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SPECIAL TOPIC — Recent advances in thermoelectric materials and devices
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In this work, we report that the thermoelectric properties of Big 50Sby 43Tes alloy can be enhanced by being com-
posited with MnTe nano particles (NPs) through a combined ball milling and spark plasma sintering (SPS) process. The
addition of MnTe into the host can synergistically reduce the lattice thermal conductivity by increasing the interface phonon
scattering between Big 50Sb 43Te; and MnTe NPs, and enhance the electrical transport properties by optimizing the hole
concentration through partial Mn2* acceptor doping on the Bi** sites of the host lattice. It is observed that the lattice
thermal conductivity decreases with increasing the percentage of MnTe and milling time in a temperature range from 300 K
to 500 K, which is consistent with the increasing of interfaces. Meanwhile, the bipolar effect is constrained to high temper-
atures, which results in the figure of merit z7" peak shifting toward higher temperature and broadening the z7 curves. The
engineering z7T is obtained to be 20% higher than that of the pristine sample for the 2-mol% MnTe-added composite at a
temperature gradient of 200 K when the cold end temperature is set to be 300 K. This result indicates that the thermoelectric
performance of Big 55Sb 43Tes can be considerably enhanced by being composited with MnTe NPs.

Keywords: MnTe nano particles, interface phonon scattering bipolar effect, higher engineering zT°

PACS: 72.20.Pa, 73.50.Lw

1. Introduction

Thermoelectric materials can find their applications in di-
rect conversion of heat to electric power or vise versa in solid
state refrigeration with their performance being gauged by the
figure of merit, zT' = (S?c/k) T, where S is the Seebeck co-
efficient, ¢ is the electrical conductivity,k is the total thermal
conductivity, and T is the absolute temperature.!'*! To date,
the enhancement of z7" has been realized either by increasing
the power factor (S2c), or by reducing the thermal conduc-
tivity k that consists of electrical part k. and lattice part kg,
meanwhile avoiding the significant deterioration of the electri-
cal conductivity. The approaches that can generally be used to
improve the power factor include optimizing the carrier con-
centration, modifying the carrier mobility!>! or manipulat-
ing the carrier effective mass via band engineering.”-8! On the
other hand, the reduction of lattice thermal conductivity &, can
be attained through increasing phonon scatterings by multiple
scale crystal defects, such as point defects, grain boundaries,

intrinsic anharmonic phonons, etc.[9-12]

DOI: 10.1088/1674-1056/27/4/047207

Bismuth—tellurium-based thermoelectric materials have
been studied for several decades due to their exclusively su-
perior performances at around room temperature. Although
persistent efforts have been made to improve the z7T values
of these materials since the 1950s, the peak z7T' of commer-
cial BipTes and its alloys remain to be around 1. As of now,
most of the research on this material has focused on reducing
the lattice thermal conductivity through various approaches,
such as the superlattices,!'?! nanostructures,!'*! the fabrica-
tions of composites, and so on. Attractively in the p-type
Bi; Tes3/SbyTes superlattice, Rama et al. reported that the lat-
tice thermal conductivity ki, at room temperature is reduced
enormously, leading to zT ~ 2.4 at 300 K.I'>! With regard
to the nanostructures, Bed et al. reported a peak z7T of about
1.4 at 373 K achieved in p-type nanocrystalline BiSbTe bulk
material,['®! Yi et al. achieved a peak zT of about 1.3 at a
temperature of 373 K.!'”] Furthermore, the nano-compositing
approach is conducive to improving the thermoelectric perfor-

mance and has been widely used in thermoelectric systems.
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For instance, Wu et al. improved the thermoelectric proper-
ties of ZnO by mixing poly-paraphenylene (PPP) in 2015.[!8]
This method is also suitable for the system of bismuth tel-
luride. Li et al. reported a nano-composite of BiSbTe with
1-vol% Cu3SbSe4 nanoinclusions, which attains a peak z7 of
1.6 at 476 K.["1 Kim et al. achieved a peak zT of 1.38 for the
incorporation of 4-wt% Ta;Os NPs at room temperature. 2!
In addition, our group have also demonstrated that the zT's
in Big4gSb; spTes can be significantly enhanced by adding
MnSb;Se4 via synergistically reducing the lattice thermal con-
ductivity and improving the electrical transport.!?!! However,
owing to the complex components in the BiSbTe/MnSb,Sey
composites, the mechanism of the enhanced TE performance
is yet to be clarified. Particularly, how the MnSb,Ses can be
decomposed into the relevant MnSe and Sb,Ses, and what the
influence is of MnSe or similar MnTe nanoinclusions on the
electrical property of BiSbTe still remains to be investigated.
In this work, the Bigs5,Sbj.4gTes; based composites in-
corporated with MnTe nanoparticles are fabricated via ball
milling (BM) and the SPS process. We attempt to optimize
the total thermoelectric performance in the whole tempera-
ture range through adjusting the milling time and quantity
The Big 5,Sb 48Tes/2-mol% MnTe com-
posite sample which underwent 3-h BM shows a remarkable

of nanoparticles.

