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Novel p-type thermoelectric materials Cu3MCh4
(M ¼ V, Nb, Ta; Ch ¼ Se, Te): high
band-degeneracy†
A. J. Hong,

a

C. L. Yuan,*a G. Gua and J.-M. Liu*bc

The good thermoelectric performance of some half-Heusler (HH) alloys has been stimulating substantial
eﬀorts in searching for more materials with similar crystal structures but better properties. In this work,
we predict a new class of thermoelectric materials Cu3MCh4 (M ¼ V, Nb, Ta; Ch ¼ Se, Te) with similar
lattice structures to HH alloys. The electronic and thermal transport properties of these materials are
quantitatively evaluated using ﬁrst-principles calculations in combination with the semi-classical
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transport theory. The largest ZT values at 1000 K for p-type Cu3MTe4 and Cu3MSe4 (M ¼ V, Nb, Ta) can
reach up to 2.06, 2.22, 2.36 and 1.91, 2.35 and 2.03, respectively. It is suggested that high banddegeneracy near the valence band edge is the main physical source for the predicted excellent
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thermoelectric performance. Simultaneously, a smaller eﬀective mass of holes than that of electrons also

rsc.li/materials-a

beneﬁts the enhanced thermoelectric properties of these p-type materials.

I.

Introduction

Along with the rapid development of the world economy and
growth of population, the consumption of coal, oil, and other
fossil fuels is growing, which can cause the depletion of these
energy sources substantially on one hand, and serious environmental pollution problems on the other hand.1–3 More worrying is
that local wars for competing energy sources are common. We
must search for alternative energy sources for overcoming energy
shortage.4–6 Thermoelectric (TE) devices have special functionalities in converting waste heat into electricity and vice versa,7–9
promisingly contributing to waste heat utilization and refrigeration engineering.10–12 Therefore, TE materials have been attracting
continuous attention in the past few years as well as superconducting materials and topological insulator materials.13–19
Technically, whether a TE material can be widely utilized in
electricity generation depends on the dimensionless gure of
merit (FOM) factor ZT which is dened by a relation ZT ¼ S2sT/
ktot,20,21 where S2s is called the power factor (PF), and S, s, T, and
ktot respectively are the TE power (also called the Seebeck coeﬃcient), electrical conductivity, absolute temperature, and total

