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Quaternary chalcogenides: Promising thermoelectric
material and recent progress

Teng Wang'', Taichang Huo'", Hongchao Wang"*" and Chunlei Wang'~

Depletion of natural resources (oil, gas and coal) and
increasing global warming urge the researchers to develop
new methods for energy harvesting. The world’s demand
of alternative clean energy is becoming more and more
drastic. The conversion of waste heat into useful electrical
energy is an eco-friendly and straight forward approach
to solve the worldwide power problems. Thermoelectric
(TE) materials have been considered to relieve the energy
crisis based on the reversible heat and electricity con-
version [1-3]. TE generators have drawn great attention
due to their numerous advantages such as eco-friendly
energy conversion, no pollutants, no moving parts, wide
temperature range applications, long life span, small size
and no toxic residuals. Thus the TE energy conservation
is expected to be an attractive way to solve the energy
crisis. TE generators can convert heat from daily life heat
sources like vehicles, factories and computers or even
from human bodies to electrical energy. Along with
power production, TE materials have the ability to replace
traditional refrigerating methods by using Peltier effect
since they do not emit greenhouse gases. However, low
conversion efficiency limits the commercial applications
of TE generators.

The efficiency of a TE module is determined by di-
mensionless figure of merit (zT). 2T is related to Seebeck
coefficient (S), thermal conductivity (x) and electrical
conductivity (o), zT = SoT/x = S’T/(x, + x;), where T'is
the absolute temperature, «, is the thermal conductivity
due to electrons and holes, «; is the thermal conductivity
from photons (moving through lattice) and $’c is the
power factor (PF) [4]. It is clear that zT can be improved
by increasing o and S, or by decreasing x. But the fact is
that these parameters are relevant to each other, so it is
feasible to synergistically optimize the TE parameters to
achieve a high zT [5]. The excellent electrical perfor-

mance has been obtained through carrier concentration
optimization [6], band engineering [7], resonant levels
[8,9] and electron energy filtering [10,11]. As for de-
creasing the thermal conductivity, ground breaking pro-
gress has been achieved mainly due to the introduction of
the nano engineering into TE area [12].

As mentioned above, S, ¢ and « are interdependent with
each other through the carrier concentration. Thus, sy-
nergistic effect should be taken into account for enhan-
cing the figure of merit when optimizing the electrical
properties. But the lattice thermal conductivity is a re-
lative individual parameter, thus materials with intrinsic
low thermal conductivity are potential candidates for
achieving higher zT. Many materials with extremely low
intrinsic thermal conductivity have been reported such as
Yb  MnSb; (2T, ~ 1.0) [13], single crystal SnSe (2T, ~
2.6) [14], and quaternary chalcogenides (zT,,,, ~ 0.6) [15-
17]. Especially, quaternary chalcogenides, which have
been utilized in many areas, e.g., optical materials [18],
have gained attention in TE area due to their extremely
low thermal conductivity. The quaternary chalcogenides
possess a pseudo-cubic crystal structure. This special
crystal structure can block the propagation of the pho-
nons due to the local non-cubic lattice distortion which is
the key of the low lattice thermal conductivity. Further-
more, the pseudo-cubic crystal structure can be viewed as
a long ranged nearly cubic framework in which the highly
degenerated electrical bands at band edges can be
achieved for excellent electrical properties. Thus a si-
multaneous optimization of the electrical and thermal
transport properties can be reached in the quaternary
chalcogenides [19,20]. Based on these advantages, many
excellent studies have been done to promote the TE
property of the quaternary chalcogenides, and new con-
cepts and synthesis methods have been employed in this

' School of Physics, State Key Laboratory of Crystal Materials, Shandong University, Jinan 250100, China
? State Key Laboratory of Metastable Materials Science and Technology, Yanshan University, Qinhuangdao 066000, China

" These authors contributed equally to this work.

i Corresponding authors (emails: wanghc@sdu.edu.cn (Wang H); wangcl@sdu.edu.cn (Wang C))

8 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019

January 2020 | Vol.63 No. 1


http://mater.scichina.com
http://link.springer.com
https://doi.org/10.1007/s40843-019-9467-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s40843-019-9467-2&amp;domain=pdf&amp;date_stamp=2019-07-05

SCIENCE CHINA Materials

PERSPECTIVES

material. Thus it is deserved to draw the researcher’s at-
tentions to Cu,B"C"" Se, group which are considered as a
promising TE material.

