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Abstract

This work reports the thermoelectric properties of the CuSbSe2-x mol% PtTe: (x = 0,
0.5, 1.0, 1.5, and 2.0) pellets composed of highly oriented single crystalline nanoplates.
CuSbSe:-PtTe: single crystalline nanoplates are prepared by a wet-chemical process, and
the pellets are prepared through abottom-up self-assembly of the CuSbSe2-PtTe2 nanoplates
and spark plasma sintering (SPS) process. X-ray diffraction and field emission scanning
electron microscopic analyses show a highly textured nature with an orientation factor of
~0.8 for (001) facets along the primary surface of the pellets (in-plane, perpendicular to the
SPS pressure). By this way, bulk-single-crystal-like electrical and thermal transport
properties with a strong anisotropy are obtained, which results in an effective optimization
on thermoelectric performance. The maximum in-plane thermoelectric figure-of-merit ZT
value reaches 0.50 at 673 K for CuSbSe2-2.0 mol% PtTe: pellet, which is about five times
higher than the in-plane ZT (0.10) for pure CuSbSe..



Introduction

Thermoelectric solid-state energy conversion technology can directly convert heat
into electricity, which has been considered as a potential green power generation to
alleviate the growing energy crisis and environmental pollution.[1] However, this clean
technology is still restricted by the unsatisfied power  generation efficiency, which is
characterized by a dimensionless figure-of-merit ZT of the materials employed. ZT is
defined as ZT = S2o6T/(xe+kL), where S, o, and T are the Seebeck coefficient, electrical
conductivity, and absolute temperature, ke and kL are thermal conductivity contributed by
charge carriers (either electrons or holes) and phonons, respectively.[2] The thermoelectric
properties of chalcogenides with weakly bonded 2D atomic sheets, such as SnSe,[3]
SnSe2,[4] Cr2Ge2Te6,[5] GeSe,[6] and In4Se3 [7] are attracting attention because they
show intrinsically low thermal conductivities deriving from the layered structure. CuSbSe2
is also a similar chalcogenide with a direct bandgap of ~1.0 eV[8,9] and exhibits potential
for thin-film photovoltaic applications.[10,11] As shown in Figure la, the CuSbSe2
crystallizes in an orthorhombic structure with the Pnma space group. This material has 2D
double-layered honeycomb-like sheets within the ab plane, which is composed of self-
condensed Sb2CuSe3 and SbCu2Se3 six-membered rings.[8] The Cu atom is tetrahedrally
coordinated to four Se atoms with three kinds of Cu-Se bonds, while the Sb atom is
coordinated by three Se atoms in a trigonal pyramidal configuration(Figure 1b). The Sb3+
has lone-pair 5s2 electrons which are stereochemically expressed in the structure.[12] Such
structural features result in giant lattice vibration anharmonicity with a large average
Griineisen parameter yave of 1.215,[13,14] which is benifical for low thermal conductivity
as found in tetrahedrites,[15,16] AgBiSe2,[17,18] CuSbS2,[19] and InTe[20] compounds.
In addition, the neighboring 2D CuSbSe2 sheets are interconnected by weaker secondary
Sb-Cu and Sb-Se bonds (pink dotted lines in Figure 1b).[21] The lattice vibration
anharmonicity combined with the interlayer weaker bonding leads to low lattice thermal
conductivity in the CuSbSe2 compound,[22] similar to SnSe,[23] AgSbTe2,[24] and
Cu3SbSe3.[25] In addition, first-principles density functional theory calculations reveal
that the valence bands near the Fermi level of CuSbSe2 are relatively flat and degenerate
at Z point (0, 0, 1/2), which lead to a high effective mass (m*~ 2.05 m0).[9] Thus, an
intrinsically high Seebeck coefficient is also expected in this compound. These attributes
as well as the earth-abundant and low-toxic constituent elements make this material worth
exploring for p-type thermoelectric material at medium temperature region (500-700
K).[26]

