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Bismuth telluride (BiyTe3) based alloys, such as p-type BigsSb; sTes, have been leading candidates for near room
temperature thermoelectric applications. In this study, Big 48Sb; 5o Tes bulk materials with MnSb,Se4 were prepared using
high-energy ball milling and spark plasma sintering (SPS) process. The addition of MnSb,Se4 to Big 48Sb; 55 Tes increased
the hole concentration while slightly decreasing the Seebeck coefficient, thus optimising the electrical transport properties
of the bulk material. In addition, the second phases of MnSb,Se4 and Big 43Sb 5, Tes were observed in the Big 48Sb; 5, Tes
matrix. The nanoparticles in the semi-coherent second phase of MnSb;Se, behaved as scattering centres for phonons,
yielding a reduction in the lattice thermal conductivity. Substantial enhancement of the figure of merit, ZT, has been
achieved for Big 43Sb 5, Tes by adding an Mng gCug,SbrSe4 (2 mol%) sample, for a wide range of temperatures, with a
peak value of 1.43 at 375 K, corresponding to ~ 40% improvement over its Biy 48Sb 5, Tes counterpart. Such enhancement
of the thermoelectric (TE) performance of p-type Bi;Tes; based materials is believed to be advantageous for practical

applications.

Keywords: Big4gSb 5»Tes, thermoelectric materials, semi-coherent second phase, ZT enhancement

PACS: 72.15.JF, 74.25.fg

1. Introduction

Direct heat-electricity conversion is an important research
topic. In particular, thermoelectrics (TE) have attracted in-
creasing attention owing to its significant potential applica-
bility in waste heat harvesting and cooling applications.[!=]
Thermoelectric materials utilize the Seebeck effect to gen-
erate electricity from heat sources, and their performance
is determined by the dimensionless figure of merit ZT =
S°T/[p(K. +K.)], where S, p, K1, Ke, and T are the See-
beck coefficient, electrical resistivity, lattice thermal conduc-
tivity, electrical thermal conductivity, and absolute tempera-
ture, respectively. Ideally, enhancement of ZT for a TE ma-
terial can be achieved by reducing the material’s thermal con-
ductivity and improving its power factor, which is defined as
PF = 52 /p.[0]

As classical thermoelectric materials with a near room
temperature TE energy conversion, Bi;Tes and its alloys have
been extensively studied since the 1950s. Recently, it was
suggested that the performance of Bi;Tes based alloys could
be further improved. Till now, two approaches have been
used for improving the thermoelectric properties of these ma-
terials. The first approach involves optimising the sample
preparation process. For instance, Kim et al.!”l confirmed
that the peak ZT value of BiysSb; sTe; could be increased
to 1.86+0.15 at 320 K owing to the increased phonon scat-
tering by dislocation at the grain boundary of bulk materi-
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als. Xie et al. reported a high ZT of 1.56 in Bi s5,Sb; 43Tes
alloys using melt spinning.!®) Zheng er al. obtained a ZT
of 1.22 for BiysSb; sTes via plasma-activated sintering (MS-
PAS) at 340 K.[°! An early breakthrough was reported for
nanostructured BiSbTe alloys, for which a ZT of 1.4 was ob-
tained at 373 K by ball milling and hot pressing.['%! The sec-
ond approach involves the use of composites. Qin et al. in-
creased the peak ZT value to 1.6 at 476 K by adding Cu3SbSe4
to Big4Sby¢Tes.!'!l Li e al. reported enhanced ZT perfor-
mance in Big3Sby;Tes accompanied by a significantly im-
proved mechanical strength, following the addition of SiC
nanoparticles.!'?! The above results reveal a rich potential for
further improving the TE performance of Bi,Tes-based alloys
by tuning the alloy composition and microstructure.

