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Last two decades have witnessed significant progress in thermoelectric research, to which materials processing has crucial
contributions. Compared with traditional zone-melting method used for fabricating bismuth telluride alloys, new powder-based
processes have more freedom for manipulating nanostructures and nanocomposites. Thermoelectric performance enhancement is
realized in most thermoelectric materials by introducing fine-grained and nano-composite structures with accurately controlled
compositions. This review gives a comprehensive summary on the processing aspects of thermoelectric materials with three
focuses on the powder synthesis, advanced sintering process and the formation of nanostructures in bulk materials.
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1             Introduction

Thermoelectric materials that can be utilized for direct con-
version between heat and electricity have drawn worldwide
interests for decades [1]. So far, thermoelectric technology
has been successfully applied in the field of electronic cool-
ing, and a variety of thermoelectric coolers and temperature
stabilizers are commercialized [2,3]. From the end of last
century, unprecedented attention has been paid to thermo-
electric research mainly because of increasing demands
for the applications of energy harvesting from wasted heat
sources by thermoelectric power generation. Great progress
has also been achieved in the development of high-per-
formance thermoelectric materials, which can be simply
described by the rise of dimensionless figure of merit (ZT),
defined as ZT = (α2σ/κ)T, where α, σ, κ and T are Seebeck
coefficient, electrical resistivity, thermal conductivity, and
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absolute temperature, respectively [4]. Nowadays, high ZT
> 2.0 have been reported for several materials even in the
form of bulks, but ZT had remained below unity for almost
three decades since 1960s [5–7]. High ZT values were
obtained not only in some new compounds like skutterudites
[8,9], half-Heuslers [10,11], clathrates [12,13] and selenides
[14–18] but also in conventional Bi2Te3 [19–21] and PbTe
[22–24] based materials. The progress should be attributed
to the endeavors by the scientists from different fields in-
cluding chemistry, physics and materials engineering. The
advanced materials processing has more contribution to the
ZT enhancement for conventional thermoelectric materials,
which is especially important for widening the applications
of thermoelectric technology. For example, so far Bi2Te3
alloys used in industries are fabricated by a conventional
process based on zone melting and unidirectional solidifica-
tion, by which high purity and crystallographic orientation
can be controlled [25–27]. However, it is difficult to make a
breakthrough to enhance the ZT of Bi2Te3 alloys fabricated
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by the conventional process, whereas higher ZT values were
achieved even in the same material system by introducing
nanostructures via powder metallurgical (PM) process com-
bining high energy balling and hot pressing or spark plasma
sintering [19]. In addition, PM-processed Bi2Te3 alloys with
refined grains have improved mechanical strength, which are
suitable especially for manufacturing miniaturized modules
[28,29].
It is clear that property enhancement benefits from pro-

cessing development. So far, many new processes (maybe
not new in other fields) have been applied to the synthesis
of thermoelectric materials, so it should be timely for us
to review the progress achieved for thermoelectric mate-
rials processing. There are many excellent review articles
[4,7,30–36] summarizing the current status of thermoelectric
research, but most of them are based on the viewpoint of
materials science, in which the importance of materials
processing has not been emphasized. In this review, we want
to give a comprehensive summary of materials processes by
stressing their contribution to the property enhancement. It
is our great pleasure if this work could provide certain ref-
erence and shed light on the development of thermoelectric
materials with higher performance in the future.

2             Synthesizing process of thermoelectric
compounds

The synthesis process is the key step to obtain interested ther-
moelectric compounds. The past two decades have witnessed
a bloom of various methods for synthesizing a diversity of
thermoelectric materials. The traditional techniques, melting
and solid-state reaction, are still well used and keep produc-
ing high-performance materials. Meanwhile, high-energy
ball milling including so-called mechanical alloying (MA)
has been widely employed for synthesizing fine powders of
thermoelectric compounds [30]. In addition, recent studies
revealed that many thermoelectric compounds can be easily
synthesized by self-propagation high-temperature synthesis
(SHS) [37]. Certainly, chemical synthesis routines, such
as hydrothermal and/or solvothermal methods are powerful
in making fine powders with controllable morphology and
dimensions/sizes. Thermoelectric materials in the bulk form
are usually fabricated by combining two methods; one for
synthesizing powders and one for sintering. Sometimes
to reduce the grain sizes, ingots fabricated by the melting
and casting method are intentionally pulverized and then
sintered again. For example, layered compounds prepared by
melting or zone-melting tend to have very large grains and
are subjected to severe cleavage problems. In this regard,
powder-processing and sintering techniques are introduced
to strengthen the samples and further purify the phases,
which will be discussed in Section 2.2 and 3, respectively.
In this section we summarize several typical methods that

are frequently used in synthesizing thermoelectric materials.
Particularly, we shall put an emphasis on the newly emerging
techniques on polycrystalline materials, describing their
working principles and trying to establish a link among the
method, microstructure and the consequent thermoelectric
properties. Figure 1 shows the yearly publications from
2000 to 2016 about thermoelectric materials fabricated by
different methods.

2.1             Melting

Melting technique has long been a conventional method for
producing thermoelectric materials. For example, zone-melt-
ing, a unidirectional solidification process has been employed
to manufacture Bi2Te3 in industry, which can produce cylin-
drical ingots with a diameter of 17 mm or even 25 mm [38].
While in laboratory, researchers prefer the glass-encapsulated
melting methods to produce thermoelectric alloy ingots on a
small scale, with several pre-treatments including cleaning
and heat treating of the quartz tube, coating the wall with
carbon when reactive elements are involved, and baking to
ensure all organic residues being burned. In some particular
materials systems, some post-treatments like optimizing the
cooling rate of as-melted ingots are also significant in order
to control the size and morphologies of nanostructures in host
materials [39,40].
Melting techniques can be differentiated by their heating

resources (including voltaic arc, eddy current or electric re-
sistance), atmospheres (air, protective gas or vacuum), or cir-
cumstances (e.g., under a magnetic field or not). Especially
for thermoelectric research, some widely-spread methods, in-
cluding arc-melting, inductionmelting and levitationmelting,
are intentionally selected in accord with the peculiarities of
starting reactants and resultant compounds.
In general, the melting processing, in which the reactants

are heated above the highest melting point of them or the
resultant compounds, is often proceeded in an ordinary box
furnace with electric resistance heating, e.g., a muffle. For
most of the state-of-the-art thermoelectric compounds with-
out high melting temperatures (lower than 1800°C), they are
often produced by such methods, such as bismuth tellurides
(Bi2SexTe3-x,  Bi2-xSbxTe3)  [41],  lead  chalcogenides  (PbTe