Polycrystalline CuSbSe2 bulk material[13] was recently prepared by mechanical
alloying and hot pressing, the results shown it is a p-type semiconductor with the Seebeck
coefficient and the thermal conductivity of =550 pV K—1 and =0.38 Wm—1 K—1 at 623 K,
respectively. However, the ZT value is only =0.24 at 623 K owing to the poor electrical
conductivity, which is fundamentally ascribed to the low hole concentration (1016—-1017
cm—3) and relatively low mobility (=10 cm2 V-1 s—1).[11] Because of the layered
structure, the electrical and thermal transport properties of CuSbSe2 are anisotropic.[10,27]
Thus, preparing bulk CuSbSe2 specimens composed of highly oriented CuSbSe2 single
crystalline nanoplates seems to be an attractive route to optimize its thermoelectric
performance, which seems difficult to be achieved by reported ball milling and hot press



process.[13]

In this work, we present a bottom-up process to prepare CuSbSe2-PtTe2 pellets
composed of highly oriented single crystalline nanoplates. Single crystalline CuSbSe2
nanoplates were prepared by a wet-chemical process, which are =3.5 pum in length, =1.5
um in width, and =40 nm in thickness. Meanwhile, dispersed PtTe2 nanocrystals with a
size of =15 nm were grown on the CuSbSe2 nanoplates. PtTe2 nanocrystals were selected
because of: 1) feasibility of grain growth in the same solution following the growth of
CuSbSe2, which greatly simplifies the experimental process; 2) lower growth temperature
(413 K) than that of CuSbSe2 (443 K), which effectively maintains the morphologies of
the CuSbSe2 nanoplates; 3) high electrical conductivity[28] and low work function (4.29—
4.52 eV),[29] which is needed for efficient carrier injection into the CuSbSe2 conduction
band to enhance the carrier concentration[30]; 4) nanoscale grains (=15 nm), which could
act as effective phonon scattering centers to suppress the heat propagation. The obtained
PtTe2 decorated CuSbSe2 nanoplates were subjected to a self-assembly process in a
graphite mold to achieve a uniform alignment. By densifying the self-assembled nanoplates
through the spark plasma sintering (SPS) process we obtained bulk pellets, composed of
highly oriented nanoplates, with highly anisotropic electrical and thermal transport
properties. This approach leads to an enhanced in-plane ZT of 0.50 at 673 K was obtained
for the CuSbSe2-2.0 mol% PtTe2 pellet.



Results and Discussions

2.1. CuSbSe: and PtTe:-CuSbSe: Nanoplates

In a typical synthesis, CuSbSe2 nanoplates were prepared by reacting Se powder
with Cu(NO3)2 in a mixed solvent of oleylamine and 1-dodecanethiol at 443 K (see
Experimental Section in the Supporting Information for details). Figure 2a shows the
powder X-ray diffraction (XRD) of the CuSbSe2 nanoplates. The XRD peaks can be
well indexed to orthorhombic CuSbSe2 phase (JCPDF card no. 01-083-9473). Field
emission scanning electron microscopic (FESEM) observation (Figure 2b) shows the
CuSbSe2 nanoplates have rectangular shapes. Further transmission electron
microscopic (TEM) characterizations (Figure 2¢,d) indicate the CuSbSe2 nanoplate is
single crystalline and grows laterally along the ab plane. The size of the CuSbSe2
nanoplates along the (100) and (010) directions is determined to be ~1.5 pm and 3.5
um, respectively. The thickness of the CuSbSe2 nanoplates is estimated to be ~40 nm
(see Figure S2 in the Supporting Information). Once the synthesis of CuSbSe2
nanoplates was finished, the solution was cooled and kept at 413 K. Then Pt and Te
precursors were slowly injected into the flask to achieve the growth of PtTe2 crystals
on the surface of CuSbSe2 nanoplates, as schematically shown in Figure S3a in the
Supporting Information.