In this study, we achieved substantial enhancement of
the TE performance of Bip4gSb;spTes alloys by adding
MnSb,Ses-based materials during a combination of ball
milling and hot pressing. The performance improved by
~ 40% compared with the undoped sample. MnSb;,Se4 has
been identified as an intrinsic p-type semiconductor with an
energy band gap of ~ 0.31 eV, featuring a high Seebeck coef-
ficient and low lattice thermal conductivity.!'3! Based on our
results, we propose that MnSb,Se, is decomposed during the
composite’s fabrication, with the decomposition products act-
ing as dopants or secondary phases to affect the thermoelec-
tric properties of Big43Sb; spTe;. We observed that Cu dop-
ing on Mn sites could substantially promote electric trans-
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port and ZT.['*l Here, via the composition with MnSb,Se,
or Mng gCup,SbySes during the synthesis, the optimal car-
rier concentration was reached and lattice thermal conductiv-
ity was reduced, enhancing the thermoelectric performance of
Big 43Sb; 5o Tes in a broad range of temperatures.

2. Experimental methods

The BigagSb; 5, Te3s/MnSb,Seq4 composites were pre-
pared by mechanical alloying (MA) and spark plasma sinter-
ing (SPS). In a typical run, an individual element (Bi,99.99%:;
S$b,99.999%; Te,99.99% in purity) was firstly loaded into
a stainless steel jar and milled for 8 h in the presence of
Ar. Then, MnSb,Ses (obtained in our previous work 141
was added into the jar and milled for 1 h, and the obtained
powder was put into a graphite die (diameter, 12.7 mm) and
pressed at 673 K for 5 min under 45 MPa. In a similar ap-
proach, Bip43Sb; spTe; composites were obtained by adding
Mng gCug2Sb,Sey (obtained in our previous work!14]).

The phase structure of the as-prepared samples was anal-
ysed using x-ray diffraction (XRD) operated under 40 kV and
40 mA at room temperature using Cu Ko radiation (A =
1.5418 A). The microstructures of the samples were exam-
ined using scanning electron microscopy (SEM, XL30S-FFG)
on the samples’ cross sections, and transmission electron mi-
croscopy (TEM, Tecnai F20) specimens of the mixed BiSbTe
alloys were prepared by dicing, polishing, and ion-milling.
The room-temperature carrier concentration and mobility of
the samples were measured using the van der Pauw technique
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under a reversible magnetic field of 0.5 T, using pressure-
assisted W electrodes on a Nanometrics Hall measurement
system with the uncertainty of +5% for the Hall coefficient
data. The electrical resistivity and the Seebeck coefficients
of the samples were measured using a Linseis LSR-3 in the
presence of high-purity He. These samples were cut into
10 mm X 3 mm X 2 mm bars, and the measurement’s deviation
was +5%. The thermal conductivities of the samples were
calculated as K = DCpd, where D is the thermal diffusivity,
C, is the heat capacity, and d is the measured density based
on the Archimedes drainage method. All of the samples for
the thermal diffusivity tests were cut into 12.7-mm-diameter
and 2-mm-thickness discs, and then coated with amorphous
C. The thermal diffusivities (D) were measured using Linseis
XFA 500 in the presence of high-purity He.