Figure 1         (Color online) Yearly publications related to thermoelectric ma-
terials processed by different methods.
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[42–44], PbSe [45], PbS [46]), copper chalcogenides (Cu2-
xSe [47], Cu2-xS [48]), tin chalcogenides (SnSe [49,50], SnTe
[51]), metal silicides (Mg2Si [52], MnSi1.7 [53]) and Cu-Sb-
Se/S ternary compounds (Cu3SbSe4 [54], Cu12Sb4S13-based
tetrahedrites [55]), etc. However, for some transitional metals
with extremely high melting points, it becomes more difficult
to melt all the reactants in these box-type furnaces, therefore
arc melting or induction melting is often used.
Induction melting is a widely used melting technique in

industry. For this technique, an electrically conducting ob-
ject (usually a metal) is heated by electromagnetic induction,
where heat is generated in the object by eddy currents because
of the rapidly alternating magnetic field that comes from a
high-frequency alternating current (AC) through the electro-
magnet [56]. The eddy currents flow through the resistance of
the material and thus heat it by Joule heating. Induction heat-
ing is used in many industrial processes, such as heat treat-
ment in metallurgy, Czochralski crystal growth, zone refin-
ing in semiconductors and melt refractory metals that require
very high temperatures. For thermoelectric research, a vari-
ety of materials with metallic reactants, such as skutterudites
[57], half-Heuslers [58] and clathrates [13], have been pro-
duced through the induction-melting method.
The arc-meltingmethod is based on electric arc. In a typical

arc-melting process, the arc forms between the charged ma-
terial and the electrode, and then the former is heated by both
the current passing through and the radiant energy generated
by the arc [59]. The arc temperature can reach 3000oC, which
enables the melting of even the most reactive and refractory
metals, usually in vacuum or inert-gas atmospheres. One ben-
efit of this method is its great flexibility as the processing can
be readily and rapidly started or stopped. Besides, both reac-
tive metals like titanium and refractory ones like tungsten can
be arc-melted, which provides more alternatives in designing
thermoelectric alloys, Cu- and Ni-substituted clathrates [13],
Sn-alloyed half-Heuslers [60] and B- or P-doped Si1-xGex al-
loys [61]. Moreover, another drawback of conventional melt-
ing methods is the inhomogeneity of the products especially
for some alloys like half-Heusler (HH) compounds, due to
static melting without mechanical stirring. Instead, levitation
melting, where a magnetic field (usually using an extra coil)
is coupled with the primary induction heating mode, is suc-
cessful to fabricate such metallic alloys [11,62,63]. It is usu-
ally proceeded in a high-frequency furnace, where the heat
is generated inside the object itself rather than by an external
heat source via conduction. Therefore, no external contact is
needed, which is important when contamination is an issue.

2.2             Powder-based processing

2.2.1     Ball milling
Ball milling (BM) is a simple process, which has attracted in-
creasing interests for years in the field of thermoelectrics as

one of the most effective powder processing technique. BM
includes mechanical grinding (MG) and mechanical alloy-
ing (MA). In addition to the grinding effect, the MA process
can lead to the compound synthesis from elemental pow-
ders by the mechanochemical effect [64,65]. Usually, MA
is conducted in a dry milling form, so that the collision en-
ergy between balls can be effectively transferred to milled
powders. There are multiple types of BM machines, among
which planetary, shaker and mixer mills are commonly used.
Nevertheless, the operating principles are almost the same.
The inertia of the grinding balls give high-energy impact on
the particles, which involves cold welding, fracturing, and
re-welding, leading to further pulverization [64]. Featured
with cost effectiveness and high efficiency, BM is widely
used in materials research. Moreover, the three main applica-
tions, i.e., producing fine grained or nanostructured powders
[19,66], synthesizing compounds [67–72] and mixing com-
posites [73,74] make BM particularly popular in thermoelec-
tric community. The intensity of BM can be tuned by adjust-
ing the amounts of balls, ball milling speed and time, as well
as the ratio of the big balls to small ones. Additionally, or-
ganic agent like stearic acid is sometimes used to facilitate
the pulverization process and prevent excessive cold welding
especially when ductile powders are milled [64], and ethanol
can benefit the collection of the refined powders. The process
of BM is schematically illustrated in Figure 2.
As aforementioned, due to the high energy of mechanical

effects, BM is effective to obtain fine or even nano-sized pow-
ders. The refined structures would greatly strengthen the scat-
tering of phonons and thus significantly reduce the thermal
conductivity if they could be retained after solidification. In
2008, Poudel et al. [19] reported that excellent performance
of p-type nanocrystalline BiSbTe bulks with a peak ZT of
1.4 could be achieved by simply ball milling the commer-
cial ingots combined with subsequent hot pressing (HP). The
greatly enhanced thermoelectric performance mainly bene-
fits from the significant reduction of thermal conductivity.
Nanograins and nanodots induced by BM and HP are con-
sidered to be responsible for the  large  decrease  of  thermal

Figure 2         (Color online) Schematically illustration of BM. Coarse powders
or chunks are pulverized and mixed during BM. Fine and homogenous pow-
ders are obtained.

Li J F, et al.   Sci China Tech Sci   September (2017)  Vol.60  No.9 1349



conductivity by acting as the phonon scattering centers. In
addition, the bipolar effect is also suppressed after BM and
HP, probably due to the nanostructure-induced interfacial
potential that scatters more minority carriers. Such ZT
enhancement by introducing nanostructures through BM
and HP has also been achieved in half-Heuslers [60,75],
p- [76] and n-type [77] SiGe by the same group. In recent
years, not only 3-D nanocrystalline [19], but also other
nanoscopic structures like 1-D point defects [21,29] and
2-D dislocations [20,21] are widely employed to decrease
the thermal conductivity. By BM one can construct such a
hierarchical structure composed of 1-D point defects, 2-D
dislocations and 3-D nanograins that can effectively scatter
phonons over the broad wavelength spectrum and thus re-
duce the thermal conductivity [78]. Besides pulverizing and
introducing in situ nanostructures, BM is also very effective
for creating homogenous nanocomposites. In 2013, Li et
al. [73] achieved a high ZT for BiSbTe nanocomposites by
embedding small amounts of SiC nanoparticles via MA and
SPS. Since MA is a mechanochemical process, by which
BiSbTe grains were presumed to form on the surfaces of SiC
nanoparticles, resulting in well bonded interfaces between
SiC dispersion and BiSbTe matrix. As a result, it is possible
to simultaneously enhance the Seebeck coefficient and elec-
trical conductivity in this composite material, in addition to
the effect of reducing lattice thermal conductivity.
On the other hand, it is worth noting that besides the

effectiveness for reducing thermal conductivity, BM also
shows significant influence on the electrical transport prop-
erties. This is not only because that the carriers transport
is impeded by scattering from nanostructures, but also the
variation of charge carrier concentration induced by BM.
The carrier concentration is affected when charged point
defects are introduced during BM, which is particularly
obvious in Bi2Te3-based alloys [41,67]. As is known, a zone
melting Bi2Te3 ingot is always p-type due to the formation of
negatively charged antisite defects [79]; however, it changes
to n-type when subjected to BM because of the large amounts
of anion vacancies [79] and donor-like effect [80]. Pan et
al. [29] has compared thermoelectric properties of the ingots
and the spark plasma sintered bulks (BM+SPS samples)
using the powders directly pulverized from the correspond-
ing ingots for both p- and n-type Bi2Te3 based alloys. It is
found that the in the BM+SPS samples the hole concentra-
tion of p-type BiSbTe alloys decreases while the electron
concentration of n-type BiTeSe materials are increased. The
reasons are ascribed to the formation of positively charged
anion vacancies as well as the donor-like effect that are
induced by strong mechanical deformation. A considerable
variation in carrier concentration would consequently affect
the electrical conductivity and the Seebeck coefficient in a
reverse direction accordingly. Therefore, how to gain a high
thermoelectric performance with an optimal carrier con-

centration by carefully tuning the charged point defects are
raising more and more attention. Hu et al. [41] enhanced the
thermoelectric properties of both p-type BiSbTe and n-type
BiTeSe alloys by atomic scale point defect engineering. Pan
et al. [67] also studied thermoelectric properties of n-type
BiTeSe (prepared by MA and SPS) from the view of charged
point defects. It should also be noted that the transport
properties of p-type BiSbTe is less influenced by the charged
point defects than the n-type counterpart. As pointed by Liu
et al. [81], the free carrier concentration of n-type BiTeSe is
five times more scattered than p-type BiSbTe with the same
concentration of Te evaporation. This is also the reason why
the n-type BiTeSe has a much poorer reproducibility under
BM process. BM-induced variation in carrier concentration
has been found in many other thermoelectric materials as
well, such as the newly emerging BiCuSeO [82] and SnSe
[83], which is also probably related to the formation of
certain point defects.
As a simple and cost-effective method, BM has been