thermal conductivity containing two contributions from the
charge carriers (ke) and phonons (kL). It is clear that a material
with favorable TE properties should simultaneously possess high
PF and low thermal conductivity.22–24 However, it is diﬃcult to
achieve the two targets simultaneously, as a result of the intrinsic
but complex contradiction between these parameters.25–27 From
the viewpoint of energy band engineering, the necessary condition for a high Seebeck coeﬃcient is that the top of the valence
band (VB) for p-type carriers or the bottom of the conduction band
(CB) for n-type carriers should be relatively at in the momentum
(k) space. On the contrary, a high electrical conductivity needs
a steep band edge. Thus, it becomes quite challenging to maximize both the Seebeck coeﬃcient and electrical conductivity if
a material only has one valence band maximum (VBM) and one
conduction band minimum (CBM), also called single-valley
semiconductors. However, it is noted that the degeneracy of
bands at the same VBM/CBM (called band convergence) or at the
diﬀerent VBMs/CBMs, as shown in Fig. 1(a) and (b), respectively,
has been believed to be able to overcome these diﬃculties. In this
case, a high Seebeck coeﬃcient can be maintained by the heavy
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Fig. 1 The band degeneracy at the same k-point (a) and at the
diﬀerent k-points (b).
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bands (blue lines) at the band edges, and relatively good electrical
conductivity can be obtained because the light bands (red lines)
are relatively steep in shape.
Realistic materials usually have more than one VBM/CBM, as
shown in Fig. 1(b), but the band degeneracy at diﬀerent VBMs/
CBMs rarely occurs in the strict sense since it is more than lucky
to meet a case where diﬀerent local VBMs/CBMs have the same
energy. Fortunately, practical TE materials are more or less
subjected to carrier doping or substitution, allowing a slight
adjustment of the Fermi level which could level up (Fermi level
Ef1) to cross the CBM or level down (Fermi level Ef2) to cross the
VBM, as shown in Fig. 1. Certainly, it is better if there are more
such crosses. Recently, it was indeed revealed that some materials have more than two local VBMs/CBMs, which are called
multi-energy valley (MEV) semiconductors. The physics can be
clearly illustrated in Fig. 1(b) as an example. The total number
of electron/hole pockets depends on the number of CBMs/VBMs
in the rst Brillouin zone and the location of the Fermi level.
More electron/hole pockets are favorable for achieving better TE
properties because more conductive carriers are allowed while
heavy bands maintain a high Seebeck coeﬃcient.
The above discussion provides a clue in the search for better
TE materials. The materials that have more MEVs and thus
higher band-degeneracy would have more electron/hole pockets
and thus should be highly considered. In fact, this argument is
not new and has been conrmed from many earlier experiences.
For example, p-type PbSe and PbTe have at least 12 hole pockets
and n-type CoSb3 skutterudites also have 12 electron
pockets.28,29 The half-Heusler (HH) compound NbFeSb has six
band degenerate states at the CBM (the X point) and ve additional equivalent points.30 For NbFeSb, one nds two-fold
degeneracy at the VBM, namely two energy bands converging at
the point L. Since the L point for each energy band has four
equivalent points in the rst Brillouin zone, the total degeneracy number of the VBs is eight.31 In this case, once the Fermi
level crosses the VBs, at least eight hole-pockets would be obtained. This compound illustrates as a good example how
a good TE material relies on the details of the electronic structure, and in particular how important a larger degeneracy
number near the Fermi level is appreciated.
As a general scenario, a material with a high-symmetry
crystal structure usually possesses high band-degeneracy, and
has a high melting point which is benecial to the application
of TE materials. Certainly, a TE material for practical applications can't be a pure compound but optimally doped semiconductors with the appropriate carrier densities. This requires
an easy regulation of the carrier density by doping. For example,
for HH alloys, half of the position (0.25, 0.25, 0.25) and its
equivalent sites in the crystal structures are lled by atoms and
the other half are vacancies, which is conducive to the introduction of exotic atoms for adjusting the carrier density. Along
this line, semiconductors Cu3MCh4 (M ¼ V, Nb, Ta; Ch ¼ Se, Te)
with a cubic crystal structure come to our attention. Their
electronic and phonon structures and TE properties will be
systematically studied using rst-principles calculations
combined with the semi-classical transport theory. We investigate their Fermi surfaces near the top of VBs and do identify
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high band-degeneracy. Consequently, it is predicted that the
largest ZT values at 1000 K for the p-type Cu3MTe4 and Cu3MSe4
(M ¼ V, Nb, Ta) can reach up to 2.06, 2.22, 2.36, 1.91, 2.35 and
2.03, respectively.

II.

Computational details

In this study, we use rst-principles calculations within the
density functional theory (DFT) framework which is implemented in the WIEN2k code and adopt the generalized gradient
approximation of Perdew–Burke–Ernzerhof (GGA-PBE) to optimize the crystal structure.32 In the calculations, the minimization of forces is set less than 1mRy/a.u. acting on each atom.
The muﬃn-tin radii of Cu and M atoms are set to 2.0 a.u., and
those of Ch atoms are set to 2.3 a.u. The plane-wave cut-oﬀ of
RMT$Kn ¼ 7.0 is used. For the calculations of the electronic
structure and elastic properties, a very dense k mesh is used in
order to acquire accurate results. It is noted that the normal
GGA method usually underestimates the band gap, and instead
the GGA modied by the Becke-Johnson (mBJ) is also implemented in calculating the electronic structure for comparison.33
The electrical transport properties are calculated using the
semi-classic Boltzmann transport theory. In this theoretical
framework, the calculation of the relaxation time is critical. In
our work, the deformation potential theory (DP) combining the
eﬀective mass approximation method is used to calculate the
relaxation time which is described by the equations:
s¼

m¼

mm
;
e

(1)

pﬃﬃﬃﬃﬃﬃ
2 2peħ4 cii
3ðkB TÞ3=2 m5=2 lb 2

;

(2)

where e is the unit charge, m is the carrier mobility, ћ and kB are
the Planck constant and the Boltzmann constant, cii is the
lattice elastic constant, lb is the DP constant, T is the absolute
temperature, and m is the eﬀective mass which can be calculated by the following equations:
X
mab dð3  3i;k Þ
m*ab ð3Þ ¼

i;k

X

dð3  3i;k Þ
(3)

i;k

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m3 ð3Þ ¼ 3 m*11 ð3Þ$m*22 ð3Þ$m*33 ð3Þ;