decrease in lattice thermal conductivity and enhancement of
power factor (PF) at high temperature. According to the
result, we propose that most of the MnTe naonparticles are
dispersed uniformly and form secondary phases to affect the
properties of BigsySby 4gTes;, meanwhile, partial Mn2* ions
from MnTe would substitute the Bi** or Sb3* in the host
Big 52Sb; 48 Tes, leading to increased hole concentration and
enhanced electrical conductivity. As a result, the z7 peak
shifts toward higher temperature, the z7 curves broaden, and
the engineering z7 is 20% higher than that of the pristine sam-
ple for the 2-mol% MnTe added composite at a temperature
gradient of 200 K when the cold end temperature is set to be
300 K.

2. Experimental methods
2.1. Synthesis

Firstly, BipsySby4gTe; was prepared by directly ball
milling the pure elements Bi (chunks, 99.99%) , Sb (chunks,
99.999%), and Te (chunks, 99.999%) in a stainless steel jar
with a high-energy ball mill machine, SPEX 8000D, and the
pure materials were sealed into the jar in an argon-filled glove
box. The sample was milled for 9 h and then pressed by
the SPS process under an axial pressure of 40 MPa at 673 K
for 5 min with a heating rate of 50 K/min. Similarly, the

pure MnTe was fabricated by using the same method, but the

milling time was changed to 6 h and the SPS process pa-
rameter was transformed into an axial pressure of 45 MPa at
1173 K for 30 min with a heating rate of 50 K/min. Secondly,
Big 52Sb; 43 Tes was incorporated independently with 0-mol%,
1-mol%, 2-mol%, and 4-mol% MnTe, for 10 min and 3 h,
respectively through the ball milling process, then the mixed
powders were put into a graphite die and pressed at 673 K for
5 min under 40 MPa again, respectively. Finally, these disk-
shaped samples each with a diameter of 12.7 mm~ 2 mm in
thickness, and relative densities of 97% were polished and cut

for the characterizing and measuring the TE properties.

2.2. Measurements
2.2.1. X-ray diffraction

The phase analysis was performed by x-ray diffraction
(Xpert Pro PANalytical XRD) using a Cu—Ka radiation (A =
1.5418 A) and operating under 40 kV and 40 mA. The pat-
terns were obtained in a 26 range of 10°-60° in steps of 0.02°
at room temperature in air.

2.2.2. Microstructure analysis

The morphologies of bulk samples were characterized
by scanning electron microscopy (SEM) on the S-5200 field
emission SEM (Hitachi).
phase particles in the bulk samples were investigated by using

The microstructure and second-

a transmission electron microscope (TEM, JEM-2100 Plus).

2.2.3. Hall measurements

The room-temperature Hall measurement was performed
on a Nanometrics Hall Instrument. Samples were loaded with
a BN substrate. Four probes were attached to the edge of the
sample. The sample was placed in a vacuum with a magnetic
field (up to 0.5 T) perpendicular to its surface. The resis-
tivity p and Hall coefficient Ry (along the in-plane direction)
were measured by the Van de Pauw method. The effective car-
rier concentration (ny) was calculated from the relationship
ny = 1/eRy, where e is the elemental charge and Ry is the
Hall coefficient. The Hall mobility () was calculated from
the relationship uy = Ry/p.

2.2.4. Electrical properties

The obtained SPS pellets were cut into bars with di-
mensions 10 mmx3 mmx2 mm, and Seebeck coefficient
and electrical conductivity of the dimensions were simulta-
neously measured from room temperature to 498 K under a
low-pressure helium atmosphere by using LSR-3 equipment

(Linseis, Germany).

2.2.5. Thermal conductivity

The thermal conductivity was calculated from k =D -C;, -

d, where the thermal diffusivity coefficient (D) was measured
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using the laser flash diffusivity method in a Linseis LFA-1000,
the samples coated with carbon were placed into the mould
and measured under flowing helium atmosphere from room
temperature to 498 K; the density (d) was determined by us-
ing the Archimedes drainage method.

