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In this work, the thermoelectric properties of the p-type higher manganese
silicide (HMS) were enhanced by partially substituting Mn with Ta. The in-
gots of the compound Mngzg 4_,Ta,Sigs 6, Wwhere x = 0.00, 0.25, 0.50. 0.75 and
1.00, were synthesized via arc melting which were then cast into a ribbon
shape by a melt spinning process. After that, the crushed ribbons were con-
solidated to form a bulk sample by spark plasma sintering. The x-ray
diffraction analysis showed that the single phase of HMS existed for x up to
0.50. Above that, the evidence of secondary phases was found, confirmed by
scanning electron microscope imaging with elemental mapping. For thermo-
electric properties measurement, the Seebeck coefficient and electrical con-
ductivity were insignificantly different in the pure-phase samples. On the
other hand, the samples with secondary phases showed increased electrical
conductivities but slightly decreased Seebeck coefficients. The thermal con-
ductivity was suppressed in all Ta-substituted samples. The lowest lattice
thermal conductivity was found in the sample with the impurity phase (TaSi5)
due to the enhanced phonon scattering. Consequently, the ZT of the Ta-sub-
stituted HMS was enhanced with the peak ZT of 0.37 at 813 K, which is about
28% higher than that of the pristine HMS.

Key words: Thermoelectric, higher manganese silicide, Ta doping, melt
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INTRODUCTION

At present, electrical energy has played an
important role in daily life due to the increased
electricity consumption in smart societies, for exam-
ple, smartphone, electric car and data mining. Apart
from conventional electricity production, there are
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many alternative resources from which electricity
can be harvested, such as solar, wind, water stream,
or natural gas from waste. Thermoelectric is an
alternative of the candidates for energy harvesting
technologies due to many reasons.! For instance, it
works silently and can harvest energy from various
heat sources, especially waste heat produced by
machines. Efficiency of thermoelectric devices is
defined by the dimensionless figure-of-merit (ZT),
expressed by the equation ZT = S%6T/«, where S is
the Seebeck coefficient, ¢ 1is the electrical
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conductivity, k is the thermal conductivity and T is
the absolute temperature.? Many thermoelectric
materials are being explored for power generation
applications, such as germanium telluride,® lead
telluride,*® half-Heuslers,® and silicides.”™

Higher manganese silicide (HMS), one of the
thermoelectric silicides, has attracted attention
from many research groups and a number of
publications have been reported.'® 16 It is a promis-
ing p-type TE material due to high oxidation
resistance, inexpensive, nontoxic, and abundance
on earth.'”'® HMS has a chemical formula of Mn§Si,
where y ~ 1.73 to 1.75. It has a Nowotney chimney
ladder (NCL) structure, where a unit cell consists of
the tetragonal Mn sublattice based on a f-Sn
structure (chimney) and the Si sublattice with the
atomic arrangement of coupled helices (ladder).'*%°
There are several compositions of existing HMS
phases, such as Mn4Si7,21 Mn118i19,22 Mn15Si26 23
and Mng;Sig.?* They have the similar lattice
parameter a, but different in the lattice parameter
c¢. HMS shows the high thermoelectric performance
for the operating temperature range of 400-800°C
with the ZT value of ~ 0.4 at 920 K.*>*® The ZT of
HMS can be enhanced through improving synthesis
methods, for instance, melt-quenching,”’ wet ball
milling,?® in situ spark plasma sintering (SPS),?
and Na—Si melt.?°

In principle, the performance of thermoelectric
materials can be improved by reducing the lattice
thermal conductivity (x;) without altering the elec-
tron transport properties.®'™3 Partial substitution
of heavy elements in HMS follows such a principle
since k; is reduced greatly, but the electrical trans-
port is hardly changed.?”” For example, Ghodke
et al.>* reported the synthesis of W-doped HMS via
arc melting, melt spinning, and SPS. The presence
of W decreased x; without altering electron trans-
port properties, leading to the ZT value above 0.5 at
700 K. Furthermore, using the same methods,
Yamamoto et al.?’ prepared Re-doped HMS, with
maximum ZT around unity, which was attributed to
an effective reduction of x; but the electron trans-
port was nearly undisturbed. In another work, x;
approaching minimum limit was found in Re-doped
HMS prepared by ball milling and SPS.%® This
indicates the effectiveness of heavy element substi-
tution for suppressin§7 phonon transport. In addi-
tion, Chen et al. reported the enhanced
thermoelectric power factor (S%s) in Re-doped
HMS due to the presence of small islands of MnSi
secondary phase.