3. Results and discussion
3.1. Structure and composition analysis

Figure 1(a) shows the XRD patterns of Bip43Sb; s5pTes
obtained after adding X mol% of MnSb,Se4 (from (a) to (e),
X =0,1, 2,3, and 4), and those of Bip4gSb;s>Te3, ob-
tained by adding 2 mol% of MnygCug,SbySes (Fig. 1(a),
trace (f)). As seen from the XRD patterns, the XRD diffrac-
tion patterns for the doped samples are identical to that of the
Big.43Sb; spTes phase, and no secondary phases of MnSb,Sey
or MnggCug,SbySes were detected using our equipment.
Meanwhile, some Mn and Se atoms form MnSe alloys in the
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Fig. 1. (color online) (a) XRD patterns for composites Bip 4gSb; 5, Tes obtained by adding X mol% of MnSb,Se4 (from (a) to (e): X =0,
1,2, 3, and 4; (f): X =2 Mng 3Cug2SbaSes). (b) Lattice parameters (a, b, ¢) of Big 4gSb; 5o Tes composites, obtained by adding X mol% of
MnSb;Ses. (c), (d) The low- and high-magnification SEM images of doped Big 43Sb; 5, Tes (obtained by adding 2 mol% of MnSb,Sey).
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host, but this cannot be resolved by XRD owing to its triv-
ial volume ratio in the composite. The above speculation
is further supported by TEM images shown below. The
XRD pattern of Big4gSb; 5o Tes can be indexed by the space
group of R-3mH (No. 166). Figure 1(b) shows the lattice
parameters (a,b,c) of the doped Big43Sb; spTes, as a func-
tion of the MnSb,Se,s content, for various X. Doping of the
Bip48Sb; 55 Tes samples increased the values of the a and b
lattice parameters, compared with the undoped sample, while
the values of the c lattice parameter was reduced. Meanwhile,
the cell volume was reduced by the doping. Figures 1(c) and
1(d) show the low- and high-magnification SEM images of
the doped Big 4gSb; 55 Tes (by adding 2 mol% of MnSb,Sey),

respectively, indicating that the sample exhibits uniform-size
grain and no preferred texture.

Figure 2 shows the TEM and EDX images of
Big.43Sb; 5o Tez with added 2 mol% of MnSb;Sey4 (Figs. 2(al)—
2(a3)) and 2 mol% of MnggCug,SbrSes (Figs. 2(bl)-
2(b3)), respectively. The low-magnification TEM image
of BigagSby 5Tes with MnSb,Ses (Fig. 2(al)) reveals uni-
formly sized grains and a second phase at the grain bound-
ary, which is more clearly revealed in the amplified TEM
image in Fig. 2(a2). The corresponding EDX mapping im-
ages of Bi, Sb, Te, Mn, and Se are shown in the right col-
umn in Figs. 2(al)-2(a3). It can be seen that Bi is abun-
dantly present at the grain boundary, which arises owing to the
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Fig. 2. (color online) Transmission electron microscopy (TEM) and energy dispersion x-ray spectrometry (EDX) mapping images of Bi 43Sby 52 Tes
with 2 mol% of MnSb;Se,4 (column A) and with 2 mol% of Mng gCug 2Sb,Ses (column B), respectively. (al) a low-magnification TEM image of
the sample, with the main body as Big 43Sb; 52 Tes and the black spot corresponding to the second phase; (a2) a grain boundary TEM image of the
sample; (a3) a HRTEM image of the sample matrix, the images on the right side of TEM graphs are the EDS mapping of areas in panel (a2). (bl,
b2) low-magnification TEM images of the sample, with the main phase as Big 43Sb; 5o Tes and the spot corresponding to the second phase; (b3) a
high-magnification TEM image of the sample; (b4) a HRTEM image of the sample matrix, with the images on the right side of the TEM images

showing the EDS mapping images of the area in panel (b3).
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decomposition of a small amount of Big43Sbj s5pTes in the
presence of hightemperature and high pressure. Elemental Bi
is in the liquid form and is expelled to the grain boundary.
Figure 2(a3) shows an HRTEM image of Big 43Sb; 5, Tes with
2 mol% of MnSb;Se4. In the image, the calculated inter-planar
distance is ~ 0.31 nm, which is consistent with the (015) plane
of Big 5Sb; sTes (JCPDS 49-1713).