Figure 3a presents the powder XRD patterns of the synthesized CuSbSe2-x mol%
PtTe2 (x =0, 0.5, 1.0, 1.5, and 2.0) samples. The XRD peaks indexed to orthorhombic
CuSbSe2 phase (JCPDF card no. 01-083-9473) can be clearly observed, indicating the
growth of PtTe2 did not react or alter the crystal structure of CuSbSe2. In addition,
hexagonal PtTe2 (JCPDF card no. 00-018-0977) can be detected in the XRD pattern of
CuSbSe2-2.0 mol% PtTe2 sample (Figure S3b, Supporting Information). The electronic
absorption spectra (Figure S4, Supporting Information) show the PtTe2 has negligible
effect on the band edge of CuSbSe2. Figure S5 in the Supporting Information shows
the FESEM images of the synthesized PtTe2 decorated CuSbSe2 samples. In general,
the CuSbSe2 remains as rectangle nanoplates in all samples. TEM characterization
shows there are lots of well-dispersed dark-contrast nanocrystals on the surface and the
side of the single crystalline CuSbSe2 nanoplates (Figure 3b). The average diameter of
the nanocrystals is estimated to be =15 nm. The corresponding high-resolution
transmission electron microscopic image (HRTEM) observations (Figure 3c,d) show
the lattice fringes of the nanocrystals have a spacing of 2.88 A, which corresponds to
the (101) planes of PtTe2. In addition, the PtTe2 nanocrystals incline to aggregate
together with the increasing content of PtTe2 as shown in Figure S6 in the Supporting
Information.

2.2. Pellets with Highly Oriented Nanoplates

Ethanol solution of 0.2 mol L—1 hydrazine hydrate was used to remove the
surfactant on the CuSbSe2 and CuSbSe2-x mol% PtTe2 (x =0, 0.5, 1.0, 1.5, and 2.0)
nanoplates, based on a previous procedure.[31] The nanoplates were further washed
three times with a mixed solution of hexane and ethanol, and redispersed in hexane by
an ultrasonication process to get a suspension. The suspension was then gradually
dropped into the graphite mold under argon atmosphere. The nanoplates settle down



and self-assemble under the influence of gravity. Figure 4a shows a typical cylinder of
the self-assembled CuSbSe2-PtTe2 nanoplates before the SPS process. The
corresponding XRD characterization is shown in Figure 4b, where the detection surface
(perpendicular to the gravity) of the cylinder is perpendicular to the scattering vector of
the X-ray (Figure 4a). From the XRD pattern, we can see that the XRD intensities of
(001) peaks, including (002), (004), and (008), are much higher than that of other peaks.
Comparing with the XRD pattern of randomly oriented nanoplates (Figure 4b), it is
clear that the self-assembled nanoplates in the cylinder are highly aligned with their ab
planes parallel to the detection surface of the cylinder, which is also in agreement with
the FESEM characterization (Figure S7, Supporting Information). The cylinders were
dried in vacuum and then subjected to the SPS process (623 K, 50 Mpa for 5 min) to
get pellets (Figure 4¢). Figure 4d shows the XRD patterns of polished surfaces along
in-plane direction of the pellets. The scattering vector of the X-ray is perpendicular to
the surfaces, namely parallel to the applied pressure (Figure 4c). The XRD peaks can
still be well indexed as orthorhombic CuSbSe2 (JCPDF card no. 01-083-9473). In
addition, the XRD intensities of (001) Bragg peaks of all the pellets are stronger than
that those of other planes, which is similar to the XRD pattern of the self-assembled
nanoplates (Figure 4b). This indicates that the orientation of the self-assembled
CuSbSe2-PtTe2 nanoplates remains in the sintered pellet.

