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Abstract Bismuth-telluride-based alloys are the best
thermoelectric materials used in commercial solid-state
refrigeration near room temperature. Nevertheless, for
n-type polycrystalline alloys, their thermoelectric figure of
merit (z7) values at room temperature are often less than
1.0, due to the high electron concentration originating from
the donor-like effect induced by the mechanical deforma-
tion process. Herein, carrier concentration for better per-
formance near room temperature was optimized through
manipulating intrinsic point defects by sulfur alloying.
Sulfur alloying significantly decreases antisite defects
concentration and suppresses donor-like effect, resulting in
optimized carrier concentration and reduced electronic
thermal conductivity. The hot deformation process was
also applied to improve carrier mobility due to the
enhanced texture. As a result, a high z7 value of 1 at 300 K
and peak zT value of 1.1 at 350 K were obtained for the
twice hot-deformed Bi,Te,;Sep21S000 sample, which
verifies sulfur alloying is an effective method to improve
thermoelectric performance of n-type polycrystalline
Bi,Tes-based alloys near room temperature.
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1 Introduction

Thermoelectric (TE) materials, which can realize direct
interconversion between heat and electric energy, have
been extensively studied for solid-state refrigeration in past
decades [1, 2]. The energy conversion efficiency for TE
device is determined by the materials’ dimensionless fig-
ure of merit z7T = SZO'/K, where S, o, k are the Seebeck
coefficient, electrical conductivity, thermal conductivity
(including carrier contribution k. and phonon contribution
k1) and absolute temperature, respectively. As S, ¢ and x
are strongly coupled with carrier concentration n, opti-
mizing n is a foremost procedure to improve TE materials
performance [3-5].

For decades, bismuth-telluride-based alloys with layered
structure have been the only TE materials realizing widely
commercial application [2]. Both n-type and p-type
Bi,Tes-based quasi-single crystals are prepared by zone
melting (ZM), which exhibit maximum z7" (z7.x) of ~

1.0 near room temperature [6, 7]. Nevertheless, owing to
the van der Waals bonding, their easy-cleavage nature
increases the expenditure for device fabrication and
weakens reliability. To improve the mechanical properties,
polycrystalline Bi,Tes-based alloys have been prepared by
powder metallurgical methods, such as mechanical alloy-
ing (MA), ball milling (BM), melt spinning or solvother-
mal synthesis followed by hot pressing (HP) or spark
plasma sintering (SPS) [8-12]. For p-type polycrystalline
(Bi, Sb),Te; alloys, zT.x > 1.2 can be easily attained at
300-350 K, benefiting from substantially reduced thermal
conductivity [13-15].

However, for n-type polycrystalline Bi,(Te, Se); alloys,
their zT,,.x often appears at elevated temperature and less
than 1.0, which hinders their further commercial
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application [16, 17]. On the one hand, the layered-structure
nature of Bi,Tes alloys renders the anisotropy of TE per-
formance, which is stronger in n-type [18-20]. The random
arrangement of grains destroys the (001) texture leading to
deteriorated z7 values [21]. Hot deformation (HD) process
can significantly enhance texture and improve z7 values
[22-24]. Apart from that, the extreme high electron con-
centration deviated from optimum value also leads to the
deteriorated zT near room temperature [25].

The single crystals grown from stoichiometric bismuth
telluride always show an excess of cation and excess Bi
atoms can occupy Te sites to form negative charged antisite
defects Bi'r., which explains the p-type conduction
behavior [26, 27]. For polycrystalline Bi,Tes-based alloys,
the pulverization process of ingots by mechanical grinding
induces the non-basal slip, in which the cation vacancies
and anion vacancies with 2:3 ratio are generated [28].
Navratil et al. [29] proposed a donor-like effect which
increases the electron concentration due to the interaction
between vacancies and antisite defects as below:

2V + 3Vi, 4 Big, — 2Bif, + 4V, + 6e (1)

where V, and Vi, represent vacancy of Bi and Te,
respectively. This formula is also valid for V/S”b,Sb/Te

