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ABSTRACT
Thermoelectric is a promising technology that can convert temperature differences to electricity (or vice versa). However, their
relatively low efficiencies limit their applications to thermoelectric power generation systems. Therefore, low cost and high performance are important prerequisites for the application of thermoelectric materials to automotive thermoelectric generators. Silicide-based thermoelectric materials are good candidates for such applications. Recently, the thermoelectric performances of
silicide-based thermoelectric materials have been significantly improved. However, increasing the thermoelectric performance of
the materials while ensuring mechanical reliability remains a challenge. This review summarizes the preparation and design
guidelines for silicide-based thermoelectric nanocomposites, as well as our recent progress in the development of nanocomposites
with high thermoelectric performances or high mechanical reliabilities.
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1. Introduction

R

enewable energy has attracted considerable research
attention because of environmental pollution and the
exhaustion of fossil fuels. Thermoelectric power generation
(TEG) is a promising technology for sustainable energy
because more than 60% of the energy is consumed as waste
heat during energy generation and consumption. Moreover,
TEG can be used to generate electricity from irregular heat
sources over wide ranges of temperature.1) The TEG system
is also advantageous in that it has no moving parts, is environmentally friendly, and can be integrated into other systems. However, there has been no commercialization of
large-scale waste heat systems; moreover, the efficiency of
TEG modules is limited because of the low energy conversion efficiency ZT (= S2T/κ, where , S, T, and  are the
electrical conductivity, Seebeck coefficient, absolute temperature, and total thermal conductivity, respectively) of
thermoelectric (TE) materials. Therefore, intensive research
on TE materials has been conducted to improve their TE
properties. Additionally, their mechanical properties have
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been studied to overcome harsh conditions such as thermal
and mechanical stresses, thermal shock, and vibrations in
automotive TE generators (ATEGs).
TE materials such as PbTe-, skutterudite-, half-Heusler-,
silicide-, and SnSe-based alloys are the most important
components determining the efficiency of TEG systems.2–6)
Silicide-based TE materials (n-type magnesium silicide
(Mg2Si) and p-type higher manganese silicide (HMS)) have
received significant attention as ATEGs owing to their low
density, low cost, and environmentally friendly constituent
elements despite their relatively low TE properties.7) Unfortunately, the silicide-based TE materials have disadvantages such as low TE properties of HMS (ZT 0.5–0.6) and low
fracture toughness (KIc) of Mg2Si (~ 0.82 MPa m1/2).8–11)
These disadvantages must be overcome to expand application
of these TE materials. Therefore, we need to investigate the
TE and mechanical properties of silicide-based TE materials
to simultaneously obtain a high conversion efficiency and
mechanical reliability of the TE module.
There is a serious trade-off relationship between the TE
and mechanical properties in silicide-based TE materials.12)
Typically, nanocomposites and nanostructuring for TE
materials effectively improve the TE properties by manipulating the electronic and thermal transport properties. However, silicide-based TE materials have an unfavorable
trade-off relationship between  and S or between  and
.13) Silicide-based TE materials have a narrow optimized
carrier concentration (nc) range.14) The similar mean free
path of the carriers and phonons limit the enhancement of
TE properties.15,16) Therefore, the nanocomposites would be
effective in improving the TE properties of the silicide-based
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TE materials via band engineering. Additionally, KIc is considerably influenced by the microstructure of a material and
can be increased by hindering crack propagation via the
introduction of nanophases. Consequently, nanocomposite
strategies are more favorable than nanostructuring for
improving the trade-off relationship of silicide-based TE
materials.17)
To improve the trade-off relationship between the TE and
mechanical properties, studies are required on the intrinsic
properties of the matrix and nanophases, dispersibility, uniformity, morphology, and amount of the nanophase, and
interfacial properties. In addition, it is necessary to optimize
the fabrication process used to prepare the nanocomposites.
Therefore, herein, we investigate the fabrication processes
of nanocomposites to improve the trade-off relationship
between the TE and mechanical properties of silicide-based
TE materials.

