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A B S T R A C T

Ge doped Cu3SbSe4 semiconductors with Cu deficiencies were synthesized by melting and spark plasma
sintering for the investigation of their thermoelectric transport properties. Ge atoms can successfully substitute
Sb lattice sites, and result in lattice shrinkage with increasing Ge content. Doping with Ge not only improves the
electrical conductivity but also optimizes the power factor of Cu2.95(Sb1−xGex)Se4. Ge doped specimens also
reveal a competition between alloying effects and increased carrier thermal conductivity. The zT enhancement
of Ge doped alloys is mainly ascribed to the enhanced power factor and the reduced lattice thermal conductivity.
As a result, Cu2.95(Sb0.96Ge0.04)Se4 reaches a maximum zT of 0.7 at 640 K, showing an approximately 35%
enhancement over the pristine Cu2.95SbSe4.

1. Introduction

Using thermoelectric materials to convert waste heat into electricity
offers an alternative way in improving fuel economy. The thermo-
electric performance of materials is evaluated by the figure of merit, zT
=σS2 T/κ, where S, T, σ and κ are, Seebeck coefficient, absolute
temperature, electrical and thermal conductivity, respectively [1]. The
product (σS2) is known as a power factor. The enhanced zT can be
achieved by maximizing the power factor and/or minimizing the
thermal conductivity.

Recently copper based chalcogenide semiconductors have emerged
as potential thermoelectric materials because of their excellent elec-
trical transport properties and relatively low thermal conductivity [2–
5]. Cu3SbSe4 crystallizes in the Famatinite structure and belongs to this
class of materials [6]. Previous works have mentioned the optimization
of carrier concentration through Cu deficiencies or partial substitutions
on Sb or Se sites by other elements [7]. Cu vacancies can contribute the
extra carriers; however, carrier concentration will not continuously
increase with Cu deficiency increment. Optimized carrier concentration
for maximizing zT in Cu3SbSe4 might be achieved by doping some
potential dopants in Sb or Se sites. Ge has been suggested a promising
dopant in this material system, but only few literatures are available
[7]. Herein, we reported the enhanced zT from the doped
Cu2.95(Sb1−xGex)Se4, and discussed the optimization of electrical- and
thermal properties in this material system. The maximum zT value of
0.7 at 640 K was achieved for Cu2.95(Sb0.96Ge0.04)Se4 specimen.

2. Material and methods

Elements Cu, Sb, Se, and Ge, all of purity of 99.999% were used for
synthesizing samples with nominal compositions Cu2.95(Sb1−xGex)Se4
(x=0, 0.01, 0.03, 0.04, and 0.06). The weighted elements were melted
at 1123 K for several hours to achieve well-mixing, and followed a
water quench in room temperature. The obtained ingot was annealed at
653 K for 40 h. The products were ground to powders, and then
pressed using spark plasma sintering (SPS-515S, SPS SYNTEX INC)
at 573 K, 50 MPa under vacuum for several minutes. The structure and
chemical composition are examined by powder x-ray diffraction (XRD,
PANalytical X′Pert Pro) and x-ray fluorescence (XRF, Rigaku). The
microstructures of samples were investigated by scanning electron
microscopy (SEM, JXA-8200, JEOL). The measurements of Seebeck
coefficient and electrical conductivity were carried out by a commercial
system (ZEM-3, ULVAC-RIKO). The thermal conductivity values were
determined using the equation κ=DλCp, where D, λ, and Cp are the
mass density, thermal diffusivity, and heat capacity, respectively. The
density was calculated using the Archimedes method. The thermal
diffusivity was measured by the laser flash method (LFA-457,
NETZSCH), and the heat capacity was measured using a differential
scanning calorimeter (DSC-Q100, TA). The Hall measurements were
carried out in a magnetic field up to ± 2 T by a Physical Property
Measurement System (PPMS, Quantum Design).
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3. Results and discussion

XRD and XRF spectroscopy were utilized to examine the material
structures and chemical composition. All the diffraction patterns were
indexed to the Cu3SbSe4 phase with tetragonal structure (PDF #85-
0003), indicating no impurity phases were observed within the detec-
tion limitation (Fig. 1a). The lattice parameters decrease gradually with
increasing Ge doping levels, and the consequence can be attributed to
the smaller size of Ge ion (Fig. 1b). The result confirms the substitution
of Ge for the Sb site. The XRF analysis revealed that the amounts of Cu,
Sb, Ge and Se were extremely close to their nominal compositions and
the distribution of the elements in the alloy was nearly completely
homogeneous. The average grain size of these samples is approximately
1–20 µm (Fig. 1c).

Fig. 2a shows the temperature dependence of Seebeck coefficients
of Cu2.95Sb1−xGexSe4 with different Ge contents. All the samples
exhibited p-type character. The gradual decrease in Seebeck coefficient
with increasing Ge content is consistent with the increase of Hall
carrier concentration (Table 1 and Fig. 2d). In contrast to the undoped
sample, the electrical resistivity of Ge doped samples increases slightly
with temperature, exhibiting a typical degenerate semiconductor
behavior (Fig. 2b). Meanwhile, a remarkable decreased electrical
resistivity with increasing Ge content can be attributed to the increased
carrier concentration as well. The measured electrical conductivity,
Hall carrier concentration and mobility for all samples at 300 K are
summarized in Table 1. The power factors are sensitive to both Ge
content and temperature, and are very crucial to the zT enhancement
(Fig. 2c). The maximum power factor of 1330 μW m−1 K−2 at 640 K
was obtained for x=0.04 specimen. Fig. 2d shows the carrier concen-
tration dependence of the Seebeck coefficient (the Pisarenko relation)
at 300 K. We found that the simple single parabolic band model with

acoustic phonon scattering assumption can well explain the change of
transport properties of Ge doped specimens, and suggests a density-of-
state effective mass m* of 1.5 me. The detailed mathematic equations
for describing the relationship between Seebeck coefficient and Hall
carrier concentration can be found in the literature [8].