CRYSTAL STRUCTURES AND TE
PERFORMANCES OF QUATERNARY
CHALCOGENIDES

Quaternary chalcogenides have common composition of
CuZBHCNX4 where B = Zn, Cd, Mn, Hg; C = Si, Ge, Sn
and X= Se, S, Te. Among these quaternary compounds,
Cu,(Zn,Mn,Cd,Fe,Co)SnSe, are often investigated as the
remarkable TE materials. The typical crystal structure of
quaternary compound Cu,(Zn,Mn,Cd,Fe,Co)SnSe, group
is shown in Fig. 1. The quaternary compounds all have
the tetragonal lattice structure which is also called the
low-symmetry non-cubic structure. This structure can be
described as a double-periodic cubic zinc-blende super-
cell in the z-direction. All atoms have a tetrahedral sur-
rounding, and the tetrahedron is formed by selenium and
metal atoms. Every selenium atom is surrounded by four
metal atoms. Cationic elements form a tetrahedral void
with anionic Se atoms residing inside it. The difference of
electronegativity between cations and variant inter-
atomic distances results in natural superlattice structure
with localized lattice distortions. And the structure dis-
tortion parameter 4 (1 = c/2a, where ¢ and a are the
lattice parameters along the z-axis and x-axis, respec-
tively) is usually used to describe the compression (<1) or
tension (>1) in the crystal lattice. The complex structure
has different bonding lengths and bonding angles be-
tween the cations and the Se anions. For example, in the
quaternary Cu,MnSnSe,, the initial Zn cations are sub-
stituted by three different cations (Cu, Mn, and Sn) with
different electronegativities. These three different cations
form distinct chemical bonds with the Se anions with
different bonding lengths, such as 2.41 A for Cu-Se,
2.52 A for Mn-Se, and 2.58 A for Sn-Se [21]. Compared
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Figure 1 Crystal structure of quaternary chalcogenides Cu,B"C""X, (B
= Zn, Cd, Mn, Hg; C = Si, Ge, Sn; X= Se, S, Te).

with traditional cubic TE alloys, the complex structure
plays an effective role in phonon scattering which con-
sequently leads to a low lattice thermal conductivity as
shown in Fig. 2a. In the middle and high temperature
range, the lattice thermal conductivity of the quaternary
chalcogenides is smaller than that of SiGe [21-24]. And
the lattice thermal conductivities of pure phase
Cu,MnSnSe,, Cu,FeSnSe, and Cu,CoSnSe, are even
smaller than that of the commercial PbTe which possesses
heavy atom mass [21,25]. Thus the distorted structure
induced low intrinsic lattice thermal conductivity guar-
antee the Cu,B"C' Se, compounds are potential TE ma-
terial candidates.

Instead, the inferior electrical property is the limit of
Cu,B"C"X, to obtain good TE properties. Referred to the
electrical transport properties, the band structures of
these compounds play a crucial role. Quaternary alloys
have much larger band gap, e.g., 1.41 eV for Cu,ZnSnSe,
and 0.98 eV for Cu,CdSnSe, as compared with traditional
alloy materials [22,25]. Additionally, the low carrier
mobility due to the heavy bands also influences the
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Figure 2 Comparison of the intrinsic (a) lattice thermal conductivity, (b) electrical conductivity, and (c) figure of merit of Cu,ZnSnSe, [23],
Cu,MnSnSe, [21], Cu,CdSnSe, [24], Cu,FeSnSe, [21], Cu,CoSnSe, [21], PbTe [25] and SiGe [22].
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transportation of the carriers. Wide band gap and low
carrier mobility result in lower electrical conductivity in
these compounds than that of the alloy materials as
shown in Fig. 2b [26,27]. The small values (<4x10*Sm ")
of the electrical conductivity for CuZBHCIVX4 are the
striking contrast to that of SiGe and PbTe which are al-
most among 4x10* to 8x10°Sm ' in the whole tem-
perature range. Consequently, the zT's of these pure phase
quaternary chalcogenides are smaller than that of PbTe or
SiGe as shown in Fig. 2c. Thus the low electrical con-
ductivity is the main restriction for the quaternary chal-
cogenides to achieve a high zT.