The XRD intensities of (001) Bragg peaks are almost undetectable in the XRD
pattern of polished surfaces along the cross-plane direction of the pellets, as shown in
Figure S8 in the Supporting Information. We calculated the orientation factor of F(001)
of the (00l) planes by using Lotgering method[32] (see Figure S9 in the Supporting
Information) according to the in-plane XRD patterns (Figure 4d). The F(00I) of the
pellets was estimated to be as high as =0.8, which is close to the F(001)of perfectly
oriented crystal (F(001) = 1). The high value of F(00l) indicates highly oriented
CuSbSe2 nanoplates in the pellets, with their c-axis parallel to the SPS pressure. The
orientation was also confirmed by using FESEM characterization on the fractured cross
section of the sintered pellets along the SPS pressure direction, as shown in Figure 4e
and Figure S10 in the Supporting Information. The nanoplates show a lateral size of ~4
um and a thickness of 200—300 nm. The larger thickness of the CuSbSe2 nanoplates
than that of the synthesized CuSbSe2 nanoplates indicates a grain growth occurred
during the SPS process.

The XRD peaks belonging to the hexagonal PtTe2 (JCPDF card no. 00-018-0977)
can be readily observed in the zoom in n-plane XRD pattern of the CuSbSe2-2.0 mol%
PtTe2 pellet (Figure S11, Supporting Information). The TEM characterization (Figure
4f) reveals that the PtTe2 show irregular hexagon shapes with diameters of 40—60 nm.
The phase of the hexagon PtTe2 was confirmed by the HRTEM (Figure 4g) and the
corresponding fast Fourier transform (FFT) pattern (inset, Figure 4f). The (110) and
(210) planes of PtTe2 with respective lattice spacing of 2.06 A and 2.08 A can be
observed in Figure 4g. Meanwhile, the FFT pattern shows six bright dots and can be
indexed to the (210), (110), (120), (210), (110) and (120) planes of hexagonal PtTe2.
The change in morphology and size indicates the synthesized PtTe2 nanocrystals also
undergo a grain growth process during the SPS process. In addition, dense dislocations



were observed at the interface between CuSbSe2 and PtTe2 (Figure 4g). An inverse
FFT image of the dislocations is presented in Figure S12 in the Supporting Information.
These dislocations are derived from the large lattice mismatch (=4%) between the (020)
lattice plane of CuSbSe2 and the (110) lattice plane of PtTe2. From the above results,
we expect the highly oriented CuSbSe2-PtTe2 composite pellets would lead to highly
anisotropic electrical, thermal transport properties, and thermoelectric performance.
Thus, the obtained pellets were cut along the directions perpendicular and parallel to
the applied pressure, and the in-plane and cross-plane electrical and thermal transport
properties were measured accordingly.

2.3. Electrical Transport Properties

Figure 5a—c depicts the in-plane electrical transport properties of the CuSbSe2-x
mol% PtTe2 (x =0, 0.5, 1.0, 1.5, and 2.0) pellets in the temperature range from 298 to
673 K. The in-plane electrical resistivity (p//) (Figure 5a) shows a semiconductorlike
behavior, which decreases at increased temperature. Meanwhile, the p// decreases with
increasing content of PtTe2. For instance, the p// decreases from 9.93 Qcm for pure
CuSbSe2 to 0.74 Qcm for CuSbSe2-2.0 mol% PtTe2 at 298 K. Hall measurement
(Table 1) indicates the enhancement in electrical conductivity is related to the increase
in the carrier concentration (nP). In particular, the in-plane carrier concentration of
CuSbSe2-2.0 mol% PtTe2 sample (4.37 A~ 1017 cm—3) is about six times of pure
CuSbSe2 (0.73 A~ 1017 cm—3). It demonstrates that the carrier of PtTe2 can be
successfully injected into the conduction band of CuSbSe2, resulting in a large
enhancement in the carrier concentration and electrical conductivity.