applied to almost all classes of thermoelectric materials
(Table 1) [71,72,84–92]. In 2014, Tan et al. [93] first re-
ported an earth-abundant and environmentally friendly SnS
thermoelectric material fabricated by MA and SPS with
a promising ZT of 0.6 (Ag doped). Wei et al. [94] fabri-
cated high quality Sn-doped Cu3SbSe4 samples by MA and
SPS and found a nearly ideal doping efficiency and well
modeled transport properties. Particularly, BM is capable
of synthesizing a variety of materials that can be hardly
fabricated by liquid methods. Traditional melting synthesis
requires high temperatures and certain atmosphere, which
are not only time consuming but also would probably result
in inhomogeneous samples as vapor phase loss of elements
or oxidation may occur at elevated temperatures. Moreover,
the occurrence of eutectic and peritectoid reactions in some
materials systems are also hard to avoid during melting. In
contrast, MA can synthesize composites at room temperature
in a short time, which largely reduces the cost and is environ-
mentally friendly. And since MA is a completely solid-state
processing technique, the materials that are hard to obtain
by melting method like La3−xTe4 [95] and FeSi [96] thermo-
electric materials could be successfully synthesized by MA.
Nevertheless, MA also has its own limits in fabricating some
materials in which impurity phases may be very difficult to
be removed. For example, Wei et al. [97] reported that small
amounts of Cu3SbSe4 always appeared when synthesizing
Cu3SbSe3, even after annealing. Zou et al. showed that sin-
gle phase could hardly be obtained via MA for either TiNiSn
[98] or FeVSb [99] half-Heusler alloys. Fortunately, these
thermoelectric materials can be successfully synthesized by
the melting methods.
At last, BM can also be utilized to enhance the mechanical

properties of materials, especially for layer structured com-
pounds like Bi2Te3  with  cleavage  nature.  Pan  et  al.  [29]
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Table 1        Representative works based on BM

Type Material Method, ZT@T(K) Reference

BiSbTe Ingots-BM+HP, 1.4@373 K [19]

BiSbTe@SiC MA+SPS, 1.33@373 K [73]

BiSbTe Melt-BM+HP, 1.3@380 K [41]

n-type Bi2Te3 Melt-BM+HP, 0.72@373 K [100]

Bi2Te3 based alloys

BiTeSe MA+SPS, 0.82@473 K [67]

PbTe@Tl BM+HP, 1.3@673 K [69]

PbSe@Al BM+HP, 1.3@850 K [101]

Ag0.8Pb18+xSbTe20 MA+SPS, 1.37@673 K [91]

AgPbmSbTem+2 Repeated MA+SPS, 1.54@723 K [102]

AgSnmSbTem+2 MA+SPS, 0.8@723 K [103]

PbTe based alloys

Pb1-xSnxSe MA+SPS, 1.0@773 K [68]

CoSb3-xTex MA+SPS, 0.93@820 K [104]

CoSb3 BM, none [92]

CoSb3-xTex MA+SPS, 1.1@823 K [105]

Cu3SbSe3 MA+SPS, 0.25@650 K [97]

Skutterudites

Cu3SbSe4 MA+SPS, 0.7@673 K [94]

CuFeS2 MA+SPS, 0.21@573 K [88]

Cu1.96S MA+SPS, 0.5@673 K [86]

SnS MA+SPS, 0.16@823 K [106]
Selenides and sulfides

SnS@Ag MA+SPS, 0.6@873 K [93]

(ZrHf)Co(SbSn) Ingot-BM+HP, 0.8@973 K [60]

FeVSb MA+SPS, 0.31@573 K [99]

TiNiSn MA+SPS, 0.32@785 K [98]
Half-Heuslers

(HfZr)Ni(SnSb) Melt-BM+HP, 1.0@873 K [75]

HMS BM+SPS, 0.39@770 K [85]

MnSi1.75–d MA+HP, 0.28@823 K [90]

MnSi1.73 BM+PDS, 0.47@873 K [87]
HMS

La3-xTe4 MA+HP, 1.1@1275 K [95]

BiCuSeO Solid state reaction+BM+SPS [82]

BiCuChO MA+SPS, none [107]Others

Mg2Sn0.75Ge0.25 BM+HP, 1.4@723 K [89]

p-type SiGe BM+HP, 0.95@1173 K [76]

n-type SiGe BM+HP, 1.3@1173 K [77]

compared the mechanical strength of Bi2Te3-based ingots
and MA+SPS polycrystalline, and demonstrated that the
MSP (modified small punch load) strength improved more
than three times and the hardness enhancement is over 60%
after MA and SPS. The reasons for the large enhancement of
mechanical strength by MA and SPS could be attributed to
grain refinement and mixed orientations of cleavage plans.
The enhanced mechanical strength would be advantageous
for practical manufacturing and devices’ application.

2.2.2     Melt spinning
Melt spinning (MS) is an efficient method for rapid cooling
of molten liquids. The working principle of MS is depicted
in Figure 3(a). A thin stream of molten alloy is injected onto

a wheel (roll, drum etc.) that is rotated and internally cooled.
The heat of themelts is rapidly transferred to thewheel, which
incurs a fast solidification and even amorphization of the liq-
uid, continuously producing thin tapes or ribbons as seen
in Figure 3(b) [108–110]. The cooling rate can be as high
as 104–107 K min−1 [111], so greatly retained nanostructures,
notably refined grain sizes and even amorphous phases can be
obtained [112]. The microstructure of the ribbons depends
strongly on the local temperature and cooling rate as seen
in Figure 3(c) and (d) [109], and can be readily controlled
by adjusting the processing parameters in MS [113]. Simply
speaking, by increasing the wheel speed, the cooling rate is
monotonically enhanced and the ribbons get thinner. With a
larger ejection pressure, both the cooling  rate  and  ribbons’
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Figure 3         (Color online) (a) Schematic diagram of a melt-spinning appara-
tus; (b) photo of melt-spun BiSbTe ribbons, SEM morphologies of the (c)
free and (d) contact surface. (b)–(d) reprinted from ref. [109], with the per-
mission of AIP Publishing.

thickness are found to increase [114].
The history of MS can be dated back to late 1950s when

Pond was granted a series of patents on this technique,
and outlined the current concept with Maddin [115–117].
Preliminary application of MS in fabricating thermoelectric
materials was initially reported in 1990 by Dey [118] on
BiSb alloys that exhibited a maximum ZT = 0.14 at room
temperature. In the early years of this century, Lee et al.
[119] reported a ZT =2 in melt-spun amorphous Si-Ge-Au
compounds, but this work did not raise widespread attention.
Very soon after that, Kim et al. [120], Chen et al. [121] and
Zhao et al. [122] prepared BiSbTe and FeSi2 thermoelectric
alloys using MS and obtained satisfactory performance.
However, this technique had still not received great attention
in thermoelectric community until 2007 when Tang et al.
[108] successfully spun BiSbTe compounds with a high ZT =
1.35 and demonstrated the unique nanostructures introduced
by this method. Since then, Tang’s group and others carried
out a series of studies on a large variety of thermoelectric
materials by using MS. High ZT values have been ob-
tained in Bi2Te3-based compounds, skutterudites, silicides,
(GeTe)x(AgSbTe2)1−x (TAGS) , Zn4Sb3 and half-Heusler
alloys, etc. Representative studies  from  2000  to  2015  are

summarized in Table 2.
Special micro- and nano-structures are usually present

in these MS-processed samples and found to largely con-
tribute to high thermoelectric performance, which are of
great interest to the research community. For examples, in
p-type Bi0.52Sb1.48Te3 bulk materials prepared by MS com-
bined with SPS [109], unique low-dimensional structures
were observed, consisting of an amorphous structure and
5–15 nm nanocrystalline regions with coherent interfaces.
The amorphous and nano-featured structures are believed to
strongly scatter phonons while the coherent interfaces can
provide a path for charge conduction, which is beneficial to
the overall enhancement of thermoelectric performance. In
addition, by virtue of this technique hierarchical structures
and in situ nanoscale precipitates are also found in BiSbTe
compounds, leading to a simultaneous enhancement in
not only thermoelectric performance but also mechanical
strength and thermal stability [28].