Despite the intrinsic low thermal conductivity of the
quaternary compounds, it is highly desirable to further
improve the TE properties of this system, especially for
the enhancement of the electrical properties. It shows that
by using appropriate techniques, such as doping, band
engineering and nano-structuring, quaternary com-
pounds show excellent TE performance. Some widely
used methods are discussed in detail in this perspective.

STRATEGIES FOR IMPROVING
ELECTRICAL PROPERTIES OF
QUATERNARY CHALCOGENIDES

While the intrinsic low thermal conductivity is an ad-
vantage of quaternary chalcogenides as candidate of TE
materials, the poor electrical properties of pure phase
quaternary chalcogenides limits their TE performances.
The defective PF mainly results from the huge electrical
resistivity of the quaternary chalcogenides originating
from the wide band gap and low carrier mobility as il-
lustrated before. Though a higher S can be achieved in
wide band gap semiconductors, the diminishing PF due
to the huge electrical resistivity is vital. Thus the key for
improving the electrical properties and consequently the
PF of this material is to reduce the electrical resistivity.
For this purpose, progress has been made via the varia-

tions in stoichiometry and cation doping.

The variation in stoichiometry, also named non-stoi-
chiometry, is actually inducing excessive Cu to substitute
the B or C site in Cu,B"C''Se,. The stem of doping ex-
cessive Cu to optimize the electrical resistivity is mainly
due to two aspects. Firstly, the valance state of Cu in the
stoichiometric CuZBHCIVSe4 is +1 which is lower than the
valance states of B" or C'"", and thus additional holes will
be created via excessive Cu doping [28]. Secondly, the
conversion of insulating paths to conducting pathways
occurs with excessive Cu doping. As mentioned in Fig. 1,
the crystal structure of Cu,B"C" Se, can be regarded as
composed of Cu,Se, tetrahedral array separated by BCSe,
tetrahedral array. The Cu,Se, tetrahedral array acts as an
electrically conducting path and the BCSe, tetrahedral
array acts as an insulating unit. With Cu substitution of
B" or C" in the matrix, Cu,Se, can induce more elec-
trically conducting pathways in the crystal structure, re-
sulting in decreased electrical resistivity [27]. Liu et al.
[26] reported that the electrical conductivity of 10% Cu
doped Cu,CdSnSe, could reach 1.89x10* Sm ', which
was about six times than that of pure Cu,CdSnSe,
(0.31x10* Sm ). Excessive Cu doping was also induced
to the Cu,MnSnSe, system and the carrier concentration
was increased from 0.21x10” to 2.89x10°° cm ° as shown
in Fig. 3a. Thus a higher electrical conductivity of
2.49x10* S m ' was achieved with 10% Cu doped sample
which was about eight times than that of undoped sample
(0.36x10* Sm™ ') [28]. And the optimized electrical con-
ductivity can also be achieved in Cu,,,Zn, ,SnSe, and
Cu,,,ZnSn,_,Se, [16,27]. As one can see, due to the fan-
tastic crystal structure of the Cu,B"C''Se,, doping ex-
cessive Cu into the matrix can significantly decrease the
huge electrical resistivity to a proper magnitude to
achieve a higher PF.

Except for the non-stoichiometry method, the cation
doping is also an effective way to increase the carrier
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Figure 3 The improved (a) electrical conductivity, (b) PF, and (c) figure of merit via non-stoichiometry method [15,26,28] (solid lines) and cation
doping [17,29,30] (dash lines).
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concentration. With 15% In substitute for Sn site in the
Cu,ZnSnSe, system, the carrier concentration increased
from 1x10"” to 6x10” cm °, leading to an increased elec-
trical conductivity from 0.45x10* to 2.9x10*Sm ' [17].
The Fe cation substitute for Zn and the Ga cation sub-
stitute for Sn are other examples of this strategy [29,30].
The increased electrical conductivity is summarized and
presented in the Fig. 3a. Due to the increased electrical
conductivity via excessive Cu doping or cation doping,
the PFs of doped samples get enhanced. As presented in
Fig. 3b, the PF,, for Cu,;Mn,SnSe, is around
700 W K >m ' at 800 K which is 1.7 times larger than
that of undoped samples (400 pW K?m " at 800 K) [28].
With the merely changed thermal conductivity, the zTs of
the quaternary chalcogenides get increased as shown in
Fig. 3c. A zT,,,, close to 0.7 for Cu,;Cd,,SnSe, compared
with a value of 0.4 for undoped Cu,CdSnSe, [26]. As a
conclusion, the variation in stoichiometry with excessive
Cu doping and the cation doping are effective ways to
increase the carrier concentration which leads to an op-
timized electrical conductivity and eventually a higher PF
and zT.