ða ¼ b ¼ 1; 2; 3Þ

m ¼ m3 ð3Þj3¼Eedge ;
where mab is the eﬀective mass tensor at the k point with the
band index i. It is seen here that the relaxation time is
T-dependent in our calculations.
For the calculation of the phonon spectrum, density functional perturbation theory (DFPT) calculations are performed in
the Phonopy code combined with the VASP package.34 In order
to obtain an accurate phonon spectrum, the 2  2  2 supercell
is used to calculate the real-space force constants, and a 7  7 
7 Monkhorst–Pack k-mesh in the rst Brillouin-zone and the
cutoﬀ energy 400 eV are set. More details about the calculations
were given in our previous studies.31,35
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Results and discussion
Electronic structures

Structurally, Cu3MCh4 compounds have a high-symmetry cubic
crystal structure as shown in Fig. 2 and belong to the #215 space
group. This structure is very similar to that of the HH alloy
NbFeSb which belongs to the #216 space group.31 For NbFeSb,
the Fe atoms ll the Wyckoﬀ position 4c, corresponding to the
fractional coordinates (0.25, 0.25, 0.25). For Cu3MCh4, the Ch
atoms ll the position (0.24, 0.24, 0.24) and its equivalent
positions, very close to NbFeSb. Aer suﬃcient optimization of
the lattice volume and atomic internal coordinates, the evaluated lattice constants of the six compounds are presented in
Table 1 where the measured data are also inserted for the
purpose of comparison. It is indicated that the calculated values
are in good agreement with measured ones, and the diﬀerence
between them is within the acceptable range. The diﬀerences in
the calculated lattice parameters between compounds Cu3TaCh4 and Cu3NbCh4 are 0.01 Å, smaller than those between
compounds Cu3VCh4 and Cu3NbCh4, which is largely due to
nearly the same ionic radii of Nb and Ta.
The band structures and corresponding total and partial
density of states (DOS and PDOS) of these compounds are
evaluated. For a clearer presentation, we choose Cu3MTe4 as
a representative example and the results on other systems are
qualitatively similar. The DOS and PDOS for Cu3MTe4 are presented in Fig. 3, and the data for Cu3MSe4 are given in Fig. S1 of
the ESI.† In our calculations, the GGA-mBJ method, comparable
with the very expensive GW calculations, is used to compute the
bandgaps in order to avoid underestimating the gaps. Indeed,
the bandgaps calculated using the GGA-mBJ method are
signicantly larger than those calculated using the normal GGA
method (see Table 1). Among Cu3VCh4, Cu3SbCh4, and Cu3TaCh4 (Ch ¼ Te, Se), Cu3TaCh4 has the largest bandgap and
Cu3VCh4 has the smallest one. In contrast, the bandgap of
Cu3MTe4 is smaller than that of Cu3MSe4 although they have
identical M atoms. A straightforward understanding is that the
Se atom with respect to the Te atom has large electronegativity,
favoring strong ionic bonding with other atoms and thus strong
electron localization. For the DOS contributions near the CBM
and VBM, it is found that the electronic structure near the CBM
is mainly determined by the M atoms, as shown in Fig. 3(b), (d)
and (f). The electronic states near the VBM are mainly attributed
to Cu and Te atoms and the contributions of the M atoms are

Fig. 2 Schematic drawing of the lattice structures of compounds
Cu3MCh4 (a) and NbFeSb (b).

This journal is © The Royal Society of Chemistry 2017

Table 1 Calculated (cal.) and measured (exp.) lattice constant a of
compounds Cu3MCh4 (M ¼ V, Nb, Ta; Ch ¼ Se, Te), and bandgaps
obtained using GGA-PBE and GGA-mBJ

a (Å)

Bandgap (eV)

Compounds

(cal.)

(exp.)