2. Processing Technologies for
Silicide Powders
In nanocomposites, the intrinsic properties of the matrix
are important for determining the TE and mechanical properties. It is essential to establish appropriate synthesis
methods and conditions.
Figure 1 illustrates the fabrication process of silicide-
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based TE powders. There are several fabrication processes,
such as solid-state reaction, melting, arc melting, and melt
spinning. The solid-state reaction (Fig. 1(a)) is the most conventional process for the preparation of polycrystalline solids. This process is dependent on various conditions such as
temperature, time, surface area of the solid, reactivity, and
thermodynamic free energy. Mg2Si-based compounds have
been prepared by solid-state reactions owing to the large
difference in the melting points of Mg and Si. Kim et al. prepared Mg2Si polycrystalline bulks co-doped with Al and Bi
via a solid-state reaction and spark plasma sintering (SPS),
and obtained a ZT of ~ 1.0 at 873 K.18) Based on these
results, an up-scaled solid-state reaction process was
achieved, which gave a ZT of ~ 0.98 at 873 K.19) Moreover,
Liu et al. and Khan et al. synthesized Mg2(Si, Sn) and
Mg2(Si, Sn, Ge) solid solutions with ZT > 1.0 via a solidstate reaction.5,20) This process is also suitable for HMS. Aldoped and Ge-doped HMSs were prepared via a solid-state
reaction, and ZT values of ~ 0.5 and ~ 0.6, respectively,
were obtained.9,21) However, as achieving a high-quality
powder by this process requires the use of many experimental parameters, a sintering process is indispensable to
obtain a single phase, indicating that it is disadvantageous
in terms of performance reproducibility.19)
Melting (Fig. 1(b)) is widely performed for the fabrication
of Bi2Te3-, PbTe-, and SnSe-based TE material ingots owing

Fig. 1. Schematics of various fabrication processes of silicide-based thermoelectric powders: (a) solid-state reaction, (b) melting, (c)
arc melting, and (d) melt spinning.
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to their high homogeneities.2,22,23) However, it is not suitable
for the preparation of silicide-based TE materials owing to
the high melting points of Si and Mn and the vaporization of
Mg.
Arc melting (Fig. 1(c)) is the widely used method for fabricating alloys. The electric arc between a tungsten electrode
and raw materials in a copper hearth causes heating. Arc
melting can easily increase the temperature to 2273 K,
thereby shortening the process time. In general, melting is
performed five times to increase the homogeneity of the
melted ingots. Kim et al. performed arc melting to fabricate
an HMS (Mn11Si19) ingot and found that this process can be
used to control the secondary phase in the HMS matrix.24)
Sadia et al. also investigated the texture anisotropy of HMS
synthesized by arc melting and hot pressing (HP).25)
Melt spinning (Fig. 1(d)) is a rapid solidification technique. The alloy melted by an induction coil is dripped onto
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a wheel and cooled. This results in an unexpected microstructure, with nanoinclusions, secondary phases, and heterostructures in the melt-spun ribbon, which produce an
enhanced power factor and reduced κlat. In silicide-based TE
materials, nanostructured HMS was synthesized by melt
spinning. Significant enhancement in the TE properties was
achieved owing to the enhanced power factor and reduced
lat.26) However, Mg2Si-based TE materials present limitations when synthesized by melting-based processes (melting, arc melting, and melt spinning) owing to the vaporization
of Mg. Therefore, it is necessary to precisely control the synthesis conditions in order to obtain high-quality powders.