2.2.3     Self-propagating high-temperature synthesis
The self-propagating high-temperature synthesis (SHS) is an
autowave process analogous to the propagation of a combus-
tion wave, in which the synthesis is initiated by point heating
a small part of the sample [37,131], as illustrated in Figure 4.
In this process, a chemical reaction is localized in the com-
bustion zone that spontaneously propagates over a chemically
active medium. As the combustion wave passes through the
sample it purifies the materials and maintains its stoichiome-
try [132]. This technology is actively exploited in inorganic
materials, being effective to produce powders, compact mate-
rials and workpieces as well as make coatings and weld com-
ponent parts.
The appealing attributes of the SHS synthesis, namely its

fast one-step process requiring minimum of energy, scalable
nature, and maintaining of the stoichiometry, make it pop-
ular in synthesizing a wide range of thermoelectric materi-
als, including Cu2Se [37], Bi2Te3 [133], SnTe [134], Mg2Si
[135,136],  skutterudites  [137],   half-Heusler  alloys  [37],

Table 2        Selected studies on melt-spun thermoelectric materials

Type Material Method, ZT@T(K) Reference
BixSb2-xTe3 x unspecified ZM-MS-SPS, 1.35@ 300 K [108]

Bi0.52Sb1.48Te3 ZM-MS-SPS, 1.56@ 300 K [109]
Bi2(Te0.8Se0.2)3 MS-SPS, 1.05@420 K [123]

Bi2Te3-based alloys

Bi0.5Sb1.5Te3 ZM-MS-PAS, 1.22@340 K [28]
Yb0.2Co4Sb12.3 MS-SPS, 1.26@ 800 K [124]

Skutterudites
CaFe3CoSb12 MS-SPS, 0.9@773 K [125]
Fe0.92Mn0.08Si2 LM-MS-HP, 0.17@ 973 K [121]
MnSi1.75 IM-MS-SPS, 0.65@ 850 K [126]Silicides

Mg2Si0.3Sn0.7 MS-PAS, 1.3@750 K [127]
Hf0.6Zr0.4NiSn0.98Sb0.02 LM-MS-SPS, 0.9@ 900 K [128]
(Zn0.99Cd0.01)4Sb3 MS-SPS, 1.30@700 K [129]Others

TAGS-85 MS-HP, 1.6@750 K [130]
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Figure 4         (Color online) Schematic drawing of SHS process (a) and
photos of reactions at the shown times (b)–(e). (b)–(d) are taken from
ref. [131], © 2011 Erausquin JI. Published in [Processing and Specific
Applications, InTech, 2011], under CC BY-NC-SA 3.0 license. Available
from: http://dx.doi.org/10.5772/17044.

BiCuSeO [138] and other oxides [139,140]. In the case of
a solid SHS process between two reactants, the combustion
reaction proceeds in a diffusion mode, where the reaction rate
is limited by the diffusion of the second component through
the product layer. Owing to the high diffusion resistance of
contacting areas of the particles, recrystallization processes
are virtually completely suppressed in such systems.
As a result, nanoscopic products are easily obtained from

the nanosized reactants. Together with the ability of main-
taining desired stoichiometry, SHS technique provides an al-
ternative way for introducing in situ nanostructures in the re-
sultant reactants. For example, Su et al. [37] successfully
synthesized thermoelectric Cu2Se compounds by such SHS
techniques, in which the product’s composition was precisely
controlled (Cu2.004Se in products from nominal Cu2Se com-
position). In addition, typical corn-like distributed nanodots
of 5–10 nm were prevailingly formed throughout the matrix
of micron-scale size, where their interfaces are basically co-
herent, greatly enhancing phonon boundary scattering while
remaining excellent electrical properties. Similarly, Li et al.
[141] prepared (Ag, In)-co-doping Cu2SnSe3 via a fast and
one-step combustion synthesis, where secondary SnSe phase
was observed separately distributed in thematrix. The disper-
sion of these SnSe precipitates creates lots of interfaces be-
tween them and the matrix, which was believed to be helpful
for the phonon scattering leading to the reduction of thermal
conductivity.
The SHS of nanosized materials is most influenced by me-

chanical treatment of products [132]. Firstly, mechanical ac-
tivation of reactants before initiation is of great significance
as it increases the reactivity of reactants by increasing defect
concentration and/or the reaction area (due to a decrease in
the particle size). Secondly, the mechanical activation can in-
fluence the rate and conditions of the combustion front prop-
agation (macro-kinetic effect) as well as the shape and size
of the crystallites and porosity of the structure (structural ef-
fect). However, a precise control on processes of the wave
propagation and the structure formation is a challenging task.

Thirdly, grinding of combustion products, for instance, mix-
ing and ball milling, are also efficient ways to produce nano-
sized particles.

2.2.4     Soft chemical reaction
Soft chemical reaction methods, or called as wet process,
are increasingly employed for the processing of thermo-
electric materials despite its complexity as compared with
the physical methods mentioned above [142]. In particular,
nanostructures of thermoelectric compounds with controlled
morphology can be synthesized by the wet processes with
the advantages of low synthesis temperature and fine grain
sizes in comparison with those by a high temperature route
such as melting process [143]. By now, the most widely used
soft chemical methods include hydrothermal/solvothermal
method, sol-gel technique and microwave-assisted solution
synthesis. This section highlights recent progress of the
solution-based synthesis and discusses the advantages and
disadvantages.
Hydrothermal method has been used as an effective tech-

nique for synthesizing size- and shape-controlled nanostruc-
tured materials and attracted more and more attention over
the past few decades [144,145]. For this technique, precursor
materials (usually metal salt or metal oxide) combined with
special templates in stoichiometry are dissolved in aqueous
solution system, which is then loaded, sealed, heated into an
autoclave to a desired temperature for a period of time and
then cooled to room temperature. The interior reaction con-
ditions were strictly controlled, such as templates/additives
concentration, pH value and pressure. It is noted that the
grain size and morphology can be largely modified by exte-
rior conditions, including the reaction temperature and time
and sonication/stir mixture treatment time. A major bene-
fit of hydrothermal method lies in the controllable doping of
foreign ions and optimizing the nanostructures of grain ori-
entations, which is very important for optimizing the carrier
concentration, regulating phonon scattering and thus enhanc-
ing the thermoelectric (TE) performance [146].
There are many papers reporting the hydrothermal syn-