(SbyTes) and Vg, Bi’Se (BisSes). One approach to alleviate
this effect is utilizing p-type dopants to compensate
excessive electrons. Ag, Cu, Pb are widely used p-type
dopants [30, 31]. In n-type polycrystalline Ag.Bi,_,
(Te,Se); alloys, doped Ag atoms form the substitutional
defects Ag;;i and decrease electron concentration [32-34].
But Ag and Cu can rapidly migrate along (001) plane under
working electric current, and Pb is poisonous [35].
Manipulating intrinsic point defects is also effective in
tuning the carrier concentration of Bi,Te;-based materials
[36]. Zhu et al. [37] summarized a (y—r) model, in which
the formation of vacancies and antisite defects is influenced
by the differences of electronegativity y and the covalent
radius r. Sulfur alloying can be applied to reduce formation
energy of anion vacancies and promote electron generation
[38]. Horak et al. [39] decreased the hole concentration by
increasing the sulfur content in BiyTe;_,S, single crystals
and achieved p—n transition at x = 0.15. Liu et al. [40]
combined MA and SPS methods to fabricate Bi,Te,7_,.
Sep.3S, bulks and increased electron concentration with
increasing sulfur content. However, little work adopted
sulfur alloying to regulate the donor-like effect, despite
much work was focused on the Se alloying [41, 42]. But
excessive Se alloying deteriorates z7' values near room
temperature, originating from the enlarged band gap E, and
the strengthened alloy scattering on carriers [42, 43].
Owing to the smaller covalent radius and larger elec-
tronegativity of sulfur, using a lower content of sulfur as
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alloying element can effectively prevent the generation of
antisite defects and suppress the donor-like effect, which is
beneficial for maintaining high power factor.

Herein, a combination of sulfur alloying and HD process
is reported. Sulfur alloying successfully suppresses the
donor-like effect, and HD process enhances the texture.
The optimized carrier concentration and the enhanced
carrier mobility together lead to a boosted z7T' value near
room temperature. For further enhancement, twice HD
process was applied to the BiyTe, 7Seq21S0.00 sample. As a
result, a high z7 value of 1.0 at 300 K and peak zT value of
1.1 at 350 K are obtained. This work verifies the feasibility
of sulfur alloying to regulate the donor-like effect and
improves the room temperature TE performance of n-type
polycrystalline Bi,Tes-based alloys.

2 Experimental

Highly pure element chunks (5 N, Emei Semiconductor
Materials Research Institute) of Se, Te, Bi and sulfur
powder (5 N, Alfa Aesar) were weighted according to the
stoichiometric Bi,Te, 79_,Seq»1S, (x = 0, 0.05, 0.07, 0.09,
0.12, 0.18 and 0.25) and sealed into quartz tubes at
1 x 107 Pa. The mixtures were melted in the Muffle
furnace at 1073 K for 10 h and rocked every two hours to
ensure composition homogeneity before cooled in furnace.
The obtained ingots were ball-milled (MM?200, Retzsch)
into fine powders at 20 Hz for 20 min. Subsequently, the
powders were loaded into ®12.7 mm graphite dies and hot-
pressed at 773 K for 30 min with 80 MPa uniaxial pressure
(4505 J, MRF). Then, the obtained cylinder was hot-de-
formed in a larger @20 mm graphite die at 823 K for
30 min with 80 MPa uniaxial pressure. Final samples were
named as HD-Sx. For the HD-S0.05 and HD-S0.09 sam-
ples, a disk of 12.7 mm in diameter was cut and hot-de-
formed again in the same condition, named as HD2-S0.05
and HD2-50.09.