Figures 2(b1)-2(b4) shows the microstructural features
of Bio'4gsb1'52T€3 with 2 mol% of MnggCuo_szzSe;;. The
grains are uniformly sized, and the second phase of nanopar-
ticles is clear, too. This is more clearly revealed by the mag-
nified TEM images in Figs. 2(b2) and 2(b3). The elemental
EDX mapping in Fig. 2(b3) is shown in the left column. Cu,
Sb, and Te were all uniformly distributed in the host matrix.
However, Mn and Se were enriched in nanoparticles, suggest-
ing the formation of the MnSe foreign phase. Figure 2(b4)
shows a high-magnification TEM image of the sample, with a
clearly identifiable lattice structure of MnSe. We suggest that
alloying or replacing reactions occur in these samples. We as-
sume that addition of MnSb,Se4 or Mng gCug,Sb,Sey to the
composites results in the decomposition during the prepara-
tion process, following which Mn atoms can be incorporated
into the BiSb,Te; lattice by replacing the atoms at BiSb sites,
with Se atoms replacing Te atoms, leading to the formation of
the (BiSbMn),(TeSe)s alloy with the same lattice structure as
that of (BiSb), Te;. The EDX and HRTEM results indicate that
MnSe nanoparticles emerge as the foreign second phase in the
host matrix of Big 48Sby 5, Tes.
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3.2. Thermal and electrical transport properties

The temperature dependence of thermal conductivity, for
temperatures in the 300-550 K range, for a series of sam-
ples, is shown in Fig. 3 (the data reported by Poudel et al.
are provided for comparison!'%). As shown in Fig. 3(a), the
overall thermal conductivity increases with increasing temper-
ature. It is clear that all thermal conductivities of the doped
samples are higher than that of Big43Sb 5pTes for temper-
atures under 400 K, which can be rationalised by consider-
ing their higher electrical thermal conductivities, shown in
Fig. 3(c). The thermal conductivities of the composite sam-
ples are lower than that of the undoped Big43Sb; soTes for
T >~ 400 K. The addition of MnSb,Se4 or Mng gCug,Sb,Se4
increases the carrier concentration and suppresses the bipolar
diffusion. "] Figure 3(b) shows the Lorenz numbers L of the
samples, which were calculated using a single parabolic band
model (SPB), 10191 a5 follows: 20!

S|

L=15+exp [—],

116 )

where L is in 1078 W-Q-K~2 and S is in V/K. Figures 3(c)
and 3(d) show the temperature dependence of electrical ther-
mal conductivities and lattice conductivities for the samples.
The carrier thermal conductivity K. can be obtained by us-
ing the Wiedemann—Franz law, K. = LcT, and the lattice
thermal conductivity Ki, can be calculated by subtracting K.
from the overall thermal conductivity K (where L, o, and
T are the Lorenz number, the electrical conductivity, and the
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Fig. 3. (color online) Temperature dependence of (a) overall thermal conductivity Kio, (b) the Lorenz number L, (c) carrier
thermal conductivity Ke, (d) lattice and bipolar contributions of thermal conductivity (Kio—Ke) for Big 43Sb; 52 Tes with X mol%

of MnSb,Se4 (X =0, 1, 2, 3, and 4), 2 mol% of Mng gCug 2Sb,Se4 samples, and the reference nano-crystalline BiSbTe sample.

[10]
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temperature, respectively).  Figure 3(c) shows that the
K. values for the doped samples are higher than for the
Bi48Sb; 50 Tes, owing to the improvement in the carrier con-
centration. Nevertheless, the lattice thermal conductivities for
the doped samples are lower than that for the undoped sam-
ple. This is mainly owing to the increased scattering from
the second phase and the increased presence of structural de-
fects in the host matrix,?*?! as shown in Fig. 3(d). The over-
all thermal conductivities for the Big4gSb; spTes alloys with
MnSb;,Ses or Mng gCug,SbySey are lower than that of the
nano-crystalline BiSbTe sample below 400 K, as reported by
Poudel et al.