thesis of Bi2Te3 and its alloys, for which bismuth chloride
(BiCl3) and tellurium or tellurium dioxide (TeO2) are used
as the starting materials [147–153]. For example, Zhao et
al. [153] synthesized Bi2Te3 nanotubes having diameters
smaller than 100 nm and spiral tube-walls by conducting the
hydrothermal synthesis at 150°C from the mixture precursors
of BiCl3 and Te in the solution of mixed NaOH, NaBH4
and edetic acid (EDTA). They also found that the nanotubes
could improve the ZT values of the Bi2Te3 based thermo-
electric materials. Almost the similar hydrothermal method
can be applied to the synthesis of PbTe only by replacing the
starting materials from BiCl3 to PbCl3 [154]. It should be
noted that the toxic and hazardous reducing agent such as
N2H4 and NaBH4 are used for the hydrothermal synthesis of
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Bi2Te3 and PbTe, which may have environmental damages.
To avoid this problem, Muramatsu et al. recently developed
a green hydrothermal synthesis process using ascorbic acid
in aqueous solution, in which ascorbic acid works not only
as reducing agent but also as capping agent which has an
excellent oxidation resistance [155]. It was reported that
Bi2Te3 nanoparticles were successfully synthesized at high
yields by their green method.
Solvothermal method is similar to the hydrothermal

process, but its solvents or additives are usually organic com-
pounds which contain both hydrophobic groups possessing
an oil soluble component and hydrophilic groups presenting
a water soluble component. In the aqueous phase, the hy-
drophobic groups can form the core of the aggregate but the
hydrophilic groups contact with surrounding liquid, which
can have an effect on the growth environments of target
materials and then achieve the controllable fabrication of
the various morphological TE composites under the optimal
reaction conditions [156–158]. Although the solvothermal
route has been demonstrated to provide excellent control
over morphology, particle size and distribution [149,159], the
problem is that the as-synthesized powders can be difficult to
sinter, leading to low density, oxidation and the emergence of
second phase. Besides, the organics can be easily adsorbed
onto the surface of the nanocomposites during the precursor
reaction procedures and post-washing from salts solvents. It
is evident that high-efficiency thermoelectric nanomaterials
will be synthesized and characterized from a much broader
scope once the manipulation of some kinetic parameters, the
knowledge of materials growth mechanism and post-treat-
ment process are further integrated in the solvothermal
method [160,161].
Recently, microwave-assisted hydrothermal or solvother-

mal method has received considerable attention as a promis-
ing method for the one-pot synthesis of large-scale TE nanos-
tructures in solutions [160,162]. In general, microwave heat-
ing route is better than that in conventional water/oil-bath
heatingmethodmentioned above, when emphasizing the con-
trollability of product’s morphology and size as well as chem-
ical uniformity in addition to processing efficiency [163,164].
As opposed to the traditional thermal heating, the understand-
ing of microwave radiation for the activation of chemical re-
action requires a certain physical principles. In recent years,
various studies have been conducted to synthesize TE nanos-
tructures usingmicrowave (MW) heating route. For example,
Li et al. [165] developed an ultra-fast microwave hydrother-
mal method, by which they synthesized SnTe particles with
controlled sizes from micro-scale to nano-scale in a short pe-
riod (20 min). The SPS-processed SnTe bulk materials made
of 165 nmSnTe particles showed about 2.3 times ZT enhance-
ment from its counterpart made of coarse powders synthe-
sized by solid processing.

Although microwave heating has a clear advantage to as-
sist the reaction, there are some challenges to be addressed
[166,167]: 1) certain practical experiences on relevant pa-
rameters are required, because many publications do not pro-
vide essential reaction details, which results in poor connec-
tion from theoretical chemical synthesis to technical engi-
neering sciences; 2) the accurate measurement of chemical
reaction pressure and temperature are extremely problematic,
which leads to speculations about nonthermal effects (hot
spots and hot surfaces and supper-heating); 3) the control-
lable synthesis of complex systems has so far been proven to
be a difficult task via MW-assisted solution technique, espe-
cially for the design and development of periodical heteroge-
neous TE nanosturctures. However, it is evident that further
development of advanced MW radiation heating route will
push the exploration forward.
Finally, the sol-gel method is also an important process

which can be highly reproducible and scaled up to synthesize
various nanosturctured thermoelectric materials in a wide
range of compositions and shapes, including metal oxides,
skutterudites and metal compositions [168,169]. It is possi-
ble to tailor the morphology affording the desired property
in the sol-gel route, considering the controllable chemi-
cal reaction parameters, such as the nature of precursors,
the use of surfactants, water/precursors/solvent ratios and
washing/drying conditions [170]. The surfactant is largely
used as a structure-shaped template to facilitate growth of
the “targeted nanomaterials”. Li et al. [171] employed the
sol-gel method to synthesize LaCo0.9Ni0.1O3-δ nanoparticles
coated with La0.9Sr0.1Co0.9Ni0.1O3-δ thin layers. Such a
core-shell structured nanoparticles were partially retained
to the corresponding bulk sample by normal sintering,
resulting in grain boundaries composed of Sr/Ni-codoped
La0.9Sr0.1Co0.9Ni0.1O3-δ that act as a network with bet-
ter electrical conductivity than the grains. As a result, a
twofold enhancement in peak ZT near room temperature was
achieved. This work showed that ZT can be enhanced using
the sol-gel method by manipulating the local compositional
distribution inside an individual particle. The representative
works based on soft chemical reaction are illustrated in
Table 3.

3             Sintering/consolidation processing

After the powders are synthesized or processed as discussed
in Section 2, a proper sintering process is always needed to
compact them, crystallize the grains, further purify and sta-
bilize the main phase. After sintering under an appropriate
condition (including both temperature, pressure and holding
time), dense samples are obtained with good crystallinity and
a fixed shape that are ready for characterization and measure-
ments.  In most cases,  this  is  the  last  step for  fabricating
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Table 3        Representative works based on hydrothermal (HT) and solvothermal (ST) synthesis of thermoelectric materials

Type Material Method, ZT@T(K) Reference

(Bi, Sb)2Te3 HT, 1.28@303 K [153]

Bi2-xSbxTe3 HT, 1.75@270 K [151]

Bi0.5Sb1.5Te3 HT, 1.15@300 K [162]

Bi2Te3−xSex HT, 1.23@480 K [160]

La-Bi2Se0.3Te2.7 ST, 0.11@450 K [172]

Bi2Te3 ST, 0.6@600 K [167]

Bi-Te compounds

Te/Bi2Te3 ST, ~1@440 K [173]

Sb2Te3 HT, 0.58@420 K [174]

S-Ag2Te ST, 0.62@550 K [175]

AgPb10BiTe12 ST, 0.46@570 K [156]
Tellurides

SnxSb2Te3+x ST, 0.58@423 K [176]

SnSe HT, 0.32@300 K [146]

SnSe ST, 0.6@773 K [157]

SnS ST, 0.25@773 K [177]

Ag-PbS ST, 1.70@850 K [161]

Sulfides/Selenides

Cu12Sb4S13 ST, 0.85@720 K [178]

Co1−x−yNixFeySb3 HT, 0.67@600 K [151]
Skutterudite

CoSb3 ST, 0.11@650 K [179]

thermoelectric bulk materials, but sometimes post-treatment
like annealing and hot-forging is carried out with specific mo-
tivations, which will be discussed in the next section. Here
in this part we will introduce two techniques that are most
widely used in sintering thermoelectric powders, i.e., spark
plasma sintering (SPS) and hot pressing (HP), with a focus
on their special features and the effects of sintering factors
on the properties of thermoelectric materials. In addition, we
will share some practical experiences in sintering some com-
pounds using the two methods.