The phase structures of all powders were investigated by
X-ray diffraction (XRD) on a Rigaku D/MAX-2550P
diffractometer with Cu Ko radiation. The chemical com-
positions were checked by the electron probe micro-ana-
lyzer (EPMA, JEOL JXA-8100) using a wavelength
dispersive spectroscope. The electrical conductivity (o) and
Seebeck coefficient (S) were simultaneously measured on a
commercial Linseis LSR-3 system. The thermal conduc-
tivity (i) was calculated using k¥ = pDC,,, where p is the
density of sample determined by Archimedes method, C, is
the specific heat estimated by Dulong—Petit law, and D is
the thermal diffusivity measured on a Netzsch LFA 467
instrument. The samples for in-plane k measurement were
prepared using the method reported by Xie et al. [44]. The
estimated measurement uncertainties are 3% for electrical
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conductivity, 5% for the Seebeck coefficient and 5% for
thermal diffusivity. The Hall coefficient (Ry) at 300 K was
collected on a Mini Cryogen Free Measurement System
(Cryogenic Limited, UK) with magnetic field varied
between + 4.0 T. Then, the Hall carrier concentration (ny)
and Hall mobility (uy) were determined via ny = 1/eRy
(e is the electron charge) and py = oRy, respectively. To
be noted, all properties were measured along the direction
perpendicular to the pressure.

3 Results and discussion

The powder XRD patterns in Fig. 1a show that all samples
have a pure rhombohedral R3m phase and no secondary
phases are observed. As shown in Fig. lb, the lattice
parameters of BiTe, 79_,Seq,;S, decrease with increasing
nominal content of sulfur, resulting from the smaller
covalent radius of sulfur (0.104 nm) than Te (0.137 nm).
The variation of lattice parameters indicates that sulfur has
been successfully doped into the matrix of BiyTe; 795€2;
and occupies Te sub-lattice sites, which can be further
proved by composition characterization. From EPMA
measurement results in Table 1, the actual content of sulfur
in HD samples increases with increasing nominal content,
which is consistent with lattice parameter shrink. The
contents of Se and sulfur are lower than their nominal
contents. Because of their low boiling point (958 and
718 K, respectively) and high vapor pressure, they inevi-
tably suffer loss during smelting and HD process.

Figure 2 displays the Hall concentration ny and mobility
uy of all HD-Sx samples at room temperature. It can be
seen that the ny decreases with x increasing, due to the
weakened donor-like effect. The formation energy of
antisite defects is dependent on the difference of elec-
tronegativity and the covalent radius. Enlarging the dif-
ferences can prevent the generation of antisite defects [37].
From Table 2, the differences in covalent radius and
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Table 1 Chemical compositions detected by EPMA for HD-
Sx samples

Nominal composition EPMA composition
Bi,Tes.795€0.21 Bi,Te; 782S€0.185
Bi,Te.745€0.2150.05 Bi,Te; 7435€0.18650.029
Bi,Te;725€0.2150.07 BiyTes.7175€0.18950.055
Bi,Te;7S€0.21S0.00 BiyTes.6065€0.19150.072
Bi,Tez.675€0.2150.12 Bi,Te; 6755€0.19150.103
Bi,Te.615€0.2150.18 Bi,Te; 600S€0.18750.156
Bi,Tes.545€0.2150.25 Bi,Te; 5635€0.179S0.218
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Fig. 2 Room temperature carrier concentration and mobility as a
function of sulfur content x in HD-Sx samples, where empty dots
meaning that measured parameters may be not correct due to severely
intrinsic conduction

electronegativity between Bi-sulfur are larger than Bi-Te or
Bi-Se, which increase the formation energy of antisite
defects and in turn decrease their concentrations. From
Eq. (1), the concentration of anion vacancy induced by the
donor-like effect is simultaneously decreased. Thus, as
x varies from O to 0.12, the ny decreases from
85 x 10" em™2 t0 1.9 x 10" em™>.
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Fig. 1 a Powder XRD patterns of BiyTe;79_,Sep-S,; b lattice parameters as a function of sulfur content x for Bi,Te; 79_,Seg 1S,

Rare Met. (2021) 40(3):513-520

@ Springer



516

F. Liu et al.

Table 2 Covalent radius and electronegativity of Bi, Te, Se and
sulfur [37]

Element Covalent radius/nm Electronegativity
Bi 0.150 1.90
Te 0.137 2.10
Se 0.118 2.55
Sulfur 0.104 2.58

