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We herein report substitutional doping effects on the electronic and thermal
transport properties of higher manganese silicides (HMS) Mni5Sisg. Poly-
Crystalline bulks of Mn0,972A0,0288i1,80 and MnSi1.75B0,028 (A = V, CI‘, Mo/
B = Al, Ge) were fabricated by a solid-state reaction combined with the spark
plasma sintering technique, and their thermoelectric properties were evalu-
ated. We found that thermoelectric performance of Mn5Sis¢ was significantly
enhanced due to the simultaneous improvement in electronic transport and
phonon scattering via partial substitution of foreign atoms at Mn- and/or Si-
sites. Through the small amount of Cr doping at the Mn-site and Al and Ge
doping at the Si-site, the power factor was improved due to enhancement in
density of the state’s effective mass. Thermal transport properties could be
also manipulated due to the point defect phonon scattering effect, and reduced
lattice thermal conductivity was obtained with Ge-doped HMS. As a conse-
quence, the maximum dimensionless figure of merit ZT of 0.64 at 773 K (in-
creased 50% compared to undoped Mn;5Siss) was obtained in Ge-doped

Mn15Si26.
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INTRODUCTION

Silicide-based materials made of earth-abundant
and non-toxic elements became known as one of the
most promising candidates for materials of thermo-
electric power generation (TEG) at intermediate
temperature (500-800 K). For the extensive appli-
cation of TEG systems, it is crucial to realize
excellent thermoelectric (TE) performance in both
n- and p-type materials. The performance of a TE
material is demonstrated using the dimensionless
figure of merit ZT = 6S2T/x, where o, S, k, and T
represent electrical conductivity, Seebeck coeffi-
cient, thermal conductivity and the absolute tem-
perature, respectively. High ZT materials promote
the high performance of applications of TEG
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systems. Among transition metal silicides, higher
manganese silicides (HMS) are considered as
promising p-type TE materials, which pair up with
n-type Mg,Si-based materials due to their relatively
high ZT value and good chemical stability.® The
complex crystal structure of HMS, an obvious
example of Nowotny chimney ladder (NCL) phases,?
consists of four distinct phases including Mn,Si,,
Mn1Si;9, Mn;5Sisg, and Mny;Siy;. Intrinsic low x of
HMS originated from these complex crystal struc-
tures due to a large phase space for acoustic phonon
scattering by their low-lying optical vibration
modes, and resulted in relatively high ZT value
among p-type silicides.? However, the maximum ZT
value of HMS has been limited to 0.6 owing to its
relatively low electron transport properties (¢ and
S), thus the exploration of new approaches for
enhancement of ZT in HMS systems is an urgent
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requirement for the realization of total silicide TE
modules for mid-temperature TEG applications.

Continuous efforts to enhance the ZT value of
HMS has been conducted to achieve two main
purposes: (1) improvement of the power factor
(6S*) and (2) suppression of k by reduction of lattice
thermal conductivity (ia = kK — Kee). One widely
used approach is nanostructuring® ¢ for reduced
Kiat Such as nanograin and nanoinclusion compos-
ites, however, ZT enhancement is limited in HMS
owing to the intrinsically low k. Thus well controlled
defect structures for intensified phonon scattering
should be introduced for an efficient x,; reduction.
Another approach is compositional tuning by sub-
stitutional doping,*~'? which has been reported to be
an effective way to both increase the power factor
and reduce thermal conductivity. For example, a
peak ZT of 0.64 at 823 K was obtained in Re-doped
HMS.?® Combined techniques of nanostructuring
and compositional tuning would be a promising
approach for an enhanced ZT for HMS.