(PBE)

(mBJ)

Cu3VTe4
Cu3NbTe4
Cu3TaTe4
Cu3VSe4
Cu3NbSe4
Cu3TaSe4

5.95
6.00
6.01
5.65
5.73
5.74

—
5.92 (ref. 36)
5.93 (ref. 37)
5.57 (ref. 38)
5.65 (ref. 38)
5.67 (ref. 37)

0.592
0.976
1.171
0.829
1.376
1.611

0.769
1.086
1.323
1.061
1.520
1.828

Fig. 3 The calculated band structures of Cu3VTe4 (a), Cu3NbTe4 (c),
and Cu3TaTe4 (e) without SOC, and Cu3TaTe4 (g) with SOC, as well as
the calculated total and partial DOS data of Cu3VTe4 (b), Cu3NbTe4 (d),
and Cu3TaTe4 (f) without SOC, and Cu3TaTe4 (g) with SOC.

nearly negligible, while the Ch and Cu atoms have almost the
same contribution, as shown in Fig. 3(b), (d) and (f) too.
Our major concern is about the band degeneracy of the
electronic structure of these compounds. Again, one takes
Cu3MTe4 as an example for illustration and the others show
similar characters. We see the two-fold degeneracy of the CBs
and three-fold degeneracy of the VBs at the G point. The twofold degeneracy includes two CBs (labeled as #65 and #66), and
the three-fold degeneracy includes #62, #63, and #64 VBs.
Another three-fold degeneracy containing the #62, #63 and #64
VBs occurs at the R point (VBM), and they overlap near the G and
R points. In particular, the #63 and #64 VBs overlap along the
high symmetry points. This band-overlap especially at the
CBM/VBM benets the TE performance a lot, because it
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contains both the heavy bands and light bands, as discussed
earlier.
It is known that the spin–orbit coupling (SOC) eﬀect in
materials containing heavy elements (such as the sixth period
elements) is no longer negligible. This eﬀect could be signicant too in two-dimensional materials, which may induce band
inversion and band splitting. However, the calculations
including the SOC usually require a huge amount of computing
resources, and much more would be required in the mBJ if the
SOC is included. In order to evaluate how important the SOC
eﬀect on energy bands in the compounds is and save computational resources, our strategy is to choose one member of the
compound family here, and this member may exhibit the
strongest SOC eﬀect on the band structure. Here, we choose the
compound Cu3TaTe4 which contains heavy elements Te and Ta.
The calculated band structures, and total and partial DOS
including SOC, are shown in Fig. 3(g) and (h). It is seen that the
SOC leads to band splitting occurring at many k points, as
shown in Fig. 3(g). However, the bandgap and the shape of the
VBM and CBM show only a weak response to the SOC. The
calculated bandgap is 1.294 eV if the SOC is considered, slightly
smaller than 1.323 eV if the SOC is excluded. The eﬀective
masses are 0.32 me and 2.05 me at the VBM and CBM, which are
only slightly diﬀerent from those without the SOC. It is known
that the TE properties are mainly decided by the bandgap and
the eﬀective masses at the VBM and CBM. Our results on the
SOC eﬀect in Cu3TaTe4 suggest that the SOC eﬀect on our
compound family Cu3MCh4 should be weak if any, in terms of
its inuence on the TE properties.
It is known that the TE properties of a compound depend
also on the carrier type. The p-type Cu3MTe4 shows high banddegeneracy at the VBM, possibly allowing good TE properties.
To check this prediction, one may discuss in detail the Fermi
surfaces, and here we focus on the p-type Cu3VTe4. The Fermi
surfaces for the #62, #63, and #64 VBs are calculated and plotted
in Fig. 4. The light-blue shaded area represents the rst Brillouin zone and the G point is set to the zone center. The Fermi
surfaces for the VBs are composed of eight identical surface
sections located near the vertices (R point and its seven equivalent points) of the reciprocal cell. The shape of the Fermi
surface for the #64 VB is almost a sphere. The Fermi surface for
the #63 VB looks like a pseudo cube but there is an arch-like