3. Processing Technologies for
Nanocomposites
To obtain high TE and mechanical properties, we need to

Fig. 2. Schematics for preparation of silicide-based thermoelectric hybrid powders: (a) ball milling, (b) mix-and-heat process, and
(c) wet chemical mixing. (Reprinted with permission from.14) Copyright 2019 Elsevier)
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establish design rules for the fabrication of nanocomposites.
Fig. 2 illustrates the typical nanocomposite fabrication
processes. Ball milling (Fig. 2(a)) is a conventional process
for grinding and blending materials. High-energy ball
milling is a particularly effective method for fabricating
hybrid powders and nanostructured powders. Poudel et al.
realized a nanostructured p-type BiSbTe alloy with high TE
properties via ball milling.27) However, this process is
mainly used to homogeneously mix each material (matrix
and nanophases) in silicide-based TE nanocomposites.
Many researchers have employed this process to uniformly
introduce nanophases (SiC, carbon nanotubes (CNTs), CaO,
Si, and TiO2) in the Mg2Si matrix.28–32) Moreover, we
fabricated heterostructured nanocomposites of HMS and
metal silicides using this process.
The introduction of nanoparticles is a promising strategy
for improving the TE and mechanical properties of silicidebased TE materials. A mix-and-heat process (Fig. 2(b)) can
be used to easily decorate metal nanoparticles onto the surface of powders; for this, a metal acetate without any solvent and electric current are required. Ball milling is
required to attach the metal acetate to the surface of the
powder, and heat treatment is required to reduce the acetate (CH3COO-). Variables, such as the type and loading
amount of the metal acetate, reduction heat-treatment temperature, time, and heating rate, determine the size and
dispersibility of the metal nanoparticles.33) However, this
process is disadvantageous in that it is difficult to completely control the uniformity of the metal nanoparticles.

Vol. 56, No. 5

Using this process, metal nanoparticles several tens of
nanometers in size were introduced into the silicide-based
TE powders, which affected the TE and mechanical properties.11,12,34)
Wet chemical mixing is a method for blending powders
and nanophases uniformly. As this process is carried out in
a solvent, it can effectively increase the uniformity of the
nanophases and prevent agglomeration of the matrix and
nanophases, compared to other processes. In this process,
solvents that do not react with the matrix and nanophases
should be identified, and proper drying conditions should be
established. Using this process, microstructures of reduced
graphene oxide (rGO), CNT, and SiC-wrapped or -decorated
powders were obtained, which confirmed the change in the
TE and mechanical properties.14,29,35)
In nanocomposites, it is important to determine the optimal conditions for fabrication because the dispersibility,
uniformity, size, shape, and amount of the nanophases, as
well as the intrinsic characteristics of the matrix and nanophases, are important design rules for determining the TE
and mechanical properties.

4. Processing Technologies for Sintering
SPS and HP are typical sintering methods for TE materials. SPS is a novel technique using a pulsed direct electric
current passed through the sample in a graphite mold.
Joule heating in the graphite mold plays a dominant role in
the densification of the powder. It employs very high heat-

Fig. 3. Schematic of sample preparation for spark plasma sintering.
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ing and cooling rates (100 K/min). In contrast, HP employs
low heating and cooling rates because the heat is provided
by an external heating source. Therefore, SPS is advantageous for densifying TE powders with a nanostructure.
Precise control of the sintering conditions is required to
obtain high-density compacted polycrystalline bulk TE
nanocomposites. Variables such as sintering temperature,
time, and pressure need to be considered to maintain the
nanostructure in the matrix. For powder densification, the
sample needs to be prepared in a graphite mold (Fig. 3). For
silicide-based TE materials, in particular, as the sample is
easily broken by thermal shock at a high heating rate, it is
necessary to insert a carbon sheet into the material for thermal shock relaxation. Many researchers have employed
SPS to obtain compacted silicide-based TE nanocomposites.14,34,35) However, silicide-based TE nanocomposites with
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nanophases such as CNT and SiC, which have high stability
at high temperatures, may require HP to increase their sintered densities.28,29)

5. Microstructures of Various Nanocomposites
A microstructure design rule for nanocomposites is a
prerequisite to obtaining high TE and mechanical properties.
In particular, silicide-based TE materials require precise
control of the band structure and microstructure because of
the limitation in the enhancement of TE properties via
nanocomposite formation. The heterostructure (Fig. 4(a))
plays an important role in enhancing the TE properties by
increasing the power factor and reducing κlat. Control of the
interfacial properties is also essential to manipulating the
electronic and thermal transport properties. We have studied