The total thermal conductivities as a function of temperature for
Cu2.95(Sb1−xGex)Se4 (0≤ x≤0.06) samples are shown in Fig. 3a. For the
undoped Cu2.95SbSe4, the thermal conductivity is found to be
2.98 W m−1 K−1 at 300 K and decreases with temperature to
1.15 W m−1 K−1 at 640 K. The total thermal conductivities κtot of Ge
doped specimens did not exhibit an obvious change with Ge doping.
The result is ascribed to a competition on thermal conductivity
resulting from alloying effects and increasing carriers. Generally, the
κtot is a summation of the lattice contribution κph and the carrier
contribution κcar. The κcar can be calculated through the
Wiedemann–Franz law: κcar =LσT, where L, σ and T are Lorenz
number, electrical conductivity and absolute temperature, respectively
[9]. Because Cu2.95(Sb1−xGex)Se4 samples belong to degenerated
semiconductors, more reliable Lorenz numbers a determined according
to the reduced Fermi energy and scattering parameter [10]. The plots
of κcar and κph versus temperature for all samples are shown in
Fig. 3b,c. The κcar increases with increasing Ge content, however, κph
shows an opposite trend owing to the enhanced alloy scattering effect.
The experimental results of κph were also analyzed with the Debye–
Callaway model, in which the calculated phonon thermal conductivity
is the sum of one longitudinal (κLA) and two transverse (κTA and
κTAʹ) acoustic phonon branches. The detailed equation is expressed as
followings [11]:

∑κ κ κ κ κ= + + = ;ph LA TA TA
i

i′
(1)

Fig. 1. (a) XRD patterns of Cu2.95(Sb1−xGex)Se4 (0≤x≤0.06) samples. (b) Lattice parameters as a function of x at 300 K. (c) The SEM image of fractured surface of Cu2.95SbSe4. The
schematic crystal structure of Cu3SbSe4 plotted with VESTA is shown in the inset of Fig. 1(a).
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where Θі is the longitudinal (transverse) Debye temperature, ξ=ћω/
kBT, and Ci =kB

4
/ 2π2ћ3νi, νi is the longitudinal or transverse acoustic

phonon velocity, ω is the phonon frequency, U and N are the phonon-
phonon Umklapp and Normal processes, respectively. τc is the relaxa-
tion time, which is highly dependent on the Grüneisen parameter γ of
each mode. The lattice thermal conductivity in Eq. (1) was calculated
by using the parameters shown in Table S1. The above-mentioned
parameters are closed to the results obtained from density functional
theory phonon calculations [12]. However, the simulated curve only
explained the experimental data near 300–400 K (Fig. 3c). More
theoretical calculations, especially the Grüneisen parameters at T >
400 K, should be performed to model the thermal properties in this
material system [13].

The temperature dependence of zT values for Cu2.95(Sb1−xGex)Se4
(0≤ x≤0.06) are presented in Fig. 3d, and show a considerable increase
at high temperature region. The maximum zT of 0.7 was achieved at

640 K for Cu2.95(Sb0.96Ge0.04)Se4 specimen, showing an approximately
35% enhancement over the pristine Cu2.95SbSe4 specimen. The sig-
nificant zT enhancement can be mainly attributed to the improved
electrical conductivity and the reduced lattice thermal conductivity.
Continuous increase in the Ge content does not further enhance zT
owing to the deteriorated Seebeck coefficient and the increased total
thermal conductivity. Appropriate Ge doping amount is required to
optimize the carrier concentrations and the total thermal conductivity,
and then reaches a maximum zT value.

4. Conclusions

In summary, Ge doping can successfully tune the carrier concen-
tration of Cu2.95SbSe4 samples and achieve optimization of the power
factor. The transport behavior of these alloys was analyzed with a single
parabolic band model, and the density-of-state effective mass was
estimated to be 1.5 me. The maximum zT of 0.7 at 640 K was achieved
for Cu2.95(Sb0.96Ge0.04)Se4 specimen.
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Fig. 2. Temperature dependent (a) Seebeck coefficient, (b) electrical resistivity, (c) power factor of Cu2.95(Sb1−xGex)Se4 (0≤ x≤0.06). (d) Seebeck coefficient as a function of Hall carrier
concentration at 300 K.

Table 1
Nominal composition, XRF composition, and electrical conductivity σ, Hall concentration nH, Hall mobility μH, and Seebeck coefficient S at 300 K for Cu2.95(Sb1−xGex)Se4 (0≤x≤0.06)
samples.

Nominal composition Cu2.95 (Sb1−xGex)Se4 XRF composition σ (S cm−1) nH (×1019 cm−3) μH (cm2 V−1 s−1) S (μV K−1)

x=0.00 Cu2.95SbSe4 97.0 0.8 75.8 318
x=0.01 Cu2.95(Sb0.99Ge0.01)Se3.97 333.3 5.6 37.2 160
x=0.03 Cu2.95(Sb0.97Ge0.03)Se3.97 651.2 15.9 25.6 105
x=0.04 Cu2.95(Sb0.96Ge0.04)Se3.97 940.0 21.6 27.2 92
x=0.06 Cu2.95(Sb0.94Ge0.06)Se3.98 1062.7 32.4 20.5 69
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Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.matlet.2016.10.011.
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