Fig. 4 Fermi surfaces at the energy level of 0.136 eV below the VBM
for the VBs #64, #63 and #62.
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feature on each face of the pseudo cube, and it is noted that the
reciprocal a*, b*, c* axes along the three central axes of the
pseudo cube pass through these arch faces respectively. Very
diﬀerent from the 63 VB, the #62 VB has a polyhedron-like
Fermi surface composed of three ellipsoids perpendicular to
each other. The a*-, b*-, and c*-axes align along the major axes
of three ellipsoids in the polyhedron.
Now we discuss the eﬀect of these Fermi surfaces on the TE
properties. The electrical transport is mainly determined by the
electronic structure near the VBMs and CBMs whereas the
Fermi level is inside the bandgap. Since the three VBs, #62, #63,
and #64, have very diﬀerent Fermi surface geometries, the
eﬀective masses are diﬀerent. The spherical Fermi surface for
the #64 VB is trivial and the eﬀective mass is spatially isotropic
and also small. For the #63 VB, the shapes near the intersection
points with the reciprocal axes exhibit big curvatures, leading to
relatively large eﬀective masses. For the #62 VB the Fermi
surface local geometry shows the biggest curvatures along the
main axes, and thus the largest eﬀective masses. Given the
identication of heavy and light bands as well as the relationships of the eﬀective mass against the electrical conductivity
and Seebeck coeﬃcient mentioned above, the electrical
conductivity can be remarkably enhanced due to the small
eﬀective mass associated with the light bands, while the Seebeck coeﬃcient can be high too due to the big curvature of the
heavy bands.

B.

Phonon structures

A suitable phononic structure is also critical for optimizing the
TE properties of a compound. Our calculations show that these
compounds have qualitatively similar phononic structures and
we tentatively choose Cu3VTe4 as an example for details. The
unit cell of Cu3MCh4 has eight atoms made up of three Cu
atoms, one M atom, and four Ch atoms. Therefore, Cu3MCh4
has in total 24 phononic branches, as shown in Fig. 5 and S2 of
the ESI,† which consist of 21 optical branches and 3 acoustic
branches. It is noted that the long-wavelength acoustic
branches must converge at the G point and the two transverse
acoustic (TA) branches overlap over almost the whole region.
Also, we nd that one TA branch deviates from the other one
along the Z–M–S direction and overlaps with the longitudinal
acoustic (LA) branches. As is known, the phonon bandgap is
conducive to reduce phonon scattering. In particular, the
bandgap between the acoustic branch and optical branch is
harmful to obtain a low lattice thermal conductivity. Fortunately, there are many overlaps along the high symmetry lines
between the acoustic branch and optical branch. Simultaneously, here the phonon energy of the acoustic branches is not
high. The highest frequency of the acoustic branches is 1.7
THz, much lower than 5.6 THz of HH NbFeSb. Since the lattice
thermal conductivity is mainly attributed to the vibration of
acoustic branches, the low phonon energy for these acoustic
branches suggests that phonons carry low energy during the
heat transport, favorable for a low lattice thermal conductivity.
The calculated total and partial phonon DOS of the Cu3VTe4
and Cu3VSe4 are plotted in Fig. 5(b), (d) and (f), as well as in

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The calculated phonon spectra of Cu3VTe4 (a), Cu3NbTe4 (c),
and Cu3TaTe4 (e), and the calculated total and partial phonon DOS
data of Cu3VTe4 (b), Cu3NbTe4 (d), and Cu3TaTe4 (f).

Fig. S2(b), (d) and (f) in the ESI.† It is clear that the vibrations of
the Ch atoms are the main source of low-frequency acoustic
branches and those of the M atoms are fairly weak. This
suggests that an appropriate doping at the Ch-site would be
eﬀective in reducing the lattice thermal conductivity.

C.

Elastic properties and electrical transport

Besides the electronic and phononic structures, the elastic
property of a material is also one of the ingredients for determining the carrier and phonon transport. The carrier mobility
is directly related to the principal elastic coeﬃcients cii,
according to the deformation potential theory (DP). The Debye
temperature QD and Grüneisen parameter g related to the bulk
modulus B and shear modulus G also have crucial inuence on
lattice thermal conductivity kL. Compounds Cu3MCh4, which
have the cubic crystal structure, possess three independent
elastic coeﬃcients (c11, c12 and c14). The calculated elastic
parameters for the six materials are summarized in Table 2. It is
clear that the elastic coeﬃcients cii are larger than cij, and