3. Results and discussion
3.1. Structure and morphology analysis

The room temperature XRD patterns for Big 5pSb; 43Tes
composites added with 0, 1, 2, and 4 mol% of MnTe through
ball milling (for 10 minutes and 3 hours, respectively) and SPS
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process are shown in Figs. 1(a) and 1(b). It can be seen that all
the samples are of pure phase that can be indexed to the hexag-
onal crystal structure (space group, R-3mH). The secondary
phases are difficult to detect because of the limit of instrument
sensitivity. Figures 1(c) and 1(d) illustrate the changes of lat-
tice constant along the a and ¢ axes. The results for the 2-
mol% MnTe sample (3 h) are abnormal because of the error in
measurement. In general, it is obvious that the lattice constant
enlarges slightly with MnTe content increasing, which might
be due to the substitution of Mn atom (161 pm of atomic ra-
dius) on the Bi (143 pm) site.

- =
3h/—\ —~ O ~ ~ QO
© T S W0 —
o — O — QO [\
2 S 19: - 8 S
= o W ——
=
p | (b)
o | ——
<
~
3} l
7 J_ A
=}
]
3
E l
J N A

20/(%)
d
30.52} - ° (d)
| |
30.50
< 30.48}
Q
[ ]
30.46 °
| |
[ ]
30.44 :

—1 0 1 2 3 4 5
MnTe content x

Fig. 1. (color online) X-ray diffraction patterns for Bij 5,Sb; 43Te3 composites obtained by adding x-mol% MnTe milled (a) 10 min, (b) 3 h; (c)
lattice parameters a and (d) lattice parameters ¢ versus MnTe content, calculated by the Rietveld method for Big 50Sb; 43 Tes compounds.

The low-magnification SEM image of Bigs5,SbygTes
composites with 2-mol% MnTe prepared by 3-h ball milling
plus SPS process is displayed in Fig. 2(a), in which we can ob-
serve homogeneous particles at around the 3 micrometer size.
Figure 2(b) shows the high-magnification SEM image of the
sample in which the lamellar structure of Big 5,Sb; 4gTes can
be clearly seen. The bright-field TEM image in Fig. 2(c) ex-
hibits that the particles are made up of substantial nanoscale
grains, indicating that a large number of interfaces exist in the
samples. Figure 2(d) shows the high magnification TEM im-
age of the marked part in Fig. 2(c), and it shows the grain
boundaries and grains on the order of ~ 20 nanometers clearly.
In the inset of Fig. 2(d), the analysis of interplanar spacing
confirms that this annotated grain is of the second phase of

MnTe, which is consistent with the preliminary composite

Fig. 2. (a) Low-magnification SEM images; (b) high-magnification SEM
images; (c) bright-field TEM image; (d) HRTEM image of the marked part
in panel (c), the inset shows the locally enlarged drawing of Big 5,Sb; 43Te3
composites (2-mol% MnTe milled 3 h).
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3.2. Thermal and electrical transport properties heat carrying phonon scattering strengthening. Figure 3(b) ex-
3.2.1. Thermal transport properties hibits the total thermal conductivities of the composites. As

Figure 3(a) displays the thermal diffusion coefficients as ~ can be seen, the total thermal conductivities Kio; have a similar
a function of temperature for a series of Big 5Sb; 43Tes com-  trend to the thermal diffusion coefficients. Kio is the sum of

posites. It shows an obvious rising trend at low temperature  the electrical (Keie) and lattice thermal conductivity (Kia). The
but a suppressed bipolar effect with the increasing of doping ~ Value of kel is estimated through the Wiedemann—Franz law
concentration. Meanwhile, with the increasing of ball milling ~ Kele = LOT, where L is the Lorentz number, **! andcan be eas-
time, the thermal diffusion coefficients decrease significantly,  ily calculated in a system dominated by one type of electrical
which can be ascribed to the refined grain sizes of the com-  transport carrier, based on the SPB model using the following

posites, leading to the number of interfaces increasing and the ~ equations: >3]

L (krz) (14+4) B+ A) F () Faya (0) = 2+ A)*Fiin ()
¢ (1+2)F, (n)?

o0 é:j

0 T+elm

)