The fluctuation of py is more complicated. On the one
hand, sulfur alloying will introduce additional alloy scat-
tering and decrease the . On the other hand, the lower ny
and reduced intrinsic point defects will weaken the carrier
scattering, which increases the py. Finally, the py first
decreases and then increases with increasing x. For narrow
band gap semiconductors, the electrons in the valance band
can be thermally excited into the conduction band, leaving
a hole in the valance band. Consequently, with increasing
temperature, the more electron—hole pairs are generated
and the measured ny increases. The phenomenon is more
significant when the E, is small or the majority carrier
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concentration is relatively low [45]. Hence, for Samples
HD-S0.18 and HD-S0.25, they are severely intrinsically
excited at room temperature. Considering their measured
Hall data contains the contribution from thermal excitation
and are not accurate anymore, hollow points are used to
distinguish.

An enhancement in the Seebeck coefficient S near room
temperature was obtained due to the decreased ngy, as
shown in Fig. 3a. Here, a single parabolic band (SPB)
model [46] limited by acoustic phonon scattering is used to
describe the correlation between S and ny. In this model, S
and ny are defined by using following equations:
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where e is the electron charge, k is the Boltzmann constant,
h is the Planck constant, m* is density-of-state effective
mass, # is the reduced Fermi level. And F;(y) is Fermi
integral defined by:
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Fig. 3 Temperature dependences of a Seebeck coefficient, ¢ electrical conductivity, d PF in HD-Sx samples; b room temperature Pisarenko plot

of HD-Sx samples
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Fig. 4 Temperature dependences of a total thermal conductivity, b Lorentz number, ¢ electronic thermal conductivity and d lattice thermal

conductivity in HD-Sx samples
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From Fig. 3b, the S increases with decreasing ny, which
is accordant with experiment results in Figs. 2 and 3a. And
no obvious differences in m* between different HD-
Sx samples can be seen (m, is the mass of the electron),
which indicates negligible influence on band structure by
sulfur  alloying. Furthermore, the corresponding
temperature (named as Tp,,x) of maximum S (named as
Smax) 18 downshifting with rising sulfur content, which is
beneficial for better electrical properties near room
temperature. The downshift of T,,,x can be explained in
two aspects: one is the decreased E, and the other is the
reduced majority carrier concentration [47]. Herein, the E,
is roughly evaluated according to Eg = 2eSmaxTmax [46]
and its values maintain at 0.14-0.15 eV. Hence, the
reduced carrier concentration with increasing x is the
reason for the downshift of T, The electrical
conductivity ¢ was calculated using ¢ = neu. As shown
in Fig. 3c, for all samples, the ¢ exhibits typical degenerate
semiconductor conduction behavior, where ¢ decreases
with increasing temperature. Owing to the slight influence
on uy for sulfur alloying, the ¢ is mainly determined by ny.

Rare Met. (2021) 40(3):513-520

The ¢ near room temperature is deteriorated due to sulfur
alloying induced decrease in ny.

Figure 3d plots the temperature dependence of power
factor (PF). The PF was calculated using PF = $%6. When
x < 0.12, sulfur alloying reduces the extremely high ny
and enhances S. But it simultaneously deteriorates py and
decreases ¢. Combined the two opposite factors, the room
temperature PF remains unchanged as the sulfur content
increases. When x > 0.12, the severely intrinsic conduction
causes a rapid drop in room temperature PF.

Figure 4 presents the effect of sulfur alloying on thermal
conductivity. The specific heat and density of HD-Sx sam-
ples are shown in Table 3. Owing to the notable drop in o,
the total thermal conductivity (k) of HD-Sx sample at
room temperature monotonically decreases from 1.58 to
0.82 W-m_l-K_l, as shown in Fig. 4a. The electronic
thermal conductivity (x.) was estimated according to
K. = LoT, and L is the Lorenz number defined by SPB

model as below [46]:
_ K23FoF, — 4F}
T e F}

(5)

The calculated L and . are plotted in Fig. 4b, c. For
Samples HD-S0.18 and HD-S0.25, they are severely
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Table 3 Specific heat and density of HD-Sx samples