In the present study, we prepared the V-, Cr- or
Mo-doped (Mn-site) and Al- or Ge-doped (Si-site)
Mn5Sisg in an effort to find base compositions for
advanced processing approaches such as nanostruc-
turing, expecting that group V or VI elements
substituted at Mn-sites or group XIII or XIV
elements substituted at Si-sites to modulate the
electronic structure and phonon scattering behavior
in the presence of substitutional point defects.
Every doped Mn5Sis¢ polycrystalline bulk fabri-
cated by a solid state reaction (SSR) combined with
the spark plasma sintering (SPS) technique in the
same nominal composition. A quantitative analysis
for the electronic and thermal transport parameters
was performed to clarify the tunability of TE
transport properties by substitutional doping. It
was demonstrated that the highest ZT of 0.64 at
773 K was obtained in MnSi; 75Geg g2s due to the
synergetic effects of an enhanced power factor and
reduced kiu¢.

EXPERIMENTAL PROCEDURES

Doped HMS polycrystalline bulks with composi-
tions of Mngg72A0.0285i1.80 and MnSi; 75B.028
(A =V, Cr, Mo/B = Al, Ge) were synthesized by a
conventional SSR and SPS technique. Amounts of
substituting elements selected at the constant value
of 0.028, which was calculated from 1 at.% of the
whole matrix, was done in order to figure out the
effect of substituting elements in the same condi-
tions. Undoped HMS polycrystalline bulks
(Mn5Sis¢) were also prepared by identical proce-
dures in order to investigate the effect of substitu-
tions. The different atomic ratio of Mn/Si in the
nominal compositions between pristine HMS
(Mn5Siz¢) and doped HMS polycrystalline bulks is
due to the generation of secondary phases of silicide,
which required excess Si to fabricate the Mn5Sisg
phase. Pure elemental Mn (99.95%), Si (99.9%), V

(99.5%), Cr (99.99%), Mo (99.9%), Al (99.97%) and
Ge (99.999%) powders were weighed in a proper
ratio and mixed using a mortar. The mixtures were
cold-pressed under 100 MPa to make pellets and
placed into a tube-type furnace at 1273 K for 12 h
under a dynamic vacuum to form solid solution
compounds during the heat treatment. Acquired
samples were pulverized into powders using ball
milling and separated by sieving to obtain <53 um-
diameter particles. Then, disk-shaped bulks (10 mm
in diameter and 12 mm in thickness) were fabri-
cated by SPS at 1273 K for 3 min in a vacuum under
60 MPa uniaxial pressure. Phase analysis for the
SPSed samples was studied by the powder x-ray
diffraction method (PXRD, Ultima IV/ME 200DX,
Rigaku, Japan) with CuKoa radiation. The
microstructure of the samples was analyzed with a
Field Emission Scanning Electron Microscope (FE-
SEM, JEOL 7800F, USA) with an energy dispersive
x-ray spectrometer (EDS). Bar-type samples
(2 mm x 2 mm x 8 mm) were cut in perpendicular
to the press direction, and ¢ and S values were
measured at the temperature range from 300 K to
873 K in parallel by a standard four-probe method
and a steady state method system (ZEM-3, ULVAC,
Japan) in He atmosphere, respectively. Disk-type
samples (10 mm in diameter and 1 mm in thick-
ness) were cut in a plane parallel to the press
direction, and thermal diffusivity (D) was measured
in a vacuum using the laser flash method (Netszch
LFA-457, Germany). The total thermal conductivity
x was calculated using the equation, x = DCpp,
where C}, is the heat capacity measured by differ-
ential scanning calorimetry (DSC 8000, Perkin
Elmer, USA), and p is the bulk density. The Hall
effect measurement was performed in the van der
Pauw configuration using a home-built apparatus
under a constant magnetic field (1T). Due to the
high carrier concentration of the HMS, the Hall
carrier concentration (py) and Hall mobility (ug)
were calculated using a single parabolic band (SPB)
model without the consideration of the minority
carriers.

RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffraction patterns for
doped Mn15Sis6 prepared by SSR and SPS techniques.
Dopants were chosen from group V (Vanadium) and
group VI (Chromium, Molybdenum) for the Mn-site
and group XIII (Aluminum) and group XIV (Germa-
nium) for the Si-site. All patterns are indexed with
Mn;5Sis¢ as a major phase owing to different Si
contents on the nominal compositions, while the minor
secondary phases MnSi, Si and XSi; (X =V, Cr, Mo)
were detected in some compositions, which formed
during their phase formation processes. As shown in
Fig. 1, relatively a large total quantity of secondary
phases observed in Mng 979V 028511 80 (7.77 wt.%) and
Mnyg g79Mog 025511 80 (8.40 Wt.%) was compared to that
of MnSil_75A10.028 (086 Wt.%), MnSi1,75Ge0.028 (109
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Fig. 1. Powder XRD patterns of SPSed HMS samples doped by Al,
Ge, V, Cr and Mo and undoped Mn;5Size.

wt.%), and Mng g79Crg 028517 g9 (2.76 Wt.%), which was
calculated using Rietveld refinement. This suggests
that V and Mo exist as VSi, and MoSi, rather than
substituted at the Mn-site, whereas Al, Ge and Cr
might be formed as solid solution with HMS. These
results were also found in SEM/EDS data. We could not
find any evidence for the formation of secondary phases
in MnSil.75Ge0_028 (Flg 2a) and Mn0.9720r0,0288i1_80
(Fig. 2b), suggesting that Ge and Cr are predominantly
substituted at Si- and Mn-sites. In comparison, Si and
VSi, precipitates (5-50 um) are clearly observed in
back scattering electron images (BSEI) and EDS
analysis of Mng 975V 028511 50 (Fig. 2¢), indicating that
V is highly insoluble in the HMS matrix. On the other
hand, the average grain size of SPSed bulks was about
10 ym with highly dense microstructure due to rela-
tively high sintering temperature.

Figure 3a shows the temperature dependence of ¢
for the pristine Mn;5Siss and Al-, Ge- and Cr-doped
Mn;5Sigg. All doped samples exhibited the higher o
than that of the pristine sample within the whole
measured temperature range. To clarify this, we
measured py and pg of Al-, Ge- and Cr-doped
Mn5Sigg at 300 K, and represented them in Table 1.
All doped Mn5Sisg samples exhibit higher py (1.9—
2.9 x 102 cm3) values than that of Mn;5Sigg
(~1.68 x 10?! cm~®). The increased py by Al- or
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Fig. 2. SEM images of the fractured surface and elemental maps of
(@) MnSiy 75Geg.028 (b) MNg 972Cro.028Si1.80 and (c) SEM image of the
fractured surface (lower-left), back scattered electron image (upper-
right) and elemental maps of boxed area of Mng g72V0.028Si1.80-

Cr-doping indicates that A1** at Si**-site or Cr®* at
Mn"*-site act as hole donors. On the other hand,
although Ge is an isoelectric element, the value of
pu in Ge-doped Mni5Sisg was largely increased
compared to Al- or Cr-doped compounds due to the
difference of the covalent radius between Ge and Si
(rge = 1.22 A, rg; = 1.10 A) occurring for the lattice
distortion and variation of bonding.” Thus, the
higher ¢ in Ge-doped Mn5Sis¢ would be originated
from increased py despite relatively lower ug.
Furthermore, due to the optimized sintering condi-
tions, highly dense microstructures would affect o
positively and exhibit higher values of ¢ than the
best performing doped HMS samples reported
previously.

Figure 3b shows the temperature dependence of S
(inset) and power factor for Mn;5Sisg and Al-, Ge-
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Fig. 3. Temperature dependences of (a) electrical conductivity and
(b) power factor for Mn45Size, Al-, Ge- and Cr-doped Mn5Sixs. The
inset in (b) shows the temperature dependence of the Seebeck
Coefficient. (c) Seebeck coefficient as a function of carrier concen-
tration (Pisarenko plot) at 300 K for Mn45Size, Al-, Ge- and Cr-doped
Mn5Size.