However, a higher carrier concentration on one hand is
beneficial to obtaining a higher electrical conductivity, on
the other hand leading to a lower S. Thus, the unity-7 rule
and the anion doping are introduced to retard the de-
crease of S.

The unity-# rule origins from the pseudo-cubic struc-
ture approach which indicates that diamond-like com-
pounds with # closer to 1 usually perform superior S [19].
As illustrated before, the structure of the quaternary
chalcogenides can be regarded as a double-periodic cubic
zinc-blende supercell along the z-axis. Compared with the
triply degenerated band I';s, of cubic zinc-blend structure
in the valance band maximum, in quaternary chalco-
genides structure, the I'j5, band splits into a double de-

generated I's, bands and a non-degenerated I';, band due
to the reduced crystal symmetry as shown in Fig. 4a. This,
in turn, causes a band energy difference (Acg) between I'y,
and I, leading to a lower density of state near the Fermi
level and a lower S eventually [20]. Thus the closer 5
approaches to 1, the closer Ac; to 0 and consequently a
better S. Song et al. [28] calculated that the Ac is only
0.02 eV for the pure Cu,MnSnSe,. And according to the
crystal structure analysis, the substitution of Mn by Cu
merely changed the # (0.9858 for undoped sample and
0.9869 for Cu,;Mng,SnSe,), and thus the non-stoichio-
metric Cu,,,Mn,_,SnSe, samples possessed similar Acp.
Consequently, the density of state effective mass m re-
mained as 1.2m, (m, is the free electron mass), as pre-
sented in Fig. 4b. Thus the S-py plots all lay on the
Pisarenko line rather than below it. Besides, the re-
lationship between the unity-n law and S was studied
comprehensively in three quaternary chalcogenides
Cu,XSnSe; (X = Mn, Fe, Co) [21]. According to the
crystal structure analysis, the 5 for Cu,CoSnSe, and
Cu,FeSnSe, are 0.9997 and 0.9899, respectively, which are
higher than that of Cu,MnSnSe, (0.9859). Thus the See-
beck coefficients of Cu,CoSnSe, and Cu,FeSnSe, are
varied from the Pisarenko plot at room temperature as
shown in Fig. 4b. And the values are higher than that of
Cu,MnSnSe, which possesses a relatively small #. Thus
the PF benefits from the increased S due to unity-# law as
shown in Fig. 4c. The PFs of Cu,Zn, ,Fe,GeSe, are
roughly increased with the increasing # [31]. And the PFs
of Cu,FeSnSe, and Cu,CoSnSe, are also presented for
comparison [21]. Especially, the Cu,CoSnSe, obtains the
highest PF as compared with other samples due to the
value of # almost equal to unity. As the unity-# law is so
important for maintaining S, this law should be used to
screen and select doping elements.

Except for the unity-# law, anion doping is another way
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Figure 4 (a) The relationship between the band structure of the quaternary chalcogenides and the structure distortion parameter # [21]. (b) The
Pisarenko curve variation and (c) PF with different structure distortion parameter # [21,28,31].