Fig. 4. Schematics, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy-dispersive X-ray
spectroscopy (EDS) images showing the microstructures of silicide-based thermoelectric nanocomposites: (a) heterostructure, (b) nanoparticles/nanoinclusions, and (c) nanosheets/nanowires. (Reprinted with permission from.14) Copyright 2019
Elsevier)
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the heterostructure between HMS and metal silicide and
have significantly increased the power factor of the composites by enhancing S via interfacial band engineering.
Moreover, HMS composites incorporating MnS improved
the TE properties through compositional tuning, S doping
at Si-sites, and the heterostructure between HMS and
MnS.36) However, they are not effective in improving the KIc
because the micro-scale composites do not effectively prevent
crack propagation. To improve KIc, it is necessary to introduce
a nanophase with high mechanical strength. Figs. 4(b) and
4(c) show a microstructure in which nanoparticles or
nanowires and nanosheets are incorporated. The uniformly
distributed nanophase can interfere with crack propagation,
and for nanowires and nanosheets, can absorb the crack
propagation energy and prevent crack propagation in the
matrix more effectively. An increase in KIc was confirmed by
introducing metal nanoparticles, rGO, and SiC nanowires;
low-dimensional nanophases such as rGO and SiC nanowires
were more effective in improving KIc owing to their high
interface densities.14,35) However, for Mg2Si, the TE properties
were maintained or reduced when a nanophase was introduced owing to the influence of the intrinsic properties of
the nanophase and the similar mean free paths of electrons
and phonons.15,17) Additionally, the low work function of
Mg2Si (~3.59 eV) limits the availability of suitable nanophases for band alignment matching, indicating that
reduction in Hall is inevitable.37) On the other hand, HMS
has a relatively moderate work function (~ 4.78 eV); therefore,
an increase in the power factor and decrease in lat could be
expected on introduction of nanophases. We have been
studying HMS with Fe, Co, and Ni nanoparticles. We
obtained an increased power factor due to carrier transfer
and energy filtering caused by proper band alignment
between the metal nanoparticles and HMS. Additionally, Li
et al. greatly increased the TE properties by minimizing the
reduction in the power factor and reducing  lat to the
theoretical limit by introducing an MnTe nanophase into
HMS.38)
The enhancement of the TE and mechanical properties of
nanocomposites is strongly dependent on their microstructure and band structure, and it is essential to establish optimal conditions to obtain a high performance. Therefore, it is
necessary to continuously study the TE properties and
mechanical reliability of silicide-based TE nanocomposites
to fabricate high-efficiency TE modules.

6. Summary
This review summarizes the preparation and design rules
of silicide-based thermoelectric bulk nanocomposites with a
high trade-off relationship between the thermoelectric properties and mechanical reliability. The nanocomposites could
potentially enhance the thermoelectric performance of silicide-based thermoelectric materials via manipulation of
electronic and thermal transport properties. Moreover, they
can effectively improve the fracture toughness by inhibiting

Vol. 56, No. 5

crack propagation. A novel microstructure for the enhancement of thermoelectric and mechanical properties of silicide-based thermoelectric materials was investigated
experimentally using various fabrication processes. However, establishing effective design rules for silicide-based
thermoelectric nanocomposites with high ZT and mechanical reliability remains a challenge. We believe that our perspectives on the development of novel thermoelectric
nanocomposites will significantly benefit automotive thermoelectric generator applications.

Acknowledgments
This work was supported by the National Research
Foundation of Korea (NRF) (2017R1A2A1A17069528) and
Basic Science Research Program funded by the Korea government (MSIT) and the Ministry of Education (NRF2019R1A6A1A11055660).