In this report, we focus on improving the thermo-
electric properties of HMS by partial substitution of
Ta, a heavy element in the same row as W and Re,
for Mn. Ta was reported for the partial substitution
in the Al-Mn-Si C40 phase, similar structure to
HMS, and the k was reduced substantially.® In this
work, Mnsg4_yTa,Sigs ¢ intermetallics (x = 0, 0.25,
0.50, 0.75 and 1.0) were fabricated and the thermo-
electric properties were investigated and discussed.

The Si/Mn ratio was chosen based on the Ref. 25
which is equivalent to MnSi; 747. The samples were
prepared by arc melting, melt spinning, and fol-
lowed by SPS. Melt spinning is a well-known rapid
solidification process which can enhance the solid
solubility of Ta in HMS. Furthermore, SPS is a fast
consolidation technique which can minimize the
phase segregation.

EXPERIMENTAL PROCEDURES

Si chunk (99.999%), Mn powder (99.9%) and Ta
powder (99.99%), purchased from Kojundo Chemi-
cal Laboratory Co. Ltd, were used as the starting
materials. The samples with the composition of
Mngsg 4 yTa,Sigse (x =0, 0.25, 0.50, 0.75 and 1.0)
were prepared by weighing Si, Mn and Ta in a
stoichiometric ratio. The Mn and Ta powders were
compacted into pellets by cold pressing. The pellets
and Si chunk were melted and re-melted several
times by arc melting (AM) under pressurized argon
atmosphere. The obtained ingots were crushed and
loaded in the melt spinning (MS) machine. The
ingot (~ 1.3 g) was re-melted in a boron nitride
nozzle (0.6 mm diameters) and injected onto a
copper wheel (20 cm diameters) rotating at
4500 rpm. The process was done in an argon
atmosphere. The melt spun ribbons were ground
into powders by using a mortar and a pestle. The
powders were sintered in a graphite die (12.7 mm
diameters) by spark plasma sintering (SPS) at
1123 K and 60 MPa under vacuum atmosphere
and holding time of 5 min.

The microstructure of the samples was observed
by the x-ray diffraction analysis (XRD, Ultima IV,
Rigaku) and scanning electron microscopy (SEM,
JSM-6500F, JEOL). For thermoelectric measure-
ment, thermal conductivity was calculated by x =
aCpp, where a, Cp,, p are thermal diffusivity, heat
capacity, and density, respectively. The « was
measured by using a flash diffusivity apparatus
(Netzsch LFA-457) from room temperature to
1073 K under Ar atmosphere. The C,, was calcu-
lated from 3nR, (n and R are the numbers of atoms
per formula unit and the gas constant). The p was
measured from the weight and dimensions of the
samples. Seebeck coefficient (S) and electrical con-
ductivity (o) were measured by the commercial
thermoelectric measurement apparatus (ULVAC
ZEM-3) from room temperature to 1073 K under
He atmosphere. Hall coefficient was measured by
the Van der Pauw technique with a Hall measure-
ment system (Tokyo Resitest8300) at room temper-
ature under an applied magnetic field of 0.5 T.

RESULTS AND DISCUSSION

XRD analysis was performed for all samples after
AM, MS, and SPS. As shown in Figure S1 (Supple-
mentary Information), the XRD patterns of the
ground AM ingots show that apart from the major-
ity phase of HMS, the impurity phases such as Si,
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Fig. 1. XRD patterns of the Mnge 4_xTa,Siez ¢ ribbon samples from
the melt spinning (MS) process.

MnSi, and TaSi, are observed for all samples. After
MS, the XRD patterns of the crushed ribbons are
shown in Fig. 1. The single phase of HMS without
any visible secondary phase is found. It indicates
the advantage of the MS technique in fabricating
single phase intermetallic compounds due to the
rapid solidification of the melt spun ribbon.?**” The
SPS samples were crushed and ground before XRD
analysis and the XRD patterns are shown in Fig. 2.
The pure HMS phase was observed in the Ta-
substituted samples for x up to 0.5, whereas the
impurity phases (TaSis; and MnSi) were observed for
x above 0.5. The presence of the impurity phases
after SPS is attributed to the high temperature
process of SPS that drives the segregation of
thermodynamically stable phases. The lattice con-
stants of the HMS phase were calculated as shown
in Table I. The lattice constants (both a¢ and c)
increased with increasing Ta concentration up to
x = 0.5. Thus, it is inferred that the solubility of Ta
in the Mngg 4 ,Ta,Sigs s compounds is limited to
0.5 at.%. It would be useful to compare the results
with the solubility limit of Ta in the HMS in the
thermodynamically equilibrium state. Unfortu-
nately, the phase diagram for HMS and Ta, as well
as the ternary phase diagram of Mn—Si-Ta, cannot
be found anywhere. Table I also presents the den-
sity and relative density, which shows the values
above 90% for all samples. The dense samples are
important for good thermoelectric properties.