3.1             Spark plasma sintering

The rise of nanostructured thermoelectric materials over the
past decades had also bought about a highlighted focus on
the new sintering method, spark plasma sintering (SPS). An
SPS system (SPS-211LX, Fuji Electronic Industrial Co., Ltd.,
Japan) is demonstrated in Figure 5(a) with the chamber and
graphite die shown in the inset. The working principle of
SPS is further depicted in Figure 5(b). An electrically con-
ducting (usually made of graphite) die with powders loaded
in between two punches is placed between graphite plates in
the chamber that is subsequently evacuated. In order to re-
alize a good electrical contact, graphite papers are inserted
between the punch and the powder, between the plate and the
electrode, and around the punch. By applying a direct cur-
rent (DC) pulse power with a low voltage (several volts) and
a large current (up to 1–10 kA) through the electrodes and
the powder compacts, Joule heat is internally generated at a
rate as high as 1000°C min−1. Meanwhile, a uniaxial pressure
(usually 10–100 MPa) is loaded to facilitate densification.

Figure 5         (Color online) (a) Photo of an SPS equipment (SPS-211LX, Fuji
Electronic Industrial Co., Ltd., Japan) with the chamber and a graphite die
(inset); (b) schematic depiction of an SPS system; (c) sintering curve for
mechanically alloyed SnSe powders.

The history of SPS can be traced back to the early 1900s
when a current-assisted sintering method was first mentioned
[180]. A landmark occurred more than 60 a later. In 1966,
Inoue invented and patented SPS in USA [181]. However,
large implementation of SPS in industry did not come until
20 years later when Inoue’s patent expired and various com-
panies, mainly in Japan, started manufacturing and selling
SPS systems. Thanks to the high heating rate, the sintering
process can be accomplished within several minutes, thus
retaining the nanostructures inherited from the quenched
ingot and the fine grains of the powders synthesized by
ball milling or chemical methods, which is often desired
for designing high-performance thermoelectric materials
with a low thermal conductivity. To some extent, the avail-
ability of SPS has boosted the outburst of nanostructured
thermoelectric materials. Related studies are prevalent on
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nearly all the well-known materials from a number of groups
[9,22,63,78,182–190].
The sintering process involves the role and interplay of

electrical field and current, pressure, heat and atmosphere
etc [191]. The quality and properties of the samples depend
strongly on these extrinsic factors.

3.1.1     Electrical current and field
Since almost all the known thermoelectric materials are semi-
conductors with a decent electrical conductivity, the density
of current that directly flows through the sample is apprecia-
ble [192]. In this case, various types of interactions between
current and the powders are present, among which we fo-
cus on the one related to Peltier effect that is nontrivial for
thermoelectric materials [193]. As shown in Figure 6(a), if
the sample is a p-type semiconductor, it takes energy for the
electrical field to “pull” a hole carrier from the anode to the
sample, which is against the “force” of carrier concentration
gradient, thus cooling the anode. As the hole meets the cath-
ode, it tends to be “pushed” by the concentration gradient to
the cathode, thus heating it. It goes the similar way for n-type
semiconductors as shown in Figure 6(b). This effect brings
about local variation of heat and the consequential tempera-
ture distribution. A typical and straightforward consequence
of Peltier effect is that the SPSed pellet exhibits a large differ-
ence in grain size and electrical conductivity between the top
and the down sides. At this stage, AC-activated SPS seems
not available yet to solve the above problem. Instead, we re-
cently found that re-sintering a sample from an opposite di-
rection will help eliminate the inhomogeneity in LAST ma-
terials.
In addition to the Peltier effect, the current and field them-

selves may cause migration of elements in the newly appear-
ing ionic thermoelectric materials. A typical representative is
Cu2-xQ (Q =S, Se, Te) compounds in which the anions form
a grid lattice while the Cu atom tends to jump from one site
to one vacancy, exhibiting a liquid-like conduction behavior
[194]. Meng et al. [195] observed an obvious migration of
copper after SPS and ZEM-measurement. However, this is-
sue has not been widely addressed in relevant studies on these
compounds.

3.1.2     Heat and temperature
A homogeneous and steady heat flow is always required for

Figure 6         (Color online) Peltier effect in p- and n-type semiconductors.

sintering but never possible. In addition to the Peltier effect as
discussed above, for thermoelectric materials, heat conduc-
tion may be also hindered, more or less, by the low thermal
conductivity. Severe impacts like cracks are likely to occur
especially when cooled very fast. In the case of Cu12Sb4S13
compounds, only with a controlled cooling rate < 15°C min−1

could we obtain a good sample without cracks. Another ex-
ample is even extreme: Cu3SbSe3, a compound with κ <
0.5 W mK−1 can be hardly sintered by SPS [97]; instead, a
hot pressing method is needed to obtain the pure phase and
high-quality samples. The exact reasons for the difficulty in
sintering the two materials are not clear yet, but the low ther-
mal conductivity and possible abnormal behavior of Cu atoms
(order-disorder transition and/or ionic motion) are likely to be
at play [196,197].
The other concern is the temperature measurement. Usu-

ally when lower than 800°C–900°C, the temperature is de-
tected by a thermocouple (TC, commonly K-type) that is in-
serted into a hole in the die (Figure 5(a) and (b)). Then the
following factors significantly affect the accuracy of temper-
ature measurement. One is the relative position of the pow-
ders and the hole; ideally, the hole should be at the central
part of the powders. Another one is the position of TC in the
hole. If they are just loosely contacted, TC can jump out from
the hole when large displacement occurs during heating. Fi-
nally, contamination of TC and possible reaction between TC
and the die should be considered. If the sintering temperature
is higher than 800°C–900°C, an external optical pyrometer,
usually infrared thermometer, will be employed. In this case,
great attention should also be paid to the positioning and fo-
cusing of the detector.

3.1.3     Pressure and displacement
In most cases of SPS, a uniaxial pressure is loaded onto the
punches of the die to ensure good densification of the pow-
ders. Normally, the pressure is below 100 MPa for graphite
dies and can go beyond this value for dies made of steel
or tungsten carbide alloys. Figure 5(c) is a typical sinter-
ing curve of mechanically alloyed SnSe powders. Positive
value of displacement means shrinkage of the sample, neg-
ative expansion. The curve roughly reflects three processes
during sintering. From room temperature to 130°C, there is
no shrinkage of the powder compact, even with a little expan-
sion due to heating. When the temperature exceeds 130°C,
the sintering process starts as featured by a rapid densification
of the powder compact that is governed by the grain boundary
diffusion and the crystallization of the grains. Densification
ends at around 400°C followed by a thermal expansion.
The value and the way of pressurizing will influence the

microstructure of the samples. Usually a preload is needed
to promote contact and densification before sintering starts.
In some special cases, such as texture engineering, a rela-
tively small preload may be favorable for facilitating the re-
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arrangement and deformation of the grains. When reaching
the holding period, full load should be applied. The hold-
ing temperature is usually set 50°C–100°C higher than the
one when shrinkage ends to ensure full densification and also
avoid overheating. Of course, the operation temperature and
other factors such as possible phase transitions should also be
considered when designing a sintering program. After sinter-
ing, the pressure should be gradually removed since a sudden
stop unloading is likely to cause cracks in the sample sub-
jected to cooling down.
Although SPS has been proved repeatedly to be an efficient

sintering method for thermoelectric materials, its shortcom-
ings are also evident. SPS gets popular for its high heat-
ing rate, but in turn such short sintering time can fail to en-
sure the stability of the sample, especially for those mechan-
ically alloyed or chemically synthesized fine powders with
a high chemical reactivity, abundant defects and secondary
phases. Remaining chemical reaction, severe thermal de-
formation, chemical/thermal decomposition and volatiliza-
tion frequently occur during high-temperature measurement
on these samples. Sometimes post treatment like long-time
annealing is employed to promote complete chemical reac-
tion of the constituents, eliminate second phases and diminish
crystal defects and strains, which will be discussed in Section
4.2.