correspondingly, the bulk modulus B is larger than the shear
modulus G for all the materials, indicating that the G/B ratios
are smaller than unity and the materials are not very fragile.
This is favorable in terms of TE performance. Poisson's ratios n
for these materials are also listed in Table 2. All these values are
low and not very diﬀerent, suggesting that the materials have
small deformation perpendicular to the stretching/compression
direction. The B and G values are quite smaller than B ¼ 163.62
GPa and G ¼ 63.04 GPa of the HH NbFeSb alloy,31 implying that
the Cu3MCh4 would have lower QD but high melting points.
Furthermore, a set of relevant parameters for evaluating the
TE properties, i.e. the DP constant g, eﬀective mass m, mobility
m, and relaxation time s at temperature T ¼ 300 K for the n-type
and p-type Cu3MCh4, are calculated and summarized in Table 3.
It is noted that the DP constants of the VBM/CBM are calculated
using the average electrostatic potential in the plane which
contains the Cu site and is perpendicular to the tensile direction
as the reference energy levels.39 All the l values are not quite
diﬀerent from each other and smaller than that of the HH
FeNbSb alloy. A small l implies a weak electron–phonon
interaction that benets the high electrical conductivity.
Another physical parameter which has an important inuence
on the electrical transport is the eﬀective mass of the VBM/
CBM. Generally, the eﬀective mass mp of the holes for most
semiconductors is higher than the eﬀective mass mn of the
electrons. The calculated eﬀective mass mp of holes for
compounds Cu3MCh4 is smaller than the eﬀective mass mn of
electrons. The compound Cu3VSe4 has its electron eﬀective
mass mn  3.47me, which is 6.5 times heavier than mp
0.46me, where me is the electron mass. This unusual fact is
due to the strong Cu-3d and Se-4p hybridization. As is known,
one closed shell is composed of 3d10 electrons in the Cu cation
and can strongly hybridize with chalcogen p electrons, which
lowers the chalcogen character and leads to the wide dispersion
of the valence band with small eﬀective mass.40 Reasonably, the
diﬀerence in eﬀective mass between the p-type and n-type
carriers will lead to a big diﬀerence in mobility. This is the
reason why all the mobility values for the p-type Cu3MTe4 and
The calculated DP constant l (in units of eV), eﬀective mass m
(in units of me), mobility m (in units of cm2 V1 s1), and relaxation time s
(in units of fs) at T ¼ 300 K for the n-type and p-type Cu3MCh4 (M ¼ V,
Nb, Ta; Ch ¼ Se, Te), respectively. me is the mass of an electron
Table 3

Compounds

l

m

m

s

9.99
10.08
10.09
9.44
9.40
9.40

0.34
0.35
0.34
0.46
0.41
0.51

550.3
526.7
580.4
343.5
473.0
283.3

106.5
104.9
112.3
89.9
110.4
82.2

10.11
10.06
9.92
10.14
9.02

1.96
1.89
2.03
3.47
1.58

6.7
7.8
6.9
1.9
17.6

7.5
8.4
7.9
3.7
15.8

Compounds

c11

c12

c44

B

G

n

p-type
Cu3VTe4
Cu3NbTe4
Cu3TaTe4
Cu3VSe4
Cu3NbSe4
Cu3TaSe4

Cu3VTe4
Cu3NbTe4
Cu3TaTe4
Cu3VSe4
Cu3NbSe4
Cu3TaSe4

86.59
94.26
93.81
109.52
116.31
116.44

47.35
47.84
50.82
52.83
52.25
55.89

53.42
52.50
53.69
57.80
53.45
54.87

60.43
63.31
65.15
71.73
73.60
76.08

35.76
37.83
37.19
43.42
43.52
43.22

0.25
0.25
0.26
0.24
0.25
0.26

n-type
Cu3VTe4
Cu3NbTe4
Cu3TaTe4
Cu3VSe4
Cu3NbSe4

The calculated elastic constants c11, c12, and c44, bulk
modulus B and shear modulus G (in units of GPa), as well as Poisson's
ratio n of Cu3MCh4 (M ¼ V, Nb, Ta; Ch ¼ Se, Te)
Table 2

This journal is © The Royal Society of Chemistry 2017
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Cu3MSe4 are two orders of magnitude larger than that for the ntype compounds. The calculated relaxation time for the p-type
Cu3MTe4 and Cu3MSe4 at 300 K is 100 fs which is larger than
that of typical semiconductors (10 fs). This is mainly due to
the eﬀects from grain boundaries, impurities, etc. on the
relaxation time which are neglected in our calculations, but
these eﬀects could be signicant in realistic polycrystalline
materials.
Given the values of all these parameters, the TE properties,
including S, s, PF, and ke for the p-type and n-type Cu3MCh4 at T
¼ 300 K and carrier density n ¼ 1020 cm3 can be calculated and
the data are given in Table 4. All the |S| values for the n-type are
larger than those for the p-type but the s values for the n-type
are smaller than those for the p-type. The PF values for the ntype are very low, and especially the PF values of Cu3NbTe4,
Cu3TaTe4, and Cu3NbSe4 are lower than 1.0 mW m1 K2. Such
a low PF is not preferred for practical applications. Fortunately,
the PF for the p-type is higher than 10, yet lower than that of HH
NbFeSb alloys. The advantage lies in that these compounds
have low ke with respect to HH NbFeSb.
D.