January 2020 | Vol.63 No. 1

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019 1



PERSPECTIVES

SCIENCE CHINA Materials

to increase S. But considering the huge electrical re-
sistivity of the quaternary chalcogenides, the anion dop-
ing is more likely to adjust the carrier concentration to
balance the conflict between o and S. And this strategy is
often unitarily used with the non-stoichiometry method
or the cation doping. Dong et al. [15] reported that with
Te substitute for Se, S of Cu,,ZnysSnSe, Te, got en-
hanced, from 120 uV K' for Cu,,ZnysSnSe;,Tey, to
200 uv K' for Cu,,Zn,sSnSe; Te,, at 700 K. Ad-
ditionally, the band structure of the quaternary chalco-
genides is mainly influenced by the anion atoms and this
should be another reason for implementing anion doping
in these materials. The calculation results show that the
I',, and I's, bands reach the maximum at the G point and
the contribution is mainly from the Cu3d states and
Qunp (Qnp = S3p, Sedp, Teb5p) states [19,26,28] as
shown in Fig. 5. Meanwhile, the Cu 3d orbitals are too
localized to participate in the electrical transport, and
thus the electrical transport properties should be mainly
determined by the Q (Q =S, Se, Te) atoms. Consequently,
the anion doping should be an effective way to influence
the electrical transport properties. But according to the
reported results, the band gap will become larger with
more hybridization of Q np and Cu3d which is un-
favorable for the electrical conductivity [32]. Thus the
anion doping method can be viewed as an alternative way
to improve the PF of the quaternary chalcogenides.
Summing up the strategies mentioned above, the in-
trinsic low electrical conductivity could be optimized via
doping or forming excessive electrical transport channels
by non-stoichiometry method. Though these ways lead to
a decreased S, the unity-y rule and anion doping are in-
troduced to retard this decrease. Thus the synergistic ef-
fects of these methods are required to enhance the
electrical properties of the quaternary chalcogenides.

STRATEGIES TO OPTIMIZE THERMAL
CONDUCTIVITY OF QUATERNARY
CHALCOGENIDES
As for the thermal transport optimization, though the
thermal conductivity of the quaternary chalcogenides is
quite low compared with traditional TE alloys as shown
in Fig. 2a, there still have methods to decrease the thermal
conductivity especially the lattice part. Among those
strategies, alloying and nano-engineering are much more
effective to suppress the lattice thermal conductivity.
Alloying is widely implemented in the quaternary
chalcogenides to decrease the phonon propagation via
mass and strain differences. As the high frequency
acoustic phonons are predominant carriers of heat in the

12 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019
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Figure 5 The calculated density of states for Cu,MnSnSe, compound
[28].

quaternary chalcogenides, the lattice thermal conductivity
can be decreased significantly via alloying. For example,
with Cu substitute of Mn, the scattering parameter related
to mass and strain fluctuation increases, leading to a
decreased  lattice  thermal  conductivity. = For
Cu, ;Mny,SnSe,, the lattice thermal conductivity is
around 25 W m ' K ' at 300 K which is about 14% re-
duction as compared with the undoped samples [28]. And
the effect of alloying on the lattice thermal conductivity
was also reported in Cu,Zn, ,Fe,GeSe, [31] and
Cu,Cd,_,Zn,SnSe, [33].

As for distortion of the low frequency acoustic pho-
nons, nano-engineering has been proposed to further
reduce the lattice thermal conductivity of the quaternary
chalcogenides [34]. On the perspective of microstructure,
the nano-structures can induce high density of interfaces
in the matrix, and the size of nano-structures are similar
to the low frequency acoustic phonon mean free path,
hence resulting in phonon scattering which can effectively
decrease the lattice thermal conductivity. Thus, nano-
engineering as an improvement tool for decreasing the
thermal conductivity has been introduced to many TE
materials [35-37]. Similarly, nano-engineering can also
be a practicable approach to adjust the thermal transport
properties of the quaternary chalcogenides. In detail, the
nano-structuring can be implemented via both physical
and chemical ways. Ball milling (BM) and nano phase
segregation are physical methods to form nanostructure.
As for the chemical ways, colloidal synthesis and hot
injection synthesis have been implied in the quaternary

January 2020 | Vol.63 No. 1
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chalcogenides.

