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ARTICLE INFO ABSTRACT

Copper selenide (Cu,Se) is a simple binary compound which exhibits very fascinating thermoelectric properties,
due to which it has been widely studied till very recently. This work highlights that the doping in Cu,Se only
affect the electronic transport while the thermal transport is not significantly influenced due to the liquid like
dynamics of the Cu ions in the lattice that results in significant thermal instabilities to an extent that the effect of
doping is negligible. Our experiments show that an enhanced ZT ~1.6 at 860K was achieved in Mg-doped
Cu,Se, synthesized employing a facile single-step reactive spark plasma sintering technique, which is both fast
and scalable. The experimental results indicate that Mg-doping in Cu,Se leads to a significant enhancement in its
electrical conductivity, which is primarily responsible for the significant improvement in the ZT. However, the
lattice thermal conductivity was found to remain relatively unchanged, irrespective of the Mg-doping con-
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centration, which is also in agreement with our DFT calculations.

1. Introduction

The deployment of thermoelectric generators (TEG) [1], which are
able to convert a temperature gradient into an electric voltage using the
Seebeck effect, are being seriously considered as an alternative to other
existing sources of green energy. The efficiency of a thermoelectric
material is related to its figure-of-merit [2,3] ZT = S? oT/x, where S is
the Seebeck coefficient, o the electrical conductivity, T is absolute
temperature and k ( = k., + ;) the thermal conductivity, which has
contributions from both the electronic (x,) and phononic (x;) parts. It is
apparent that in order to increase the thermoelectric efficiency, the ZT
has to be enhanced, which is purely a material dependent property.
However, ZT cannot be maximized by separately optimizing the in-
dividual thermal and electrical transport coefficients, since they subtly
depend on each other [1,4]. Among the several strategies adopted thus
far, doping has been reported to be the most facile and effective in
enhancing the ZT of thermoelectric materials [5-7].

Binary Cu,Se has drawn considerable attention in the recent years

as a promising thermoelectric material due to its reportedly high
thermoelectric performance [8-17]. CusSe exists in two phases: a stable
low-temperature a-phase that transforms to the high-temperature (-
phase at ~140 °C. While the a-phase has not still been fully understood
as different groups have reported different structure at room tempera-
ture. A tetragonal structure was reported by Borchert [18], while Ste-
vels [19] and Jellinek proposed an orthorhombic structure, Murray and
Heyding revised the structure to monoclinic [20]. Later, using electron
diffraction, Vucik and group suggested another monoclinic structure
[21]. Further, Gulay et al. has also reported the monoclinic phase at
room temperature [22], which was also endorsed by Liu et al. [9] and
Yu et al. [10]. On the other hand, the crystal structure of 3-phase has
been determined to be cubic that crystallizes in Fm-3m space group
[9,10,12,22]. In the B-Cu,Se structure, Se atoms form a fcc-framework,
while the Cu™ ions are highly mobile that exhibit a liquid-like beha-
viour with a reduced phonon mean free path [9,23,24], which results in
a low lattice thermal conductivity. Bulk Cu,Se is an intrinsically a p-
type semiconductor and has been reported to exhibit a ZT ~1.5at
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Fig. 1. Electronic band structure and Density of states of pristine cubic Cu,Se
calculated using GGA PBE.

1000 K [9], which was further enhanced to 1.9 on Te doping [16] and
further shown to increase ~ 2.1 on nanostructuring [13]. Recently, a ZT
value ~1.8 at 1000 K has been realized in pristine Cu,Se synthesized
employing a novel process of self-propagating high-temperature
synthesis [15]. Also, Liu et al. [12] have reported a high ZT ~ 2.3 in
Cu,Se with I-doping, but this high thermoelectric performance was
observed at its phase transition temperature. Zhong et al. have created
highly aligned large lamellae in bulk Cuj.g4Algg2Se using the direct-
current hot pressing process, which although results in large peak ZT
value but the obtained variation in ZT value indicated that the re-
producibility of the ZT value among the as-prepared 50 samples is not
good [25]. It has been established that despite its good thermoelectric
performance [13], Cu,Se is not a practical material for TEG applications
owing to its serious issues related to Se evaporation and electro-mi-
gration of Cu ions [13,17,26], although recently it has also been re-
ported that optimized doping and proper working conditions does im-
prove its thermal stability [14,27,28]. Nevertheless, the premise of the
current study is only to highlight strategies that can be adapted to select
suitable dopant and enhance thermoelectric properties of Cu,Se.