Lattice thermal transport and TE performance

The calculated QD, g, and kL at T ¼ 300 K and 1000 K are listed
in Table 5. A high QD and a large g separately describe big
binding forces between atoms and weak anharmonic vibrations. A low lattice thermal conductivity requires a low QD and
a large g. However, the evaluated g values for the six
compounds are yet lower than 2.0, suggesting that they have
weak anharmonic vibrations, unfavorable for obtaining a low
kL. Fortunately, these Cu3MCh4 compounds have suﬃciently
low QD and the unit cell has a higher atom number than that of
the compound NbFeSb and thus possesses lower kL. For
example, the kL of Cu3VTe4 is slightly higher than 6.0 W K1 m2
at 300 K, and for the other ve materials it is lower than 6.0 W
K1 m2 which is about a third of 18.0 W K1 m2 for the HH
alloy NbFeSb.26 The diﬀerence in kL between Cu3NbTe4 and
Cu3TaTe4 is small, while that between Cu3VTe4 and Cu3NbTe4

Table 5 The calculated Debye temperature QD (in units of K), lattice
thermal conductivity kL (in units of W K1 m2) at 300 K and 1000 K, and
Grüneisen parameter g for Cu3VTe4 (M ¼ V, Nb, Ta; Ch ¼ Se, Te),
respectively

kL

QD
Compounds

300 K

1000 K

g

300 K

1000 K

Cu3VTe4
Cu3NbTe4
Cu3TaTe4
Cu3VSe4
Cu3NbSe4
Cu3TaSe4

291
269
252
345
315
298

301
280
262
356
326
308

1.71
1.70
1.62
1.70
1.71
1.69

6.03
5.10
5.18
7.18
5.89
5.84

1.99
1.71
1.73
2.36
1.94
1.92

is relatively large. The close correlation of kL with the lattice
parameter is demonstrated in this work.
Finally, we come to evaluate the TE properties of these
compounds under the optimized conditions. Usually, optimized properties such as the largest ZT values are obtained via
carrier doping, microstructuring, and so on. Adjusting the
carrier density is a convenient and eﬀective method to enhance
the PF and ZT, and the carrier density n is used as a variable for
an experimental approach. We calculate these TE properties
including ZT and PF as a function of T and n over a suﬃciently
broad (n, T) region, as plotted in Fig. 6 and S3.† Bright and dark
areas separately represent the large and small ZT regions. It is
clear that the p-type Cu3TaTe4 has the best TE performance in
terms of ZT and the bright area is big, suggesting that this
compound, upon appropriate carrier doping, can be utilized

The calculated S (in units of mV K1), s (in units of 105 S m1),
PF (in units of mW m1 K2), and ke (in units of W K1 m2) separately for
the n-type and p-type Cu3MCh4 (M ¼ V, Nb, Ta; Ch ¼ Se, Te)
Table 4