Figure 4 shows the temperature dependence of the elec-
trical resistivity p, the Seebeck coefficient S, the power fac-

tor PF, the ZT value, the room temperature Hall carrier con-
centration (n), and the carrier mobility (u), respectively. As
shown above, the electrical resistivities of the doped samples
are lower than that of the undoped Big48Sb; spTes sample.
The can be ascribed to the substitution of Bi** by Mn2 in
MnSb,Se, that contributed free vacancies, which is similar to
Djieutedjeu’s report.[>3] The doping process can be described
as follows:

xMn%t
==

xBi*t xMnj; + xh*. )
In addition, the lowest electrical resistivity was achieved for
Big 43Sb 5o Tes with 2 mol% of Mng §Cug2SboSey. This can

also be ascribed to the substitution of Bi*™ by Cu*, resulting
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Fig. 4. (color online) Temperature dependence of (a) the electrical resistivity p, (b) the Seebeck coefficient S, (d) the power factor PF,
(e) the ZT value for Bip43Sb; 5, Tes samples with X mol% of MnSb,Ses (X =0, 1, 2, 3, and 4), with 2 mol% of Mng §CugSb;Ses,
and for the nano-crystalline BiSbTe reference sample.“(” (c) Room-temperature Hall carrier concentration (n) and carrier mobility (i)
for the Big4gSb; 52 Tes samples with various amount of MnSb,Ses (X =0, 1, 2, 3, and 4), and the independent data for a 2 mol%
Mng gCug 2SbrSey sample.
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in two more free vacancies in the sample. This process can be
described as follows:

N
yBidt 28 ycull + 29", 3)

Thus, it is expected that the carrier concentration in the
Big.43Sb; 5pTes sample doped with MnggCugoSbrSes is
higher than those in other samples, which is supported by
the data in Fig. 4(c). From Fig. 4(b), the Seebeck coeffi-
cients of the doped samples are lower than that of the un-
doped sample below 450 K, and the Seebeck coefficient of the
undoped Big 48Sb; spTes decreases faster than those of other
samples with increasing the temperature, and this may be ow-
ing to the increasing hole concentrations for the doped sam-
ples, as shown in Fig. 4(c). Figure 4(c) shows the room tem-
perature Hall carrier concentration and carrier mobility for
the samples (the independent points of different carrier con-
centrations and carrier mobility represent Big 4gSb; 50 Tes with
2 mol% of Mng §Cug 2SbySes). The reference Big 4gSb; 52 Tes
exhibits a low carrier concentration (n ~ 9.27 x 10'8 ¢cm™3),
while the carrier concentration increases with the addition of
MnSb,Ses. The highest carrier concentration is obtained af-
ter adding 2 mol% of MnSb,Se; (n ~ 15.16 x 10'8 cm™3),
and the highest carrier mobility (u ~ 152 cm?-V~1.s71) is
achieved for the same sample. The carrier concentration for
Big 48Sbi 50 Te; with 2 mol% of Mng gCug»Sb,Se, reaches a
maximum of ~ 17.52 x 10'® cm~3 and the carrier mobility is
140 cm?-V~!.s~!. However, the hole mobility is weakly de-
pendent on the amount of MnSb,Sey, as shown in Fig. 4(c),
because the hole moves close to the Te position, but Mn and
Cu substitute for the Bi position and therefore cause weak scat-
tering at the hole. ¥

Figure 4(d) shows the power factors (PF) of all sam-
ples, and it is obvious that the power factors of all of the
doped samples are improved. The PF of Bip45Sb; spTes
with 2 mol% of Mng gCug>Sb;,Sey is higher than others, con-
stituting an average ~ 20% improvement over that of the
undoped Bip43Sb;spTes. Owing to a high electrical re-
sistivity, the power factor of the sample with 2 mol% of
Mng g§Cug2SbySey is lower than that of the nano-crystalline
(NC) BiSbTe sample.!'1 Figure 4(e) shows the temperature-
dependent ZTs of the samples, revealing a significant im-
provement of the ZT values of doped samples. In par-
ticular, the ZT value for Big4gSbi s,Tes with 2 mol% of
Mng §Cug.2SbySey is the most striking, and the maximal ZT
value of ~ 1.43 at 375 K reveals a ~ 40% improvement over
the value for the reference Big4gSb; 5o Tes. Overall, incorpo-
rating a small quantity of MnSb,Se4 or Mng §Cug »Sb,Se4 into
Bip.48Sb; 5o Tes alloys significantly improves their thermoelec-
tric performance.