REFERENCES
1. BCS, Waste Heat Recovery: Technology and Opportunities in U.S. Industry Engineering Scoping Study; pp. 13,
U.S. Department of Energy, Industrial Technologies Program, 2008.
2. K. Biswas, J. He, I. D. Blum, C. I. Wu, T. P. Hogan, D. N.
Seidman, V. P. Dravid, and M. G. Kanatzidis, “High-Performance Bulk Thermoelectrics with All-Scale Hierarchical Architectures,” Nature, 489 414–18 (2012).
3. X. Shi, J. Yang, J. R. Salvador, M. Chi, J. Y. Cho, H.
Wang, S. Bai, J. Yang, W. Zhang, and L. Chen, “MultipleFilled Skutterudites: High Thermoelectric Figure of Merit
through Separately Optimizing Electrical and Thermal
Transports,” J. Am. Chem. Soc., 133 [20] 7837–46 (2011).
4. S. Chen, K. C. Lukas, W. Liu, C. P. Opeil, G. Chen, and Z.
Ren, “Effect of Hf Concentration on Thermoelectric Properties of Nanostructured N-Type Half-Heusler Materials
HfxZr1–xNiSn0.99Sb0.01,” Adv. Funct. Mater., 3 [9] 1210–14
(2013).
5. W. Liu, X. Tan, K. Yin, H. Liu, X. Tang, J. Shi, Q. Zhang,
and C. Uher, “Convergence of Conduction Bands as a
Means of Enhancing Thermoelectric Performance of nType Mg2Si1–xSnx Solid Solutions,” Phys. Rev. Lett., 108
[16] 166601 (2012).
6. L. D. Zhao, S. H. Lo, Y. Zhang, H. Sun, G. Tan, C. Uher, C.
Wolverton, V. P. Dravid, and M. G. Kanatzidis, “Ultralow
Thermal Conductivity and High Thermoelectric Figure of
Merit in SnSe Crystals,” Nature, 508 373–77 (2014).
7. W. D. Liu, Z. G. Chen, and J. Zou, “Eco-Friendly Higher
Manganese Silicide Thermoelectric Materials: Progress
and Future Challenges,” Adv. Energy Mater., 8 [19] 1800056
(2018).
8. Q. Zhang, J. He, T. J. Zhu, S. N. Zhang, X. B. Zhao, and T.
M. Tritt, “High Figures of Merit and Natural Nanostructures in Mg2Si0.4Sn0.6 based Thermoelectric Materials,”
Appl. Phys. Lett., 93 [10] 102109 (2008).
9. H. Lee, G. Kim, B. Lee, J. Kim, S. M. Choi, K. H. Lee, and
W. Lee, “Effect of Si Content on the Thermoelectric Trans-

September 2019

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Fabrication of Silicide-based Thermoelectric Nanocomposites: A Review