Compounds

S

s

PF

ke

p-type
Cu3VTe4
Cu3NbTe4
Cu3TaTe4
Cu3VSe4
Cu3NbSe4
Cu3TaSe4

172
166
167
213
211
211

4.46
4.22
4.45
2.75
3.12
2.31

13.32
11.68
12.53
12.61
14.00
10.37

2.73
2.55
2.71
1.62
1.85
1.37

n-type
Cu3VTe4
Cu3NbTe4
Cu3TaTe4
Cu3VSe4
Cu3NbSe4
Cu3TaSe4

336
221
216
322
231
228

92.94
1.99
2.02
33.43
3.31
4.47

1.05
0.97
0.94
0.34
1.77
2.32

0.04
0.11
0.11
0.01
0.18
0.25
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Fig. 6 The T- and n-dependences of ZT values for the p-type
Cu3VTe4 (a), Cu3NbTe4 (c), Cu3NbTe4 (e), and for the n-type Cu3VTe4
(b), Cu3NbTe4 (d), Cu3NbTe4 (f).
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over a broad (T, n) region. All the values of the ZTs for the n-type
Cu3MTe4 are lower than unity, which implies that they are not
good TE materials.
We extract the optimal carrier densities nopt and corresponding ZT values at 300 K and 1000 K from Fig. 6 and S3
(ESI†) and the data are summarized in Table 6. It is clear that
the largest ZT values of the p-type Cu3MTe4 (M ¼ V, Nb, Ta) at
1000 K respectively achieve 2.06, 2.22, and 2.36, which are
obviously larger than corresponding values for the n-type
compounds. It is noted that the ZT values of neither n-type nor
p-type compounds at 300 K are larger than unity, implying that
they are not suitable for applications at room temperature. All
the nopt values at 1000 K for the p-type compounds are on the
order of magnitude of 1020 cm3, which are higher than those
for the n-type compounds at 300 K. In general, each of six
materials has higher nopt for the n-type compounds than that
for the p-type ones at the same temperature.
Last but not least, it should be mentioned that the
compounds addressed in this work usually have relatively large
bandgaps, and this character should be discussed. It is noted
that an appropriate bandgap, neither very large nor too narrow,
is important for enhanced performance of a thermoelectric
material. A small bandgap can lead to a strong bipolar eﬀect
which is detrimental to thermoelectric properties. A large
bandgap is harmful to suﬃcient conductivity due to the low
carrier density, although materials with large bandgaps usually
have larger ZT values, given the optimal carrier density,
according to previous theoretical calculations. This inspires us
to investigate candidate materials with relatively large intrinsic
bandgaps (without any doping). One may be able to arrange
appropriate carrier doping of these materials in order to optimize the TE properties, in particular the ZT values. Surely, such
a doping trial could be critical and an inappropriate doping may

Table 6 The calculated ZT values and corresponding optimal carrier
densities nopt (in units of 1019 cm3 for p-type at 300 K and 1020 cm3
for the others) at 300 K and 1000 K for Cu3MCh4 (M ¼ V, Nb, Ta; Ch ¼
Se, Te)

300 K

1000 K

Compounds

ZT

nopt

ZT

p-type
Cu3VTe4
Cu3NbTe4
Cu3TaTe4
Cu3VSe4
Cu3NbSe4
Cu3TaSe4

0.46
0.48
0.50
0.43
0.54
0.43

6.91
6.30
6.32
12.02
10.96
12.03

2.06
2.22
2.36
1.91
2.35
2.03

1.90
1.73
1.91
3.02
3.31
4.36

n-type
Cu3VTe4
Cu3NbTe4
Cu3TaTe4
Cu3VSe4
Cu3NbSe4
Cu3TaSe4

0.09
0.06
0.06
0.02
0.10
0.12

9.12
2.75
2.29
8.31
2.51
2.29

0.39
0.32
0.31
0.09
0.41
0.63

27.54
8.31
7.58
30.20
6.91
6.91
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nopt

over-reduce the bandgap and damage the TE properties. So
a general strategy along this line is highly favorable but also
challenging.

IV. Summary
In summary, in the light of highly favorable benets of high
band-degeneracy to the TE performance, we have predicted
a class of copper-based TE compounds Cu3MCh4 (M ¼ V, Nb,
Ta; Ch ¼ Se, Te) with a cubic crystal structure. The calculations
suggest that their largest ZT values at 1000 K for the p-type
Cu3MTe4 and Cu3MSe4 (M ¼ V, Nb, Ta) can reach up to 2.06,
2.22, 2.36, 1.91, 2.35 and 2.03, respectively. It is revealed that the
high band-degeneracy at the VBM and light eﬀective mass for
holes are the main physical reasons for the large ZT values of
the p-type Cu3MTe4 and Cu3MSe4 (M ¼ V, Nb, Ta). The low QD
and big atomic number in the unit cell are important reasons,
also. However, the heavy eﬀective mass of electrons may lead to
relatively small ZT values for the p-type systems. In this work,
the phonon and electronic structures are studied in detail and
all the TE parameters have been calculated using rst-principles
calculations combined with the semi-classical transport theory.
Based on the calculations, we obtain the optimal carrier
densities for the six compounds and it is suggested that doping
at the Ch-site may reduce the lattice thermal conductivity,
which are valuable for practical applications.
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