3.2             Hot pressing
Featured by simultaneous application of heat and pressure,
hot pressing (HP) is well used for powder compacts at a high
temperature under which sintering and creep processes are in-
duced. HP was developed primarily to sinter hard and brittle
powders that are usually difficult to be sintered by normal sin-
tering or pressureless sintering, and now this technique is be-
ing widely employed in sintering various thermoelectric ma-
terials as well. As compared to SPS, the heating rate of HP is
lower than SPS, and a longer holding time (usually from half
to several hours) is needed, so enhanced homogeneity in den-
sity, structure and composition can be obtained by HP with a
better processing stability.
Two heating modes are commonly seen in HP: inductive

heating and convective heating (or indirect resistance heat-
ing). In the former one, heat is produced within the die that is
placed in an induction coil and subjected to a high-frequency
electromagnetic field. Simultaneously, uniaxial pressure is
applied onto the punches. An advantage for this type of heat-
ing is that the heating rate can be very high. However, it is dif-
ficult to realize a uniform distribution of heat since the mold
should be placed very exactly at the center of the coil and the
heating process depends strongly on the coupling effect and
the thermal conductivity of the mold. High-performance lead
chalcogenides [23], skutterudites [8] and Zintl compounds
[198] have been developed using induction HP from Snyder’s
group at Caltech and Northwestern University.

Convective heating is commonly employed in a furnace
box. In this type of HP, the die is placed in a chamber embed-
ded with heating elements that are heated by electric current.
In this case, heating process is relatively independent of the
conductivity and position of the mold. Uniform and steady
heating can be achieved given enough time. Nonetheless, the
time may be rather long for sufficient heat transfer from the
heating elements to chamber atmosphere, to the surface of
the die, and finally to the powders. Recently, single-phase
Cu3SbSe3 bulk samples were fabricated using convection HP
[97], whose ZT is twice as high as previously reported values
[199], but it was found difficult to sinter this compound by
SPS.

4             Nanostructuring post-treatment

Nanostructuring has been found effective to strengthen the
scattering of phonons and reduce the thermal conductivity
[19,22,112]. However, the transport of carriers is sometimes
also undesirably deteriorated by the nanostructures, hence re-
sulting in a limited improvement of the thermoelectric perfor-
mance [29]. In order to maximally enhance the thermoelec-
tric performance, nanostructuring post-treatment has been in-
troduced, showing satisfactory results. The main target of
nanostructuring post-treatment is to minimize the nanostruc-
tures’ scattering on charged carriers, while remaining the low
thermal conductivity. This is possible when the size of the
nanostructure is larger than the mean free path of the carriers
but smaller than that of the phonons. Herein, we focus on two
ways for the post-treatment: one is texture processing by “hot
forging” that is usually applied to anisotropic thermoelectric
materials; the other is annealing to promote homogeneity and
stability, also to incur the formation of in situ nanostructures.

4.1             Hot forging
For anisotropic thermoelectric materials like Bi2Te3-based
alloys [200] and BiCuSeO [201] compounds, the in-plane
(perpendicular to the long axis) electrical conductivity is
usually much higher than other directions due to stronger
chemical bonding, hence in-plane grain alignment should
be advantageous for electrical transport properties. With
advanced powder processing methods, researchers have been
trying to combine the texture structure and the nanostructures
together for simultaneously increasing electrical conductiv-
ity and decreasing the thermal conductivity [21,78,202,203].
Hot-forging has been widely demonstrated to be able to
align the grains and construct a highly texture structure
[202,204–206], and thus result in an enhanced carrier mo-
bility. It should be noted that texture-enhanced electrical
conductivity can result in an increase of electron thermal
conductivity. On the other hand, for many anisotropic
materials, the in-plane phonons transport is intrinsically
faster than the out-of-plane, thus grain alignment may also
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increase the lattice thermal conductivity. Hence the total
thermal conductivity can be also increased by hot-forging
at the same time when we attempt to enhance the electrical
conductivity, but it is still worth trying as long as the rise
of electrical conductivity outweighs thermal conductivity.
Moreover, although the overall grain size would be somehow
increased after hot forging, the parental nanocrystalline may
be partially retained [202]. More importantly, new nanos-
tructures can form during the hot-forging process under
repeated mechanical deformation [203]. The nanostructures
with different sizes formed during hot-forging are effective
to scatter the broad-wavelength phonons and decrease the
thermal conductivity. In this way, the scattering of phonons
by nanostructures may be still effective while the transport
of charge carriers can also benefit from the texture structure.
Figure 7 schematically shows the hot forging process.

Firstly, a long cylinder bulk is sintered from fine powders.
The grains of a sintered bulk are small and relatively in
an isotropic distribution. Then the bulk is subjected to
further sintering process in a larger die with more space
to be squeezed in the diameter direction. After several
times mechanical alignment under compression, the texture
structure forms along the direction perpendicular to the
pressing direction accompanied with grains growth. As
an effective and practicable texture constructing method to
enhance the electrical conductivity, hot forging has been
explored in several thermoelectric materials. For instance,
Mikami et al. [205] applied hot forging in Ca3Co4O9 and
hence largely enhanced the electrical conductivity as well as
ZT. Sui et al. [201] also reported a maximum ZT of 1.4 for
Bi0.875Ba0.125CuSeO benefit from hot forging, which is much
higher than 1.1 for the non-textured samples. Furthermore,
hot forging could also decrease the thermal conductivity
while enhancing the electrical properties at the same time in
some materials. Aforementioned, the repeated mechanical
deformation process can lead to the formation of some
nanostructures and thus decrease the thermal conductivity.
In 2010, Shen et al. [203] reported that recrystallization
happens during hot forging, resulting in many in situ nanos-
tructures. Such nanostructures strengthen the scattering of
phonons and thus decrease the thermal conductivity. There-
fore, a maximum ZT > 1.3 has been achieved in BiSbTe, due
to the increased power factor as well as the reduced thermal
conductivity. In 2014, Jiang et al. [202] also found that
hot forging could lower the thermal conductivity of p-type
BiSbTe alloys and also enhance the Seebeck coefficient. In
2016, Pan et al. [78] reported that by optimizing the hot
forging temperature, the texture degree, the amount and size
of the nanostructures could be well controlled, resulting in
a maximum ratio of the electrical conductivity to thermal
conductivity. Consequently, the texture structure advantages
the transport of charge carriers while the nanostructures and

Figure 7         (Color online) Schematic plot of the hot-forging process. Grain
growth and alignment occurs after repeated hot-forging.

crystal defects effectively scatter the phonons, resulting in a
high ZT of 1.1 for n-type BiTeSe alloys.
On the other hand, there is also a top-down method that

has similar effects (combining texture and nanostructures to-
gether) like hot forging, in which the zone-melting ingots
are directly compacted at high temperatures under pressure.
As reported by Hu et al. [21], by directly hot pressing the
commercial ingots, coarse grains of the ingots are broken
and texture degree is somewhat decreased. It is found that
many nanograins or nanoscale defects would form during the
process, being helpful to scatter the phonons and decrease the
thermal conductivity. A high ZT of 1.2 was finally achieved
in n-type BiTeSe alloys, because of the synergistic combina-
tion of reduced lattice thermal conductivity and maintained
high power factor.
It is noted that in addition to texture engineering and

nanostructuring, both bottom-up hot forging and top-down
hot deformation have more complex effects in Bi2Te3-based
compounds. For example, they could also introduce antisite
defects and donor-like effect that strongly change the car-
rier concentration and thus modify the electrical properties
[41,78]. In addition, the point defects also act as scattering
centers for both charge carriers and phonons, result in de-
creased mobility and thermal conductivity [21].