Fm = [ reas= . M
Here, A is the scattering factor and the A = 0 for acoustic phonon scattering. >4 F;(n) is the Fermi integral, 7 is the reduced
chemical potential defined as 1 = (Eyv — Er) / (kgT'), where Ey is the energy of the valence band top and is the chemical potential.
However, it is difficult to obtain it with the involvement of the so-called bipolar effect, by which minority carriers begin to
contribute significantly to the electrical conductivity. Thus L is roughly calculated using an SPB with acoustic phonon-dominated
scattering. In this study, L is obtained from the broadly adopted approach to fitting the Seebeck coefficient to the reduced
chemical potential[25’26] (Fig. 3(c)). The results of the lattice thermal conductivities and bipolar thermal conductivities are
shown in Fig. 3(d). The bipolar effect leads to an extra thermal conductivity, which results in an abnormally large lattice thermal
conductivity above 400 K; this phenomenon weakens with doping amount increasing. Moreover, the lattice thermal conductivities
show continuous decline with the gradual increase in MnTe percentage and milling time, which is in accord with the increasing
of grain boundaries and phonon scattering.
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Fig. 3. (color online) Thermal properties as a function of temperature: (a) thermal diffusivities (D); (b) total thermal conductivities (ko ); (¢) Lorenz
numbers (L); (d) lattice thermal conductivities (ki) and bipolar thermal conductivities (k},) for Big 55Sb; 43 Tez compounds.
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3.2.2. Electrical transport properties

In order to understand the influence of the MnTe addi-
tives on the electrical properties of BiysySby4gTe; compos-
ites, Hall measurements are carried out for all the samples at
room temperature. Figure 4(a) reveals that the carrier con-
centration goes up with increasing the MnTe content and is
unrelated to the milling time. This can be explained as that
the partial Mn>* acceptor substitutes for the Bi** sites of the
host lattice in the SPS process. At the same time, the carrier
mobility decreases gradually as shown in Fig. 4(b), indicating
that the scattering of electrons by nano-particles of the second
phase strengthens. The experimental data of Big 50Sb; 48Tes
composites can be analyzed on the basis of the Boltzmann
transport equation within the relaxation time approximation.
In Fig. 4(c), the Pisarenko line was plotted based on a single
parabolic band (SPB) model, where the relationship between
Seebeck and carrier concentration can be expressed as[?7-28!

ks ((2+A)Fp () )
s="B (=MD TD ) 2
e ( A+ AR () @)
2m kg T\ />
nH:47r(mth) Fi)a. 3)

Here, kg, e, A, h, and m* are the Boltzmann constant, electron
charge, the scattering factor, Planck constant, and effective
mass, respectively. The acoustic phonon scattering with A = 0
is generally accepted as the dominant scattering mechanism in
limiting the carrier mean free path.[>*?! Thus, the effective
mass m* = 1.5m, can be obtained for the Bij 50Sb; 48Tes sam-
ple at room temperature. On the assumption that the effective
mass does not change in other samples, the value of S can be
calculated according to the carrier concentration. In Fig. 4(c),
it can be seen that at 300 K the experimental Seebeck coef-
ficients rise by about 7, 5, and 22 puV/K for those 3-h ball
milling samples, and 13, 20, and 36 pV/K for 10-min sam-
ples compared with the calculated results given by the model,
which will be beneficial to the electrical power factors of the
composites.

The temperature-dependent electrical conductivities for
a series of samples with various MnTe content are shown in
Fig. 5(a). It can be seen that the electrical conductivity in-
creases significantly with MnTe content, resulting from the
higher carrier concentration caused by the doping effect of Mn
atoms on Bi sites. Figure 5(b) displays the temperature depen-
dent Seebeck coefficients of the series of samples. The sub-
stantial reduction of Seebeck coefficient for each of the com-
posite samples is also ascribed to the increase of carrier con-
centration. Apart from the 4-mol% samples, others display
the bipolar effects above 400 K. It is worth mentioning that all
the samples that have undergone 3-h ball milling have larger

Seebeck coefficients than those of 100-min milling samples.
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Fig. 4. (color online) (a) Room temperature carrier concentration (N,,)
and (b) room temperature carrier mobility (i) as a function of MnTe
contents (x); (c) Pisarenko relation given by the black solid line under
the assumption of a single parabolic band model at room temperature
compared with the estimated results given by the mode on compounded
samples.

Figure 5(c) shows the temperature-dependent power fac-
tors. The 2-mol% MnTe sample undergoing 3-h ball milling
has a superior power factor than the pristine Big 50Sb; 4g3Tes
sample over the whole temperature range. The power factor
of the 4-mol% sample is larger than that of the pristine sam-
ple only above 373 K. The dimensionless thermoelectric fig-
ures of merit z7" as a function of temperature are presented in
Fig. 5(d). The zT obtained from the 1-mol% MnTe sample
is the highest in z7 values of all MnTe samples and its peak
value reaches 1.37 at 348 K, which is 10.4% higher than that
for the pristine sample. For the 2-mol% MnTe sample un-
dergoing 3-h ball milling, though the z7 is reduced slightly
from room temperature to 348 K with respect to zT" value the
pure BiyspSb; 4gTes, it possesses a better thermoelectric per-
formance from 373 K to 498 K.
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Fig. 5. (color online) Temperature dependence of thermoelectric properties. (a) Electrical conductivity, (b) Seebeck coefficient, (c)

power factor, and (d) z7 values for Big 5, Sb; 48 Te3 compounds.