port Properties of Ge-doped Higher Manganese Silicides,”
Scr. Mater., 135 72–5 (2017).
Y. Gelbstein, J. Tunbridge, R. Dixon, M. J. Reece, H.
Ning, R. Gilchrist, R. Summers, I. Agote, M. A. Lagos, K.
Simpson, C. Rouaud, P. Feulner, S. Rivera, R. Torrecillas,
M. Husband, J. Crossley, and I. Robinson, “Physical,
Mechanical, and Structural Properties of Highly Efficient
Nanostructured n- and p-Silicides for Practical Thermoelectric Applications,” J. Electron. Mater., 43 [6] 1703–11
(2014).
G. Kim, H. Lee, J. Kim, J. W. Roh, I. Lyo, B. W. Kim, K.
H. Lee, and W. Lee, “Enhanced Fracture Toughness of Al
and Bi Co-doped Mg2Si by Metal Nanoparticle Decoration,” Ceram. Int., 43 [15] 12979–82 (2017).
G. Kim, H. Lee, H. J. Rim, J. Kim, K. Kim, J. W. Roh, S.
M. Choi, B. W. Kim, K. H. Lee, and W. Lee, “Dependence
of Mechanical and Thermoelectric Properties of Mg2Si-Sn
Nanocomposites on Interface Density,” J. Alloys Compd.,
769 53–8 (2018).
J. Boor, T. Dasgupta, H. Kolb, C. Compere, K. Kelm, and
E. Mueller, “Microstructural Effects on Thermoelectric
Efficiency: A Case Study on Magnesium Silicide,” Acta
Mater., 77 68–75 (2014).
G. Kim, S. W. Kim, H. J. Rim, H. Lee, J. Kim, J. W. Roh,
B. W. Kim, K. H. Lee, and W. Lee, “Improved Trade-Off
between Thermoelectric Performance and Mechanical
Reliability of Mg2Si by Hybridization of Few-Layered
Reduced Graphene Oxides,” Scr. Mater., 162 402–7 (2019).
N. Satyala and D. Vashaee, “Detrimental Influence of
Nanostructuring on the Thermoelectric Properties of
Magnesium Silicide,” J. Appl. Phys., 112 [9] 093716 (2012).
P. Norouzzadeh, Z. Zamanipour, J. S. Krasinski, and D.
Vashaee, “The Effect of Nanostructuring on Thermoelectric Transport Properties of p-Type Higher Manganese
Silicide MnSi1.73,” J. Appl. Phys., 112 [12] 124308 (2012).
N. Satyala and D. Vashaee, “The Effect of Crystallite Size
on Thermoelectric Properties of Bulk Nanostructured
Magnesium Silicide (Mg2Si) Compounds,” Appl. Phys.
Lett., 100 073107 (2012).
G. Kim, J. Kim, H. Lee, S. Cho, I. Lyo, S. Noh, B. W. Kim,
S. W. Kim, K. H. Lee, and W. Lee, “Co-doping of Al and Bi
to Control the Transport Properties for Improving Thermoelectric Performance of Mg2Si,” Scr. Mater., 116 11–15
(2011).
G. Kim, H. Lee, J. Kim, J. W. Roh, I. Lyo, B. W. Kim, K.
H. Lee, and W. Lee, “Up-Scaled Solid State Reaction for
Synthesis of Doped Mg2Si,” Scr. Mater., 128 53–56 (2017).
A. U. Khan, N. Vlachos, and Th. Kyratsi, “High ThermoElectric Figure of Merit of Mg2Si0.55Sn0.4Ge0.05 Materials
Doped with Bi and Sb,” Scr. Mater., 69 [8] 606–9 (2013).
X. Chen, A. Weathers, D. Salta, L. Zhang, J. Zhou, J. B.
Goodenough, and L. Shi, “Effects of (Al,Ge) Double Doping on the Thermoelectric Properties of Higher Manganese Silicides,” J. Appl. Phys., 114 [17] 173705 (2013).
K. Kim, G. Kim, S. I. Kim, K. H. Lee, and W. Lee, “Clarification of Electronic and Thermal Transport Properties of
Pb-, Ag-, and Cu-doped p-type Bi0.52Sb1.48Te3,” J. Alloys
Compd., 772 593–602 (2019).
C. L. Chen, H. Wang, Y. Y. Chen, T. Day, and G. J. Sny-