Figure 5b shows the in-plane Seebeck coefficients (S//) of the CuSbSe2-x mol%
PtTe2 (x =0, 0.5, 1.0, 1.5, and 2.0) pellets. The positive sign of the S// of the samples
indicates the samples are p-type semiconductor.[33] In addition, the S// decreases with
increasing content of PtTe2. For instance, the S// for samples with x =0, 0.5, 1.0, 1.5,
and 2.0 are 720.0, 651.5, 590.3, 556.0, and 529.7 uV K—1 at 298 K, respectively. The
decrease of the Seebeck coefficient with increased content of PtTe2 is attributed to the
carrier concentration increase. It is in agreement with the relationship between the
Seebeck coefficient and the carrier concentration described by the Mott equation:
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where n, |, q, KB, o, and EF are the carrier concentration, carrier mobility, carrier
charge, Boltzmann constant, electrical conductivity, and Fermi energy, respectively.
Despite the decrease of Seebeck coefficients in the CuSbSe2-PtTe2 samples, the inplane
power factors (S2c//) are largely improved by PtTe2 adding (Figure 5c). In particular,
the S20// of CuSbSe2-2.0 mol% PtTe2 is of 3.21 pW cm—1 K-2 at 673 K, which is
~460% larger than that of pristine CuSbSe2 (0.69 pW cm—1 K-2).

Figure 5d—f shows the cross-plane electrical resistivities (pLl), Seebeck
coefficients (S1), and power factors (S2c.1) of the CuSbSe2-x mol% PtTe2 (x =0, 0.5,
1.0, 1.5, and 2.0) samples as a function of temperature, respectively. The pL and SL
also decrease with increasing content of PtTe2 owing to the enhanced carrier
concentration (Table 1), which is similar to the in-plane electrical transport properties



(p// and S//). The crossplane power factors are also enhanced by PtTe2 adding. For
instance, the S26.L increases from 0.47 pW cm—1 K—2 for pure CuSbSe2 to 1.43 uW
cm—1 K—2 for CuSbSe2-2.0 mol% PtTe2 at 673 K. In addition, it is noted that the S26.L
(Figure 5f) is lower than the S2c// (Figure 5c) for a given pellet at the same T. For
example, the S26.1 (1.43 uW cm—1 K—2) is nearly half of the corresponding S2o// (3.21
pW cm—1 K—-2) for CuSbSe2-2.0 mol% PtTe2 sample at 673 K. It indicates that the
electrical transport properties of CuSbSe2-PtTe2 pellets are highly anisotropic.

2.3. Thermal Transport Properties

Figure 6a depicts the temperature dependence of the in-plane thermal
conductivities k// of CuSbSe2-PtTe2 pellets. The «// of CuSbSe2 is reduced by PtTe2
adding in the whole temperature range. In particular, the «// of CuSbSe2-x mol% PtTe2
(x=0,0.5,1.0, 1.5, and 2.0) samples are 0.77, 0.67, 0.61, 0.63, and 0.69 Wm—1 K—1
at 298 K, respectively. The thermal conductivity of a semiconductor usually is known
to be expressed as a sum of phonon (kL) and electron (ke) contribution. The ke can be
estimated by using Wiedemann—Franz law ke = LoT. The Lorenz number L is valued
as 1.5 A~ 10-8 WQ K—-2 for semiconductors.[34] In this system, however, the
electronic contribution is marginal due to the low electrical conductivity. For example,
the xe// (0.017 Wm—1 K—1) (Figure S13, Supporting Information) is only ~2.5% of «//
(0.69 Wm—1 K—1) for CuSbSe2-2.0 mol% PtTe2 sample at 673 K. Therefore, the lattice
thermal conductivity kL is the overwhelmingly dominant heat transfer channel in this
system. That is to say, the reduction in k// of the CuSbSe2-PtTe2 samples mainly origins
from the reduction of xL// (Figure 6b). It indicates that the nanoscale PtTe2 and the
dense dislocations at the interface between CuSbSe2 and PtTe2 act as effective
scattering centers for phonon propagating in the pellets.[35]