Sample Specific heat/(J-g~" K™ Density/(g-cm™>)
HD-SO 0.1577 7.225
HD-S0.05 0.1587 7.464
HD-S0.07 0.1591 7.473
HD-S0.09 0.1595 7.410
HD-S0.12 0.1601 7.431
HD-S0.18 0.1612 7.442
HD-S0.25 0.1626 7.421
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Fig. 5 Temperature dependences of z7 in HD-Sx samples
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intrinsically excited at room temperature and regarded as
non-degenerate  semiconductor. Consequently, their
L values were chosen as 1.5 x 107% W-Q-K™2. The Ke
near room temperature monotonically decreases with
x increasing, which is in accordance with the decrease of ¢.
Then, the lattice thermal conductivity (x) was obtained
by subtracting x. from k. It should be noticed that here
the xp contains the bipolar thermal conductivity (i),
originating from intrinsic excitation. Figure 4d shows the
temperature dependence of xy. The xp increases in the
whole temperature range by sulfur alloying. Normally,
sulfur alloying should introduce stronger mass and strain
fluctuations, which decrease the x; [40]. However, in this
work, sulfur alloying significantly suppresses donor-like
effect and induces the rapid drop on ny. Hence, the bipolar
effect becomes more remarkable, resulting in the increase
of ki [48]. Notably, the decrease of i, is dominant and PF
maintains at relative high values with increasing x, which is
beneficial for better zT values near room temperature.
Figure 5 displays the temperature dependence of zT in
the HD-Sx  samples. Owing to the high
ng ~ 8.5 x 10" cm ™3 of HD-S0 sample, it exhibits a low
ZT value of 0.54 at room temperature. With increasing x, ny
continuously decreases and room temperature z7 value is
enhanced. Finally, a highest z7T" value of 0.9 at 300 K is
obtained in the HD-S0.09 sample, with an optimized ny of
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Fig. 6 Temperature dependences of a Seebeck coefficient, b electrical conductivity, ¢ power factor, d total thermal conductivity, e lattice
thermal conductivity and f z7 in HP-S0.09, HD-S0.09, HD2-S0.09 and HD2-S0.05 samples
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conduction gradually becomes more significant and zT
value deteriorates instead.

According to our previous work, the z7 value of n-type
Bi,(Te,Se); alloys could be further enhanced by repetitive
hot deformation, which can be attributed to the enhance-
ment of texture [49, 50]. Therefore, one more hot-defor-
mation process on the HD-S0.05 and HD-S0.09 samples
was applied. Their TE properties are shown in Fig. 6,
where the results of hot-pressed BirTe, 7Seq21S0.00 Sample
(HP-S0.09) are also plotted. For the Bi,Te;7Seq21S0.00
sample, hot deformation process significantly enhances the
o originating from the increased uy induced by the
enhanced in-plane texture. The x substantially decreases,
originating from the multi-scale defects generated by the
deformation process [51]. Hence, the z7T value at room
temperature improves from 0.3 to 1.0 via twice hot
deformation. For the HD2-S0.05 sample, the decreased
S and enhanced ¢ comparing to that of the HD2-S0.09,
which are ascribed to the increased electron concentration,
resulting in the same PF values. In spite of their same xp,
values, the x, of HD2-S0.05 sample is higher, originating
from the higher ¢. Finally, a highest z7 value of 1.0 at
300 K for HD2-S0.09 is obtained, which is favorable for
high efficiency refrigeration in the vicinity of room
temperature.

4 Conclusion

In this work, the TE performance of n-type polycrystalline
Bi,(Te,Se); alloys at room temperature by sulfur alloying
was successfully optimized. Owing to the larger discrep-
ancy on covalent radius and electronegativity for Bi-sulfur
compared to Bi-Te and Bi-Se, sulfur alloying significantly
reduces the concentration of antisite defects, suppresses the
donor-like effect and in turn causes the rapid drop in ny,
which is beneficial for higher Seebeck coefficient and
lower electronic thermal conductivity at room temperature.
As a result, a high zT value of 1.0 at 300 K and peak zT
value of 1.1 at 350 K are obtained for HD2-S0.09 sample,
which is promising for practical use in solid-state refrig-
eration in the vicinity of room temperature.
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