Figure 5 shows the cumulative temperature dependence
of thermoelectric performance, for all samples. To evaluate
the energy conversion efficiency (1) and output power density
(Pdeng) of the TE material, the engineering dimensionless fig-
ure of merit (ZTeyg) and the engineering power factor (PFe,g)

have been developed by Kim et al.[*®! ZT,, can be expressed

as follows:
T 2
( S(T) dT)
Tc

(@ = 7 —
: /Tp(T)dT/T k(T)dT
Tc T

(PF ).,
= —p— AT, €

k(T)dT
T,

where Ty, T, and AT are the hot-side temperature, the cold-
side temperature, and T,—7¢, respectively. The output power
density (Py) can be obtained from the engineering power fac-

tor (PFeng), as follows: ¢!
PF ATm,
py = PlaedTry o
L (1+mop)

where L is the Lorenz number and mqp is defined as mqp =

Figure 5(a) shows the dependence of ZTene on AT for the
doped samples, clearly showing that the ZTen values of the
doped samples are substantially enhanced with respect to that
of the undoped sample. In particular, a ZTe,g value of 0.62 (at
AT =225 K) for BiSbTe with 2 mol% of Mng gCug »Sb,Sey4 is
higher than that for the other samples, which reveals a ~ 60%
improvement over the value for the undoped sample, mostly
owing to a higher PFe,g, as shown in Fig. 5(c). Figure 5(b)
shows the energy conversion efficiency (1) for all of the sam-

ples. The cumulative temperature-dependent maximal effi-

ciency is defined as!?f!

1+ (T @/ —1/2) 1
\/1 +(ZT) g (@/Mc — 1/2) + 1) e

Q)

Nmax = Tlcd (

where 7 is the Carnot efficiency and 4 is a dimensionless in-
tensity factor of the Thompson effect (which plays an impor-
tant role in increasing the efficiency!>!) defined as

S(Th) AT

a= ,

T
S(T)dr

Tc
in which S(7) is the Seebeck coefficient at the hot-side tem-
perature Ty,. The efficiency of Big4gSb; spTes with 2 mol% of
Mng gCug»SbySes approaches 10.24% at AT= 225 K, which
is ~ 40% higher than that of the undoped Big43Se; spTes
sample. Figures 5(c) and 5(d) show the engineering power
factor (PFeng) and the output power density (FPy), for all of
the samples. The PFe,, and Py for all of the doped sam-
ples have been improved, especially for the sample with
Mng gCug2SbySe4. Thus, a high value of engineering ZTeyg
(0.62) and a high conversion efficiency (1) of 10.24% (at
AT = 225 K) were obtained for the Big4gSby 50 Tes alloy by
adding Mn()_gCU()_Qszse4.
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Fig. 5. (color online) Cumulative temperature dependence of (a) engineering dimensionless figure of merit (ZT)eng, (b) energy conversion
efficiency (1), (c) engineering power factor (PFepng), (d) output power density (Py).

4. Conclusions

In summary, ~ 40% improvement in peak ZT, from 1.02

to 1.43 at 375 K, has been achieved for p-type Big 4gSb; 5o Tes
by adding 2 mol% of MnggCug,Sb,Ses during the synthe-

sis process. The improvement of ZT can be ascribed to the

increase in the power factor by optimisation of carrier concen-

tration, and to the reduction in the lattice thermal conductiv-

ity owing to the increased phonon scattering by the foreign

second phases. This study demonstrates that incorporation of
MnSb;Se4 into p-type BiSbTe can enhance the thermoelectric
performance of the latter.
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