Since the XRD results show the single HMS for
the sample with x =0, 0.25 and 0.5, and the
existence of second phases above that, it is worth
to do further analysis using SEM for the sample
with x below and above 0.5, as illustrated in Figs. 3
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Fig. 2. XRD patterns of the Mngg 4 xTa,Sigs s bulk samples after
SPS.

and 4. Figure 3 shows the SEM image along with
the energy dispersive x-ray spectroscopy (EDX)
mapping images of the sample with x = 0.25. The
surface morphology in Fig. 3a shows that the sam-
ple is very dense but some surface defects can be
observed probably due to the sample preparation,
such as cutting, grinding or polishing. However, the
precipitation of second phases is not seen in the
SEM image. It is confirmed from the EDX mapping
images (Fig. 3b, ¢ and d) which have the homoge-
neous distribution of all elements (Mn, Si, Ta). On
the other hand, the SEM image with the corre-
sponding EDX maps of the sample with x = 0.75 is
presented in Fig. 4. The SEM image (Fig. 4a) shows
the obvious segregation of the second phase as the
bright clusters of particles. In the same area, the
EDX images show the Mn-depleted region and the
Si- and Ta- enriched region. Thus, the presented
second phases are likely to be TaSi, phase, agreeing
with the XRD analysis. The existence of the impu-
rity phases has a significant effect on thermoelectric
properties as described shortly.

The temperature dependent electron transport
properties of the bulk Mnsg 4_,Ta,Sigs ¢ intermetal-
lic compounds (x = 0, 0.25, 0.50, 0.75 and 1.0) are
shown in Fig. 5, (with the power factor in Figure S2,
Supplementary Information). The Seebeck coeffi-
cients (S) of all samples increase with temperature
to about 770 K and then decrease with temperature
(Fig. 5a). The positive values of S indicate p-type
conduction, consistent with the Hall measurement
(Table I). It is obvious that the S values can be
divided into two groups. The first group consists of
the samples with x =0, 0.25, 0.50, which are
associated with the HMS single phase from the
XRD analysis. In the second group (for x = 0.75 and
1.0), the second phases (TaSi; and MnSi) are
presented. TaSi, exhibited a metallic nature with
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Table I. Nominal composition, lattice constant, density, carrier concentration (n) and mobility (x) at 300 K

for the Mngg 4, Ta,Sigs ¢ samples

Nominal composition a A ¢ @)

Density (g/cm®) Relative density (%) n (10> ecm™3) pu(cm?V~'s™)

x=0 5.530 65.511 4.96
x =0.25 5.546 65.610 4.76
x =0.50 5.549 65.671 4.91
x=0.75 5.545 65.674 5.01
x =1.00 5.541 65.625 5.11

96 114 2.6
92 4.53 7.3
95 2.36 10.3
97 2.30 39.6
99 2.24 54.8

Fig. 3. The SEM image (a) with the corresponding EDX mapping (b—d) of the Ta-doped HMS sample for x = 0.25.

a very large conductivity.?®3° Also, the presence of
MnSi phase in HMS was reported to deteriorate
thermoelectric properties.?® Hence, the formation of
the second phases likely contributed to the drop in
the S values. This interpretation is supported by the
electrical conductivity (¢) measurement, as shown
in Fig. 5b. The ¢ values for the single phase HMS
samples (x = 0-0.5) are relatively lower than the
samples containing the second phases (x = 0.75,
1.00). The presence of the intermetallic second
phases contributed to large conduction of charge
carrier. In addition, below 770 K, ¢ decreases with
increasing temperature, indicating the metallic
conducting behavior, whereas above 770K, o
increases with temperature implying semiconduct-
ing behavior. This observation is consistent with the
previous studies of HMS 29:30:40

Amongst the samples with single HMS phase
(x = 0-0.5), the values of S and ¢ are not signifi-
cantly different. Generally, S can be determined by
the Mott formula expressed as:*!

2 2T
g_Ce ™ kg {Bln,u(s)] ’
E=¢p

n 3e

%% (1)
where c., n, kg, e, u(e) are electronic specific heat,
carrier concentration, Boltzmann constant, elemen-
tary charge, and energy correlated carrier mobility,
respectively. The Hall measurement at room tem-
perature for the carrier concentration (n) and
mobility (u) is shown in Table I. From Eq. 1, if the
first term dominates, S is inversely proportional to
n. However, this is not the circumstance for our case
since n decreased with Ta substitution (Table I) but
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Fig. 4. The SEM image (a) with the corresponding EDX mapping (b—d) of the Ta-doped HMS sample for x = 0.75.
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Fig. 5. Temperature dependent electrical transport properties of the Mnzg 4_xTa,Sigz e Samples: (a) Seebeck coefficient and (b) electrical

conductivity.