and Cr-doped Mn;5Siss. As shown in the inset of
Fig. 3b, all compounds including undoped HMS
exhibit positive S values, which indicates a p-type
semiconductor. Although the absolute values of S of
doped Mn;5Sisg decreased mainly due to the
increase in py, it had less impact on the whole
electronic transport properties, which is clearly seen
in the plot of the power factor. Compared with
Mn;5Sizs (~1.35 mWm ' K2 at 773 K), signifi-
cantly enhanced power factor values
from ~ 1.78 mWm ' K2 to ~225mWm 'K?
at 773 K were obtained in doped Mn5Sisg, indicat-
ing the modification of density of states (DOS) by
doping. To elucidate this, the DOS effective mass
value m* was estimated from the measured S and
PH usilllg the following Eq. 1 with assuming a SPB

model.
87r2k%3 n \?? .
5= Zen? (3]7—H) et W

Here, kg, e, and h are the Boltzmann constant,
elementary charge, and the Planck constant, respec-
tively. Figure 3c and Table I represent the relation-
ship between the measured S and py for all
compounds at 300 K with some previously reported
data on doped HMS. The calculated m* of the
Mn5Sigg is 9.01m,, whereas m* values of doped
Mn;5Si56 were increased in values of 9.85m (Al-doped
Mn158126), 10261’)7,0 (Cr-doped Ml’l15Si26), and 1279m0
(Ge-doped Mn5Sigg). It is considered to be related
with the larger m* for doped Mn5Sisg are due to the
modification of band structure or Fermi level.

Figure 4a and b show the temperature depen-
dence of k and kj,; for Mn;5Sisg and Al-, Ge- and Cr-
doped Mn;5Siss. The magnitude of x for doped
Mn5Sig6 for the whole measured temperature range
was similar, and higher than that of Mn;5Sisg due to
the increased k.. To evaluate the point defect
phonon scattering effect by doping elements, we
calculated the . values by subtraction of «, from
k. The k. values were estimated using the Wiede-
mann—Franz law (k.. = LoT). The Lorenz number
(L) is obtained from Eq. 2 and is approximately
1.8 x 108 V2 K2

I (@)2 (r+7/2)F, 5000 [(r+ 5/2>Fr+3/2(n>r
e (r+3/2)F,112(n) |[(r+3/2)F,.10(n)] )’

(2)

where r is the scattering parameter from the tem-
perature dependence of gy, F,,(17) is the Fermi integral
a function of Fermi level 5, respectively. As shown in
Fig. 4b, calculated . values of Ge-doped Mn5Sigg
(~1.95Wm 'K ' at 373K, ~1.91Wm 'K ! at
773 K) were slightly lower than those of the pristine
Mn;5Siss (~2.05 Wm 'K ' at 373K, ~2.08 W
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Table 1. Hall coefficient Ry, Hall carrier concentration pg, Hall mobility uy and effective mass m* at 300 K for

Mn,5Sig¢, Al-, Ge- and Cr-doped Mn,5Sisg

Samples Ry 10 °m3C™?) pu (10*' cm™3) pa (em?/V~1s™h m*/mgy
Mn5Sisg 3.66 1.68 2.60 9.014
Al-doped 3.21 1.92 2.44 9.849
Ge-doped 2.13 2.89 2.14 12.790
Cr-doped 3.10 1.98 2.37 10.262
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Fig. 4. Temperature dependences of (a) the total thermal conduc-
tivity k and (b) the lattice thermal conductivity k5 for Mny5Size, Al-,
Ge- and Cr-doped Mn;5Sizg.
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Fig. 5. Temperature dependence of the figure of merit ZT for
Mn;5Siz, Al-, Ge- and Cr-doped Mn;5Size.

m ! K1 at 773 K) within the whole measured tem-
perature range. This is considered to be related to the
intensified phonon scattering by mass difference
between Si(Mg; = 28.08) and Ge (Mg, = 72.63). From
the measured o, S, and k, we calculated ZT values for
undoped and doped Mn5Sigg samples, and they are
presented in Fig. 5. Significantly enhanced ZT val-
ues over a wide temperature range were observed in
the Ge-doped Mn5Sisg (MnSi; 75Gegg2s) which
reached the peak ZT value of 0.64 at 773 K. This
value is comparable to the Ge-doped HMS sample
synthesized by induction melting combined with hot-
press sintering® and thermal explosion followed by
the plasma activated sintering technique.® In addi-
tion to these results, the synthetic conditions, ZT
values, and electronic transport parameters (o, S, py,
um, m*) of the present samples and the previously
reported materials®*®"111%18 gre summarized in
Table II. Overall, Ge-doped HMS samples exhibit
more enhanced thermoelectric properties than other
substituted HMS samples mainly due to larger
m*. Interestingly, we obtained higher ¢ value than