Homogeneous separation and nano-sized grain can be
obtained via BM, and thus this method has been widely
used in the TE area, e.g., SiGe and PbTe [22,37]. Tiwari et
al. [38] successfully synthesized the Cu,ZnSnSe, nano-
powder (5.9 nm) with the mechanical BM method and
the crystallite size still remained as nano-size (43.40 nm)
even after hot press. As presented in Fig. 6, with the
reduced lattice thermal conductivity, the total thermal
conductivity is only 1.13Wm 'K . Nano phase se-
paration (NPS) is another skillfully physical way to form
the nanostructure in the quaternary chalcogenides. Nano-
sized impurities can be formed via phase segregation at
higher Cu doping content in Cu,,,Zn,_ GeSe, system
[39]. Due to the chemical imbalance, 250 nm Cu, ,Se
grains are formed and mainly located at the grain
boundary, leading to a minimum lattice thermal con-
ductivity value of 0.6 Wm ' K ' at high temperature. In
conclusion, these two methods are simple and effective
strategies to decrease the thermal conductivity of qua-
ternary chalcogenides, but this effect is more significant at
high temperature.

The chemical approaches such as colloidal synthesis
and hot injection synthesis are induced to decrease the
thermal conductivity in the whole temperature range.
Ibanez et al. [40,41] synthesized the Cu,,,Cd,_,SnSe, and
Cu,,,Zn,_,GeSe, nanocrystals using the colloidal synth-
esis method. The reaction progress and the grain size can
be well controlled via adjusting the reaction conditions.
Especially for the Cu,,5Zn,g;GeSe; specimen, the low
total thermal conductivity 0.5 W m ' K ' is maintained
from 373 to 873 K as shown in Fig. 6a [41]. As part of the
total thermal conductivity, the lattice thermal con-
ductivity must be lower than 0.5 W m ' K . Hot injec-
tion synthesis is another chemical method to obtain nano
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powder of quaternary chalcogenides as Chen et al. re-
ported [42]. The Cu,ZnSnSe, nanocrystal which consists
with nano-particle via excessive Cu doping is obtained
using this method. Due to the increased boundary scat-
tering of phonons resulting from the nanocrystal, the
lattice  thermal conductivity is  decreased to
046 Wm 'K ' in Cu,,ZnySnSe,, and such low lattice
thermal conductivity is even smaller than that in the all-
scale-phonon-scattered PbTe materials [35,43]. Finally, a
high zT of 0.7 is achieved for Cu,,Zn;¢SnSe, as shown in
Fig. 6b. Generally, with the well purification and accurate
adjustment of experimental conditions, chemical ap-
proach is a convenient and fast way to obtain nano
powder of quaternary chalcogenides to further optimize
the thermal conductivity.

As mentioned above, alloying can not only adjust the
carrier concentration but also be commenly used in
quaternary chalcogenides to decrease the lattice thermal
conductivity. Besides, nano-structuring, a way widely
used in many TE material systems, can also play an im-
portant role in reducing the thermal conductivity. No
matter physical or chemical ways, nano-structuring is
proved as an effective way to furthur enhance the zT
(Fig. 6b) of the Cu,B"C' Se, system with the improved
electrical properties.

With the relatively low intrinsic thermal conductivity in
middle temperature range, Cu,B"C'"Se, group could be a
promising material exhibiting high TE performance.
Herein, the current research progress on CuzBHCIVSe4
alloys has been reviewed and the successful strategies for
optimizing TE performance have been focused. The car-
rier concentration can be adjusted via non-stoichiometry
method and cation doping. Along with the maintained S
through unity-x# law or anion doping, the electrical
properties of the Cu,B"C"Se, compounds could be well
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Figure 6 (a) The further reduced total thermal conductivity (solid) and lattice thermal conductivity (open) using physical methods [38,39] (solid
lines) and chemical methods [40-42] (dash lines). (b) The enhanced figure of merit through nano-structuring [38-42].
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optimized. The lattice thermal conductivity can be further
decreased using alloying, BM, nano phase separation,
colloidal synthesis and hot injection synthesis. Similar to
other TE materials, the synergistic effect of these methods
should be introduced to the quaternary chalcogenides. It
is believed that with the collective effect of these strate-
gies, the quaternary chalcogenides are promising robust
TE material system. Though the zT of Cu,B"C'"Se, has
been improved with doping and nano-structuring, new
concepts, mechanisms and techniques are still demanded
to further boost the TE performance of the quaternary
chalcogenides.
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