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

441

der, “Thermoelectric Properties of p-Type Polycrystalline
SnSe Doped with Ag,” J. Mater. Chem. A, 2 [29] 11171–76
(2014).
G. Kim, H. J. Rim, K. H. Lee, J. W. Roh, and W. Lee,
“Suppressed Secondary Phase Generation in Thermoelectric Higher Manganese Silicide by Fabrication Process
Optimization,” Ceram. Int., 45 [15] 19538–41 (2019).
Y. Sadia, Z. Aminov, D. Mogilyansky, and Y. Gelbstein,
“Texture Anisotropy of Higher Manganese Silicide Following Arc-Melting and Hot-Pressing,” Intermetallics, 68
71–7 (2016).
S. Muthiah, R. C. Singh, B. D. Pathak, P. K. Avasthi, R.
Kumar, A. Kumar, A. K. Srivastava, and A. Dhar, “Significant Enhancement in Thermoelectric Performance of
Nanostructured Higher Manganese Silicides Synthesized
Employing a Melt Spinning Technique,” Nanoscale, 10 [4]
1970–77 (2018).
B. Poudel, Q. Hao, Y. Ma, Y. Lan, A. Minnich, B. Yu, X.
Yan, D. Wang, A. Muto, D. Vashaee, X. Chen, J. Liu, M. S.
Dresselhaus, G. Chen, and Z. Ren, “High-Thermoelectric
Performance of Nanostructured Bismuth Antimony Telluride Bulk Alloys,” Science, 320 [5876] 634–38 (2008).
N. Farahi, S. Prabhudev, M. Bugnet, G. A. Botton, J. R.
Salvador, and H. Kleinke, “Effect of Silicon Carbide
Nanoparticles on the Grain Boundary Segregation and
Thermoelectric Properties of Bismuth Doped Mg2Si0.7Ge0.3,”
J. Electron. Mater., 45 [12] 6052–58 (2016).
N. Farahi, S. Prabhudev, M. Bugnet, G. A. Botton, J.
Zhao, J. S. Tse, J. R. Salvador, and H. Kleinke, “Enhanced
Figure of Merit in Mg2Si0.877Ge0.1Bi0.023/Multi Wall Carbon
Nanotube Nanocomposites,” RSC Adv., 5 65328–36 (2015).
T. Itoh and A. Tominaga, “Influence of Pulverization and
CaO Nanoparticles Addition on Thermoelectric Properties
and Grain Growth of Mg2Si Based Compound,” Mater.
Trans., 57 [7] 1088–93 (2016).
T. Yi, S. Chen, S. Li, H. Yang, S. Bux, Z. Bian, N. A.
Katcho, A. Shakouri, N. Mingo, J. P. Fleurial, N. D.
Browning, and S. M. Kauzlarich, “Synthesis and Characterization of Mg2Si/Si Nanocomposites Prepared from
MgH2 and Silicon, and Their Thermoelectric Properties,”
J. Mater. Chem., 22 24805–13 (2012).
D. Cederkrantz, N. Farahi, K. A. Borup, B. B. Iversen, M.
Nygren, A. E. C. Palmqvist, “Enhanced Thermoelectric
Properties of Mg2Si by Addition of TiO2 Nanoparticles,” J.
Appl. Phys., 111 [47] 023701 (2012).
Y. Lin, K. A. Watson, M. J. Fallbach, S. Ghose, J. G.
Smith, D. M. Delozier Jr., W. Cao, R. E. Crooks, and J. W.
Connell, “Rapid, Solventless, Bulk Preparation of Metal
Nanoparticle-Decorated Carbon Nanotubes,” ACS Nano,
3 [4] 871–84 (2009).
G. Kim, H. J. Rim, H. Lee, J. Kim, J. W. Roh, K. H. Lee,
and W. Lee, “Mg2Si-based Thermoelectric Compounds
with Enhanced Fracture Toughness by Introduction of
Dual Nanoinclusions,” J. Alloys Compd., 801 234–38
(2019).
K. Yin, X. Su, Y. Yan, H. Tang, M. G. Kanatzidis, C. Uher,
and X. Tang, “Morphology Modulation of SiC Nano-Additives for Mechanical Robust High Thermoelectric Performance Mg2Si1−xSnx/SiC Nano-Composites,” Scr. Mater.,

442

Journal of the Korean Ceramic Society - Gwansik Kim et al.

126 1–5 (2017).
36. Z. Li, J. F. Dong, F. H. Sun, Asfandiyar, Y. Pan, S. F.
Wang, Q. Wang, D. Zhang, L. Zhao, and J. F. Li, “MnS
Incorporation into Higher Manganese Silicide Yields a
Green Thermoelectric Composite with High Performance/
Price Ratio,” Adv. Sci., 5 [9] 1800626 (2018).
37. B. Zhang, T. Zheng, Q. Wang, Y. Zhu, H. N. Alshareef, M.
J. Kim, and B. E. Gnade, “Contact Resistance and Stabil-

Vol. 56, No. 5

ity Study for Au, Ti, Hf and Ni Contacts on Thin-Film
Mg2Si,” J. Alloys Compd., 699 1134–39 (2017).
38. Z. Li, J. F. Dong, F. H. Sun, S. Hirono, and J. F. Li, “Significant Enhancement of the Thermoelectric Performance
of Higher Manganese Silicide by Incorporating MnTe
Nanophase Derived from Te Nanowire,” Chem. Mater., 29
[17] 7378–89 (2017).