S is relatively independent. It is inferred that the
second term in Eq. 1 must be dominant. The
second term in Eq.1 is closely related to the
electronic band structure of HMS,*? and the partial
substitution of Ta may not cause the change of the
band near Fermi level. This interpretation is
justified since a very small amount of Ta was
substituted for Mn. On the other hand, the

invariance of ¢ for the sample with x = 0-0.5 can
be explained by considering both n and u as
presented in Table 1. The electrical conduction of
a single-type charge carrier can be determined
from o = neu, where e is the charge of the elec-
tron.*>** Since n increases with x but u decreases
with x, it is, hence, understandable that the ¢
values do not change in Ta concentration.
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Thermal conductivities (k) of the Ta-doped HMS
samples are shown in Fig. 6a. In every sample, x
initially decreases with increasing temperature
from phonon—phonon scattering contribution. At
higher temperature (above 600-700 K), x increases
with temperature Whlch could be due to the effect of
bipolar conduction.*® All Ta-doped samples show
the decreased x for the whole temperature range.
Noticeably, the lowest k belongs to the sample with
x = 0.25 attributed to the lowest density of this
sample. The total thermal conductivity (k) is con-
tributed from two components: the lattice thermal
conductivity (x;) and the electronic thermal conduc-
tivity (k.): k = K1 + k.. The electronic thermal con-
ductivity can be estimated from the Wiedemann—
Franz law®® «k, = Le¢T, where L is the Lorenz
number, approximately 2.44 x 1078 W Q K2 for a
degenerate semiconductor. Therefore, k; and x. can
be calculated and are represented in Fig. 6b. It is
obviously seen that x; was suppressed in the doped
sample compared to the undoped HMS due to the
presence of Ta atoms which i increase lattlce distor-
tion and point defect scattering.*”*®* The sample
with the lowest «; is for x = 0.75. In addition to the
lattice distortion and point defect scattering by Ta
doping, this sample possesses impurity phase
(TaSis) on a micrometer scale. The presence of the
impurity phase also contributes to the phonon
scattering, and thus further suppressed x;. How-
ever, it is difficult to estimate the reduction of x; due
to the presence of micro TaSiy precipitate from
theoretical point of view. On the other hand, x.
tends to increase Wlth temperature which could be
due to bipolar effect.*>*? The samples with 1mpur1ty
phases (x = 0.75 and 1.00) show larger . since the
presence of intermetallic phases could contribute to
larger electronic thermal conduction.385%51

Finally, the ZT of the bulk Mnsg 4 ,Ta,Sigsg
samples is displayed in Fig. 7. The ZT increases
with temperature to the maximum point around
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Fig. 7. Temperature dependent ZT of the Mngg4 xTaxSigse
samples.

750-800 K before decreasing. The peak ZT of the
pristine HMS is 0.29 at 761 K. For the Ta-doped
HMS sample, the highest ZT is for the sample with
x = 0.75, with the peak ZT of 0.37 at 813 K, about a
28% increase compared to the pristine HMS.
Although this sample contains the TaSiy impurity
phase, it was proved to be advantageous in several
aspects. The impurity phase contributes to larger ¢
due to its intermetallic nature with higher electrical
conduction. Moreover, the presence of impurity
inclusions enhances phonon scattering, leading to
low x;. However, the ZT in the present work is
relatively still low probably due to the low solubility
limit of Ta in HMS as comepared to another elemen-
tal substitution, e.g., Re ®?%27 and W.?*3° Further
improvement of the ZT in Ta- doped HMS could be
possible via other synthesis methods to enhance the
solubility limit, or the utilization of secondary
phases and their distribution.
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CONCLUSION

We have synthesized Ta-doped HMS bulk sample
(Mn3g4_xTa,Sigzg) by AM, subsequent MS, and
densified by SPS. The bulk samples show a high
density of more than 90% of the theoretical values.
The crystallinity and solubility limit of Ta in HMS
was determined by XRD analysis. It was found that
for x = 0, 0.25, 0.50, the single phase of HMS was
obtained whereas for x = 0.75 and 1.00, the pres-
ence of the secondary phases was found as con-
firmed by SEM imaging and EDX mapping. The
presence of the secondary phase (TaSiy) in the
sample with x = 0.75 was found to be advantageous
since it contributes to higher electron conduction as
well as stronger phonon scattering. As a result, the
o and x; was the lowest for the sample with x = 0.75.
This led to the highest ZT with the peak value of
0.37 at 813 K, 28% larger with respect to the Ta-free
HMS sample.
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