perpendicular zone-melting direction. Their power
factors calculated by resistivity and Seebeck coefficient
are shown in Fig. 5c.

The lattice thermal conductivity and the total thermal
conductivity of Bi,Te, ;Se, 5 ingot in two directions varies
with temperature, as shown in Fig. 5d and e, respectively.
The test results indicate that the total thermal conductiv-
ity in the parallel zone melting direction is 1.41 W/m.K
near room temperature, which is larger than that in the

@ Springer

perpendicular zone melting direction of 0.9 W/m.K . This
is because the preferred orientation of the sample favors
the heat transport of carriers and phonons along the crys-
tal plane. The anisotropic ratio of thermal conductivity is
1.56, which is much smaller than the value of the single
crystal sample (2.1-2.4) as well as smaller than the tex-
tured Bi,Te,Se, bulk sample.”>-°

Figure 5f shows the ZT value obtained by calculation.
The Seebeck coefficient of the Bi,Te, ;Se,; sample
prepared by zone melting is isotropic, and the thermal
conductivity and resistivity have different degrees of
anisotropy. Since the resistivity ratio of the two direc-
tions is greater than the thermal conductivity ratio, the
ZT value of the material shows that the parallel zone-
melting direction is better than the perpendicular zone-
melting direction. This is the same as the conclusion of
Wang et al.”’

Conclusions

The emergence of thermoelectric materials provides new
ideas for solving the energy crisis and environmental pol-
lution.”®%* As typical excellent room-temperature thermo-
electric materials, Bi,Te, ;Se ; alloys have successfully
achieved commercial applications. However, the current
commercial Bi,Te, ;Se 5 alloys have low ZT values. The
Bi,Te, ,Se, ; sample in this article has achieved a ZT value
of more than 1.0 near room temperature, and the highest
value can reach 1.16. The ingot size is large, which improves
its utilization. By testing the thermoelectric properties in dif-
ferent directions, it is confirmed that the Bi,Te, ;Se ; ingot
has anisotropy, and that the thermoelectric properties in the
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parallel zone-melting direction are greatly improved, which
is consistent with the results in the literature.
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