This work highlights the enhancement in the thermoelectric per-
formance of Cu,Se by employing Mg doping. An enhanced ZT ~1.6 at
860K was realized in 1at.% Mg-doped Cu,Se, synthesized by em-
ploying a rapid single-step reactive spark plasma sintering technique. It
was experimentally observed that although the electronic transport
coefficients of Cu,Se show a strong dependence on Mg-doping, the
lattice thermal conductivity exhibits a rather weak dependence on the
doping concentration. This has also been substantiated by our first-
principles based DFT calculations, which show that the lattice thermal
conductivity barely changes as a function of doping suggesting that
liquid like behaviour of the Cu ions in Cu,Se strongly dominates the
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phonon dynamics to an extent that doping-induced changes in the
scattering lifetime of phonons are hardly noticeable.

2. Material and methods

Cu,,Mg,Se (x = 0 to 0.04) samples were synthesized by rapid one-
step process of reactive sintering which lasted for a few minutes. The
powders of the constituent elements were blended in a stoichiometric
ratio and were subsequently consolidated and sintered under vacuum
(~4 Pa) using spark plasma sintering (SPS Syntex, 725) at an optimized
process parameters 60 MPa at 600 °C using graphite die and punches.
Powder X Ray diffraction (Rigaku, 30kV and 15mA) was used for
phase determination. Field Emission Scanning Electron Microscope
(FESEM, Zeiss, Supra 40VP) and energy-dispersive x-ray spectroscopy
were utilized to study the Morphology and elemental distribution of
sintered samples. The polished sample disc of diameter 12.7 mm and
thickness 2.5mm was used for measurement of thermal diffusivity
using the laser flash system (Linseis, LFA 1000). Electrical conductivity
and Seebeck coefficient were measured simultaneously by using in-
strument Ulvac, ZEM 3 and the specific heat measurement was carried
out by DSC (Netzsch, DSC 404 F3). Archimedes principle was employed
to calculate the density of all the samples. Thermal conductivity was
calculated as the product of thermal diffusivity, specific heat and the
density. The accuracies for all the electrical and thermal transport
measurements have been reported elsewhere [29]. In order to evaluate
the carrier concentration and the mobility of charge carriers, the Hall
measurements (HEMS, Nanomagnetics) were performed at room tem-
perature.

2.1. Computational details

The DFT calculations [30,31] were performed using VASP [32],
which is a plane wave based electronic structure code. We have used
the generalized gradient approximation (GGA) as incorporated in the
Purdue Burke Ernzerhof (PBE) exchange correlation functional [33] to
perform all the theoretical calculations. In all the cases the atomic as
well as geometric relaxations are executed using conjugate gradient
method. All numerical settings are chosen so as to ensure a convergence
in energy differences of less than 10~ *eV. The finite displacement
method implemented in phonopy was used to calculate the phonon
dispersion and the phonon DOS from the harmonic approximation
[34,35]. The phonon scattering lifetimes and, therefore, the lattice
thermal conductivity were directly evaluated from the third order force
constants by using phono3py [36]. The DFT calculations were per-
formed with the high temperature cubic anti-fluorite structure of f-
CuySe. In order to achieve the doping for the phonon calculations, we
have substituted one of the 64 Cu atoms by Mg in 2 X 2 x 2 cell of p-
Cu,Se, which led to a doping of 1.5at. %. Please note that for the
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Fig. 2. (a) X-Ray Diffraction patterns of Cu,.,MgySe samples and (b) Variation of lattice parameter of Cu,Se with Mg-doping concentration.
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Fig. 3. Rietveld refined X-Ray diffraction patterns of Cu,,Mg,Se samples.
Table 1
Crystallographic Details from Rietveld Refinement of Cu, ,Mg,Se samples.
Parameters Cu,Se Cuy.99Mgo.015e Cuy.9gMgo.025€e Cuy.97Mgo.035€ Cuy.96Mgo.045€
Phase Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
a 7.13 7.14 7.19 7.20 7.27
b 12.43 12.46 12.51 12.56 12.45
c 27.41 27.48 27.58 27.77 27.45
a=y 90 90 90 90 90
B 93.90 94.10 94.03 94.12 94.56
x> 1.37 1.68 1.74 2.0 2.49
Rg 1.12 1.12 2.43 0.72 0.77
Rragg 0.88 0.90 1.39 0.69 0.79

phonon calculations we achieve the doping in such as a way that we can
draw meaningful analogies with the experimental results.

3. Results and discussions

Our electronic band structure calculation based on GGA shows a
semi-metallic band structure of B-Cu,Se with the valence and conduc-
tion band meeting at the T' [Fig. 1(a)], which is in agreement with the
previous theoretical reports [37,38]. Please note that LDA/GGA based
DFT calculations commonly underestimate the experimental electronic
band gap. Particularly, in case of (3-Cu,Se opening the electronic band

gap is found to be a very challenging problem under the framework of
DFT (Fig. 1). For serving this purpose, we have also tested scissor op-
erators and computationally more involved HSE06/Scissor operators,
which have also failed to reproduce the experimental electronic band
gap in this compound.