Phase Formation and Thermoelectric Properties of Doped Higher Manganese Silicides

(Mn158126)

o)
®
& .
Q
= N
g
-]
9
N =
2 S
% 3
= g
m ~
Q h
= 2
[T,
o ims
N )
]
g ~
=Y Q?E
]
g Lo
R
S =)
= z
S
™ ~
~
o laf
* =
E A
T -
= g
2 ]
Al @
7
£
/)]
[}
&
3

<]
2,
= |2
=h i7
£ | &
)
& | &
=] ®]
®
-
ey
L]
®
Q
opmi
S
ey
Q
[}
]
[}
w
g g
5] i~
o ~
= o
= =
S&| &£
& 5 5
g9 o
Q 20 ormt
© °
55| =
=i "E
23 £
o WD n
=8
Q
=R
QE
= =
=S
o
%_ga "
n 9]
=3 2
L] ~ g
I
2| 2
= e

12.79 0.64 (773 K)
10.26  0.55 (773 K)

2.14
2.37
2.44
2.44

2.89
1.98
1.92
1.64

125
128
126
120

1005

Solid state reaction (SSR)

This work

MnSi; 75Geo 028

765
761
642

Mny 972Crp 028511 80
MnSi; 75Al0.028

and spark plasma

0.50 (773 K)
0.60 (833 K)

9.85
8.45

sintering (SPS)
Induction melting and

Zhou et al.*

MnSi; 72Geg 014

hot pressing (HP)
Thermal explosion and plasma

She et al.®

12.14 0.62 (840 K)

1.86

2.56

122

764

MnSi; 79Geg 026

activated sintering (PAS)

Ponnambalam et al.”

Luo et al.'?

0.65 (800 K)
0.57 (833 K)

10.10 0.60 (850 K)
10.38 0.57 (833 K)

7.38
8.87

2.00
2.44
1.88
1.54

2.20
1.16
1.81
2.38

118
132
118
115
133
130
118

714
628
545
586
588
637
641

Mnyg 97Cro.03511.74
MnSi; goAlo 003
MnSi; 79Alg 005
MnSi; 76Alo.004Ge0.032
MnSi1V75Geo,02

Arc melting and HP
Melt spinning (MS) and SPS
SSR and SPS

Chen et al.'?

0.32 (815 K)
0.40 (815 K)
0.35 (815 K)

Mechanical alloying (MA)

Nhi Trung et al.'®

Mng 9sMoyg o2 Sit.75Geo.02

Mnyg 9sWo .02

and SPS

Si.1A75Geo.02
MnSi; 73Alp.02Geo.02

0.38 (815 K)

128

606

3247

those of other doped HMSs, suggesting that elec-
tronic transport properties could be tuned by the
optimization of processing conditions.

CONCLUSIONS

We investigated the phase formation, microstruc-
ture and thermoelectric properties of HMS Mn5Sigg
doped by Al, Ge, and Cr. It was found that Al, Ge
and Cr were homogenously substituted at Mn- and
Si-sites without significant generation of secondary
phases. An enhanced power factor and a reduced
lattice thermal conductivity were simultaneously
obtained by Ge-doping due to the increased density
of a state’s effective mass with optimized carrier
concentration and intensified point defect phonon
scattering from large mass differences between host
Si and doped Ge atoms. A peak ZT value of 0.64 was
obtained at 773 K for MnSi; 75Geg o2s. We demon-
strated that for a simple and scalable fabrication
method, the conventional solid state reaction fol-
lowed by the spark plasma sintering technique, is
viable for HMS-based thermoelectric materials.
Furthermore, several compositions were found as
stable compositions and, thus, could be suggested as
effective matrix compositions for nanostructured
HMS.
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