3.3. Actual thermal efficiency

To effectively assess the desirability of materials for ther-
moelectric applications, Kim et al. defined the engineering
power factor (PF)eng and engineering dimensionless figure of
merit (21 )eng to accurately predict the energy conversion effi-
ciency (1) and output power density (Py) of materials other
than using conventional average zT' values.3% The (PF Jeng
and (27 )eng can be given by

T 2
(Js(r)ar)
PFeng = ~—p—————"— “)
. p(T)dT
, PFupg )
Z eng — 7 . . .
© P k(T)dT

Here, Ty, T¢, and AT are the hot-side temperature, the cold-
side temperature, and the temperature difference between both
sides, respectively. Figure 6(a) displays the temperature dif-
ference AT dependence of (PF)eyg for all the samples, show-
ing improvement with increasing the MnTe and milling time.
Figure 6(b) shows the AT dependence of (zT )eyg of all sam-
ples. All samples undergoing 3-h ball milling have higher
(2T )eng than those with 10-min milling, and among them the
(2T )eng of the 2-mol% MnTe sample reaches 0.54 when the
AT is 200 K, which is nearly 20% higher than that of the pure
Big.52Sby .45 Tes.

The concept of maximum efficiency was first proposed
by Altenkirch in 1909 to measure the actual power generation
efficiency of a TE generator.3!) Subsequently, Kim ez al.[3]

put forward the output power density (Py) to better reflect the
comprehensive performance of a thermoelectric device, the
output power density depends on the TE leg dimension and
the material property whereas the maximum efficiency is de-
pendent only on the material characteristics. The maximum
efficiency (1)max) and output power density (Py) based on cu-
mulative temperature are derived as

\/1+ZTeng (aA/nc - 1/2) -1

max — 3 (6)
Thma nca(\/1+zTeng(&/nc—1/z)+1)fnc
PFup AT
4= e o, ™)
L(l+m0pt)

where 1, is the Carnot efficiency and d is the dimensionless
intensity factor of the Thompson effect, which is defined as
follows:

S(T) AT

=2
S () dT

®)
where S (7;,) is the Seebeck coefficient at the hot-side temper-
ature (7). Figures 6(c) and 6(d) show the cumulative tem-
perature dependence of maximum efficiency (Nmax) and out-
put power density (Py). The maximum efficiency of 1-mol%
sample outperforms that of the pristine Big 5,Sb; 43Tes; how-
ever, Nmax drops quickly by adding superfluous MnTe. Gener-
ally the output power densities of samples undergoing 3-h ball
milling are higher than that of the pure Big 50Sb; 48Tes. Over-
all, the 2-mol% MnTe sample undergoing 3-h ball milling has
better thermoelectric performance than the others.
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Fig. 6. (color online) Cumulative temperature dependence of (a) engineering power factor (PFeg), (b) engineering figure of merit
(zTeng) (c) energy conversion efficiency (1), and (d) output power density (Fy).

4. Conclusions

In this work, a series of p-type Big 5,Sb.4gTes/MnTe (0,
1, 2, and 4 mol%) nanocomposites are successfully fabricated
through combined mechanical milling and spark plasma sin-
tering process. The influence of MnTe second phase on the
thermoelectric performance of Bigs5,Sby4gTe; composite is
investigated. It is observed that the power factor of the com-
posite can be enhanced by optimizing the carrier concentration
through partial Mn doping on the Bi sites. The lattice thermal
conductivity of the composite can be significantly suppressed
by the MnTe additive due to the high-density grain boundary
in the composite. Overall, the peak zT of the 1-mol% sample
undergoing 3-h ball milling reaches 1.37 at 348 K, which is a
10% improvement in comparison with 1.24 of Big 50Sb; 45 Tes.
In addition, the 2-mol% sample undergoing 3-h ball milling
exhibits higher z7 than the pure Big 5,Sb; 48Tes above 348 K,
an enhancement of 20% on the (zT )eng Was obtained when the
temperature difference reaches 200 K. These results imply that
the MnTe can be used as an additive in BiSbTe based materials
for enhancing thermoelectric performance.
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