Fig. 2 (a), which shows the XRD patterns of the synthesized pristine
and Mg-doped Cu,Se, confirmed the formation of a single phase. To
analyse the phase and the crystallographic structure of Cu,Se and Mg
doped Cu,Se samples we have performed Rietveld refinement of XRD
data by using Fullprof software. All the samples exhibit monoclinic
crystal structure at room temperature and the space group is C 2/c (15)
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Fig. 4. Elemental distribution and weight% of constituent elements of (a) Cu,Se, (b) Mg doped Cu,Se.
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Fig. 5. Temperature dependence of the electrical transport properties of Cu,.,Mg,Se (a) Seebeck coefficient, (b) electrical resistivity, (c) carrier concentration and
charge mobility of Cu, ,Mg,Se samples at room temperature with respect to doping concentration of Mg, (d) power factor.

and the crystal structure is in agreement with that reported by Gulay
et al. [22]. The refined pattern as well as the parameters also confirms
the purity of Cu,Se single phase and express that the fitted and the
experimental XRD patterns are in good agreement. The lattice para-
meter, evaluated from the XRD data, shows a linear increase with Mg-
doping concentration (Fig. 2(b)), in accordance with the Vegard's law
due to larger atomic radius of Mg (173 pm) as compared to Cu (128pm),
thus suggesting the complete incorporation of the dopant in the Cu,Se.
The Rietveld refined XRD patterns are shown in Fig. 3 and the crys-
tallographic parameters for all the synthesized samples are shown in
Table 1. Fig. 4 shows the Energy-dispersive spectroscopy (EDS) results

of the pristine and Mg-doped Cu,Se samples, which indicates that the
chemical composition of the synthesized samples is near to their ori-
ginal stoichiometry. It is also clear from the figure that elemental dis-
tribution is uniform throughout the sample ensuring the homogeneity
of both the samples.

Temperature dependent electronic transport properties of the pris-
tine and Mg-doped Cu,Se samples are displayed in Fig. 5, which con-
firms a prominent phase transition from o to 3 phase of Cu,Se at
~415K [9,13]. The temperature dependence of the Seebeck coefficient
for the pristine and Mg doped Cu,Se samples is shown in Fig. 5(a) and
its positive sign suggests that holes are the majority charge carriers
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pristine Cu,Se and (b) Mg doped Cu,Se plotted as a function of temperature T
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indicating p-type behaviour in all the samples. The 3-phase of pristine
and Mg-doped Cu,Se shows a near-linear temperature dependence of
the Seebeck coefficient, especially for the doped samples. The Seebeck
coefficient of Mg-doped Cu,Se is decreasing with increasing the doping
concentration of Mg. A similar near-linear increase is observed in the
temperature dependence of the electrical resistivity for -phase of
pristine and Mg-doped Cu,Se samples (Fig. 5(b)), which suggests be-
haviour akin to degenerate semiconductors. Also, a general decrease in

Seebeck coefficient is observed with increase in doping concentration of
Mg, which may be attributed to the increase in carrier density with
increasing Mg doping-concentration.

Fig. 5 (c), which shows the dependence in the electrical parameters
of synthesized Cu,Se as a function of the Mg doping (evaluated from the
room temperature Hall measurements), suggests that although the
carrier concentration increases with doping concentration, the mobility
shows a corresponding decrease. This figure clearly explains the ex-
perimentally observed dependences of both the electrical conductivity
as well as the Seebeck coefficient on the doping concentration. Al-
though, in a manner similar to Na doped Cu,Se [39], it is expected that
donor doping of Mg in Cu,Se should give more electrons and as a result
the carrier concentration should decrease due to recombination of
charge carriers. But in current study, the carrier concentration is in-
creasing with increasing the Mg-doping content. This strange phe-
nomenon may be ascribed to the concept of antidoping, which was also
noticed in a number of cases [40]. Also, similar behaviour of carrier
concentration has also been reported by Bailey et al. in Sn doped Cu,Se
[14].

Fig. 5 (d) shows the temperature dependence of the calculated
power factor (S20), which indicates that the power factor of Cu,Se in-
creases with Mg doping concentration, although in a non-monotonic
fashion and a highest power factor ~1.52 x 10% uW/mK? at 860 K has
been realized for Cu,Se doped with 1 at.% Mg, which is ~30% higher
than its pristine counterpart and those reported earlier for Sn [14] and
Te [16] doping in Cu,Se. The main parameter responsible for this en-
hanced power factor is the increased electrical conductivity post Mg
doping, which is attributed to the increment in the carrier concentra-
tion of the samples doped with Mg. Further, at elevated temperature the
enhancement in electrical conductivity is even more prominent.