4.2             Annealing (including repeated MA-SPS)

For most of the materials, annealing can reduce or eliminate
the defects, impurities and inhomogeneities in the matrix, as
shown in Figure 8(a)–(d) [207], leading to an enhancement
of the electrical transport properties. Interestingly, annealing
may also introduce a second phase nanoscopic precipitates in
the matrix (Figure 8(e)–(h) [207]), which can significantly in-
tensify the scattering of phonons and thus decrease the ther-
mal conductivity. One of the most significant effect of an-
nealing is to enhance the microscopic homogeneity, degree
of crystallinity and phase purity, thus maintaining or enhanc-
ing the carrier mobility and electrical properties. In 1962,
Schultz et al. [208] reported that annealing in an inert at-
mosphere made the heavily deformed Bi2Te3 samples exhibit
the properties similar to those of carefully grown single crys-
tals. During annealing, Te vacancies would migrate slowly
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which allows dislocations to climb into stable positions. For
an enough long time annealing, dislocation array formation,
recrystallization and grain growth lead to a total annihilation
of vacancies and thus increase the carrier mobility. Moreover,
the carrier concentration is also affected due to the decreased
charged Te vacancies. In 2003, Yamashita et al. [207] stud-
ied the annealing effect on the thermoelectric properties of
both p- and n-type Bi2Te3-based alloys. It was found that the
second phase disappears and the composition become more
uniform after annealing 10 h at 673 K in vacuum, as shown
in Figure 8(a)–(d). Consequently, high ZT values of 1.26 and
1.19 for p- and n-type Bi2Te3-based alloys were achieved.
However, the reasons are reserved and need further explo-
ration. Nevertheless, it should be kept in mind that how to
control themicrostructure and chemical composition after an-
nealing would be important for the enhancement of ZT val-
ues, which all strongly depend on the annealing temperature,
time as well as the atmosphere. This is more complicated if
there is a great change of charged point defects in the sam-
ples during annealing. In 2009, Zhao et al. [209] reported
a power factor enhancement in Bi2Te3 by annealing at low
temperatures. It was pointed out that when annealing tem-
perature was above 523 K, the electrical performances were
reduced because of the volatilization of Te, leading to more
anion vacancies (positive charged) in the matrix. In 2013,
Schumacher et al. [210] reported that annealing in Te at-
mosphere could strongly improve the chemical composition,
charge carrier density andmobility of Bi2Te3-based films, due
to the equilibrium chemical conditions. It was demonstrated
that the stepwise improvements of the crystal structure could
lead to the improvements in thermoelectric parameters.
On the other hand, annealing can also be employed to de-

crease the thermal conductivity by introducing nanoscopic
precipitates. There is one representative work that includes
almost all the effects of annealing: enhancement of carrier
mobility through improving the crystalline quality, optimiza-
tion of the carrier concentration benefiting from composi-
tion homogenization, and reduction of thermal conductiv-
ity by nanoprecipitates. This work based on AgPbmSbTem+2
(LAST) compound was published in 2008 by Zhou et al.
[211]. A high ZT of 1.5 has been achieved via an appropri-
ate annealing treatment after MA and SPS. The mobility is
largely enhanced and the carrier concentration is decreased
due to the volatilization of Pb. Moreover, the thermal con-
ductivity is also reduced at the same time, which is ascribed
to the nanoscopic inhomogeneities induced by the annealing.
As shown in Figure 8(e)–(h), the annealed samples display
large nanoscopic regions, whereas it should be noted that the
nanostructures in the unannealed sample are due to the com-
positional fluctuations as they are coherent with their sur-
rounding crystal matrix. It should be mentioned that such
effects can also be realized in repeated BM and SPS. In 2014,
Li et al. [102] revealed that by  repeating  the  BM and  SPS

Figure 8         EPMA micrographs of (a), (c) Bi and (b), (d) Te elements of
Bi2Te3-based alloys: (a), (b) Before annealing; (c), (d) after annealing at
673 K for 10 h in vacuum. Microstructures are more uniform after anneal-
ing. (e), (f) TEM images and (g), (h) HRTEM images of unannealed and an-
nealed AgPbmSbTem+2 samples: (e), (g) Unannealed sample and (f), (h) the
sample annealed for 30 d. Nanoscopic precipitates show up after annealing.
(a)–(d) are the reproduction from ref. [207], the Japan Society of Applied
Physics. (e)–(h) are reprinted with permission from ref. [211], American
Chemical Society.

process, large (50%) enhancement of ZT was achieved in
nanostructured AgPbmSbTem+2 (LAST). It was found that re-
peated BM process could effectively increase the electrical
conductivity and thermopower while also reducing the ther-
mal conductivity due to the reduction of grain sizes, forma-
tion of nanoprecipitates, and elimination of excessive Pb nan-
odispersions.

5             Summary and perspective

In this article, we have reviewed and summarized the process-
ing aspects of thermoelectric materials with three focuses on
the powder synthesis, advanced sintering process and the for-
mation of nanostructures in bulk materials. It is well known
that fine-grained and nano-composite structures usually lead
to a high thermoelectric performance, so the synthesis of fine
or nano-sized particles of a targeted compound with designed
compositions is important. As described above, high-energy
ball milling or so-called mechanical alloying is a convenient
method, which can be conducted in research laboratories and
easily scaled up in industries. In some cases, to enhance the
compositional homogeneity and/or obtain fine particles, ther-
moelectric compounds are firstly synthesized by a melting
process (including melt-spinning), and the resultant products
are then pulverized by further ball milling. Of course, soft
chemical reaction methods are more suitable for the synthe-
sis of nanoparticles with controllable sizes and morphology,
but they are less reviewed because of its complexity as com-
pared with the physical methods.
SPS is increasingly used for making thermoelectric bulk

materials, as a rapid sintering process with clear advantages
of lower sintering temperature and short holding times. Also
importantly, most thermoelectric materials must be sintered
in a reduced atmosphere, which can be easily realized in SPS
that is conducted in vacuum. Additionally, SPS can effec-
tively suppress the grain growth by rapid heating and low-
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temperature sintering, which is very important especially for
some cases where the morphology of the synthesized pow-
ders is desired to be retained during the sintering process. It
is known that nanoscopic precipitates are beneficial to the re-
duction of thermal conductivity, and it is often experienced
that nanoscopic precipitates often appear in many SPS-pro-
cessed thermoelectric materials, whose formation may be re-
lated to the applications of pulsed current to the semiconduct-
ing materials, but it needs more studies to uncover the for-
mation mechanisms. Notably, annealing processes are also
intentionally conducted to create such nanocomposite struc-
tures. Besides, SPS can also be used as a texturing process as
done by hot pressing or hot forging when a larger die is used
following the first step for consolidation.
In summary, the state-of-the-art thermoelectric materials

are mostly fabricated by modified powder metallurgical pro-
cesses, in which fine-grained microstructures with controlled
nanostructures can be more easily obtained. Nevertheless,
more and more studies are still required to develop new pro-
cesses leading to favorable microstructures for further ZT en-
hancement, which are also suitable for mass production.
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