Figure 6¢,d depicts the cross-plane thermal conductivity kL and the lattice thermal
conductivity kL1 of CuSbSe2-PtTe2 samples. The kL and kL1 of CuSbSe2 are also
reduced by PtTe2 adding. For instance, the room temperature kL for CuSbSe2-x mol%
PtTe2 (x =0, 0.5, 1.0, 1.5, and 2.0) samples are 0.53, 0.47, 0.44, 0.47, and 0.49 Wm—1
K—1, respectively. The low cross-plane kL1 is comparable to other thermoelectric
materials with so-called liquid lattice thermal conductivities, such as InTe,[20] Cu2-
xSe0.550.5 [36] and AgCrSe2.[37] In addition, the kL and kL1 are ~30% lower than
the «// and kL// in the whole temperature range, indicating the k and kL of the CuSbSe2-
PtTe2 pellets are also anisotropic.

The results demonstrated above show that the electrical and thermal transport
properties are highly anisotropic in the CuSbSe2- x mol% PtTe2 pellets (x =0, 0.5, 1.0,
1.5, and 2.0). It is mainly ascribed to the following two aspects: one is the anisotropic
crystal structure of CuSbSe2. Owing to the high orientation of CuSbSe2-x mol% PtTe2
nanoplates in the pellets, the c-axis of the nanoplates is approximately parallel to the
pressure. However, the transport of electron and phonon along the interlayer direction
is less efficient than that along intralayer direction, due to the weaker secondary Sb[1Cu
and Sb-Se bonds between the CuSbSe2 atomic layers. The other is the textured
microstructure. As schematically shown in Figure S14 in the Supporting Information,
given the CuSbSe2-PtTe2 nanoplates are highly oriented in the pellets, the interface
density of CuSbSe2 nanoplates and the density of PtTe2 nanocrystals along the cross-



plane direction are expected higher than that along the in-plane direction. Thus, both
the low energy hole and phonon propagation along the cross-plane direction will suffer
more obstructions than in-plane. Therefore, highly anisotropic electrical (e.g., carrier
concentration, mobility) and thermal transport properties were observed in the
CuSbSe2-PtTe2 pellets.

2.4. Thermoelectric Performance

Based on the electrical and thermal properties, the temperature dependent
thermoelectric figure-of-merits ZT of the CuSbSe2-x mol% PtTe2 pellets (x = 0, 0.5,
1.0, 1.5, and 2.0) are depicted in Figure 7. Both the in-plane (Figure 7a) and cross-plane
ZT values (Figure 7b) of CuSbSe2 increase with increasing content of PtTe2. The
enhancement of ZT originates from the simultaneous optimization in both the electrical
and thermal transport properties. In particular, the in-pane ZT// value for CuSbSe2- 2.0
mol% PtTe2 sample is estimated to be 0.50 at 673 K, a five times increase compared to
the ZT (0.10) of pure CuSbSe2. It indicates that the carrier concentration optimization
can effectively optimize the thermoelectric performance of the CuSbSe2 pellet. In
addition, the in-plane ZT// value (0.50) of CuSbSe2-2.0 mol% PtTe2 is =160% higher
than the cross-plane ZTL value (0.32) at 673 K. Therefore, an anisotropic
thermoelectric performance is also observed in the CuSbSe2-2.0 mol% PtTe2 pellet
with highly oriented single crystalline nanoplates. The higher in-plane thermoelectric
performance for CuSbSe2-2.0 mol% PtTe2 indicates the synergistic effect of texture
engineering and carrier concentration optimization is an attractive approach to optimize
the thermoelectric properties of layered crystals.