The plot of thermal conductivity with respect to temperature for the
synthesized pristine as well as different Mg-doped Cu,Se compositions
is presented in Fig. 6(a), also the corresponding temperature dependent
specific heat and thermal diffusivity are shown in the inset. The lattice
thermal conductivity was calculated using the Wiedemann-Franz law
(k. = LoT), where L is the Lorentz number, which has been calculated
from the temperature dependent Seebeck using equation L. = 1.5 + exp
[—]S|/116] (where L is in 10" WQK ™2 and S in pV/K) [41-43]. The
lattice contribution was calculated by k = k. +«k;. the temperature de-
pendent lattice and electronic thermal conductivity for synthesized
pristine and different Mg-doped Cu,Se samples is presented in Fig. 6(b),
which suggest that the lattice thermal conductivity of the doped-Cu,Se
samples is found to be reasonably close to that of the pristine sample,
regardless of the doping concentration, suggesting that the total
thermal conductivity has a major contribution from its electronic
counterpart. This has been substantiated by our theoretical calculation
of the lattice thermal conductivity of Mg-doped and pristine Cu,Se. We
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have explicitly checked the g-mesh convergence of k), which is shown in
Fig. 8. The lattice thermal conductivities are calculated from the third
order force constants by using phono3py [36]. The force calculations
are performed using the all electron full potential FHI-aims [44] code
that uses numeric atom centered basis set. The phonon dispersion and
the phonon density of states are calculated under the harmonic ap-
proximation using the finite displacement method as implemented in
phonopy [35]. We have calculated the k; of the 2 X 2 x 2 supercell of
Cu,Se, whereby we have explicitly checked its g-mesh convergence (cf.
Fig. 8). The x; of Cu,Se is calculated to be 0.38 Wm ™ 'K ™! at 300 K. For
the purpose of the calculation of the x; of the Mg doped case, we have
substituted one Cu atom by Mg in the lattice of the 2 X 2 X 2 Cu,Se
supercell with 64 Cu atoms. This leads to the case of 1.5% doping. The
lattice thermal conductivity of Mg doped Cus,Se, is found to be close to
the lattice thermal conductivity of pristine 3-Cu,Se, which is reasonably
close to its corresponding experimentally measured value (see Fig. 7).
This endorses our prediction that the lattice thermal conductivity of
Cu,Se does not change significantly on doping, which can be attributed
to the liquid like behaviour of Cu ions in Cu,Se (as discussed in the
references 9, 23, 24), which dominates the phonon scattering lifetimes
and therefore, the lattice thermal conductivity.

Finally, the calculated temperature dependent figure-of-merit (ZT)
for the pristine and Mg-doped compositions of Cu,Se is shown in
Fig. 9(a), which suggest a (ZT)y,ax ~ 1.6 at 860 K has been realized in
the Cu,Se doped with an optimized doping of 1 at.% Mg, which is the
state-of-the-art value of ZT reported thus far in pristine or doped Cu,Se
[9,14,16,27], despite synthesized using a facile and fast process. A
comparison of the reported values of ZT for pristine and doped Cu,Se
(in the temperature range of 800-860 K) has been shown in Fig. 9(b).
Although much higher values of ZT have been earlier reported in doped
CuySe [11,12,14], but these were realized at much higher temperatures.
However, we have confined our measurements to ~860 K in order to
limit the Se-evaporation, which ensured reproducibility in our ther-
moelectric measurements. Although, recently R. Nunna et al. [45] and
Olvera et al. [46] have reported a high (ZT)yax in CusSe/CNT hybrid
nanocomposite and Cu,Se/CulnSe, nanocomposites, respectively, but
their synthesis involved multiple processing steps, which is both ex-
pensive and time-consuming. In comparison, we have achieved ZT
~1.6 at 860 K in bulk Cu,Se doped with 1 at. % Mg employing a facile
one-step reaction sintering route using spark plasma sintering, wherein
the reaction and consolidation taken place in a single step and within a
few minutes.

4. Conclusions

In summary, we have explored the possibility of enhancement of the
thermoelectric performance of Cu,Se by doping with Mg.

Experimentally, an enhanced ZT ~1.6 at 860 K was realized in 1 at. %
Mg-doped Cu,Se, synthesized employing facile single-step reactive
spark plasma sintering, which is both fast and scalable. While the ex-
perimentally determined electronic transport -coefficients corre-
sponding to Mg doping of Cu,Se were found to enhance considerably
over the pristine counterpart, the lattice thermal conductivity was
found to be nearly-unaffected with doping concentration, which has
also been confirmed by our DFT-based theoretical calculations. This
may be attributed to the liquid-like behaviour of Cu ions in Cu,Se that
dominates the phonon scattering lifetimes to an extent that the doping
induced changes in the lattice dynamics were found to be insignificant.
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