Conclusions

In summary, we conclude that texture engineering and carrier concentration
optimization are effective to enhance the thermoelectric performance of polycrystalline
CuSbSe2 with controlled universal crystal orientation. The pellets composed of highly
oriented single crystalline CuSbSe2 nanoplates show an orientation factor of ~0.8 for
(001) facets along the in-plane direction. The texture engineering results in higher in-
plane electrical and thermal transport properties than the crossplane ones. In addition,
carrier concentration optimization, achieved by growing PtTe2 nanocrystals on the
surface of CuSbSe2 nanoplates, leads to an enhancement in the electrical transport
properties. Eventually, an enhanced in-plane ZT of 0.50 was obtained for CuSbSe2-2.0
mol% PtTe2 pellet, which is much higher than the in-plane ZT (0.10) for pure CuSbSe2
and the cross-plane ZT (0.32) for CuSbSe2-2.0 mol% PtTe2 pellet. This work
demonstrates texture engineering and carrier concentration optimization are effective
strategies for improving the thermoelectric performance of polycrystalline CuSbSe2,
which can be extended for enhancing thermoelectric performance for other anisotropic
materials.
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Figures and Captions
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Figure 1. a) The crystal structure of CuSbSe:(2 A~ 2 A~ 1 supercell) and b) the
coordination environment of Cu and Sb.
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Figure 2. a) Powder XRD pattern, b) FESEM image, c) low magnification TEM
image with a select area electron diffraction, and d) HRTEM of the CuSbSe.nanoplates.
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Figure 3. a) Powder XRD patterns of the synthesized CuSbSe.-x mol% PtTe:
materials (x =0.5, 1.0, 1.5, and 2.0). b) Low magnification TEM image of the CuSbSe:-

1.0 mol% PtTe:nanoplates. c,d) HRTEM images of PtTe.nanocrystals grown on the side
of CuSbSe:nanoplates.
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Figure 4. a) Optical photo of a cylinder of the self-assembled CuSbSe:-PtTe:
nanoplates. b) In-plane XRD pattern of the cylinder. ¢) Optical photo of sintered
CuSbSe:-PtTe:pellet. d) In-plane XRD patterns of the CuSbSe:-x mol% PtTe.pellets (x
=0, 0.5, 1.0, 1.5, and 2.0). e) Typical FESEM image of the fractured cross section of
sintered CuSbSe:-2.0 mol% PtTe:pellets. f,g) In plane low magnification TEM image
with an FFT pattern and HRTEM image of CuSbSe:-2.0 mol% PtTe:pellet, respectively.
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Figure 5. Temperature-dependent in-plane a) electrical resistivities (ps), b)
Seebeck coefficients (S/), and c¢) power factors (S:0/) of the CuSbSe:-x mol% PtTe:
samples (x =0, 0.5, 1.0, 1.5, and 2.0), respectively. Temperature-dependent cross-plane
d) electrical resistivities (p.), €) Seebeck coefficients (S.), and f) power factors (S:c.)
of the CuSbSe:-x mol% PtTe:pellets (x =0, 0.5, 1.0, 1.5, and 2.0), respectively.
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Figure 6. Temperature-dependent in-plane a) thermal conductivities (k/) and b)
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lattice thermal conductivities (ku/) of the CuSbSe:-x mol% PtTe.samples (x =0, 0.5, 1.0,
1.5, and 2.0), respectively. Temperature-dependent cross-plane c¢) thermal
conductivities (k.) and d) lattice thermal conductivities (ki.) of the CuSbSe:-x mol%
PtTe.samples (x =0, 0.5, 1.0, 1.5, and 2.0), respectively.

d os- —*— CuSbSe, b 1 —@— cusbse,
1 —*—x=05 0.3{ 9-x=05
0.4 —&—x=10 —@-x=1.0
—k—x=1.5 { @-x=15
0.3 —*—x=20 0.2- —@-x=20
S | Y.
ty 0.2 ¥
0.1_ 01‘
0.0 i
300 400 500 600 700 300 400 500 600 700
T (K) T (K)

Figure 7. Temperature-dependent a) in-plane and b) cross-plane ZT values of the
CuSbSe:-x mol% PtTe.pellets (x =0, 0.5, 1.0, 1.5, and 2.0).



