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ABSTRACT: Semiconductors with diamond-like structures have
great potential as high-performance thermoelectric materials.
However, they normally have relatively poor electrical transport
properties, and conventional methods to improve their electrical
transport usually lead to an increase in thermal conductivity, which
is a major obstacle to achieving superior thermoelectric perform-
ance. Herein, by hot-pressing (HP) technology, we synthesized
novel CuCdInSe3 compounds with a diamond-like, cubic zinc
blende structure. High-density twin inversion boundaries are found
in high-pressure-processed CuCdInSe3, improving the electrical
transport property, which has achieved a PFmax value of 0.52
mWm−1 K−2 at 500 K for CuCdInSe3 (HP-200 MPa). Randomly
disordered cations in CuCdInSe3 induce an intensive alloying scattering, leading to a relatively low κL of 0.72 W m−1 K−1 at 800 K
(HP-300 MPa). The pressure-induced twin boundaries may work as an electron source that can effectively optimize the carrier
concentration for CuCdInSe3. The CuCdInSe3 (HP-300 MPa) sample that achieves an improved ZT value of 0.47 at 800 K is
attributed to the enhanced electrical transport properties combined with the low κ, which is about seven times that of the sample
(HP-50 MPa).
KEYWORDS: cubic CuCdInSe3, hot-pressing technology, twin boundary, thermoelectric

■ INTRODUCTION
The rising demand for renewable energy sources has led to
much attention for thermoelectric materials. Thermoelectric
(TE) conversion technology enables the mutual conversion of
thermal and electrical energy. Generally, the efficiency of TE
materials is determined by the dimensionless figure of merit
ZT, defined as ZT = α2σΤ/(κL + κe), where α is the Seebeck
coefficient, σ is the electrical conductivity, T is the absolute
temperature, κL is the lattice thermal conductivity, and κe is the
electronic thermal conductivity.1−4 However, the strong
coupling of electrons and phonons in TE materials makes it
difficult to attain superior TE properties. For the past few
years, various strategies have been explored to decouple the
phonon and electron transport properties and enhance the
power factor (PF = α2σ), such as electronic band engineer-
ing,5,6 modulation doping,7,8 defect engineering,9,10 etc. There
are also numerous efforts to reduce the κL, including
nanostructure engineering,11,12 enhancing the phonon scatter-
ing,13,14 entropy engineering,15,16 etc. In addition, developing
novel TE materials with exceptional structures is also an
efficient route to improve TE performance. Examples include
half-Heusler alloys,17 liquid-like compounds,18 layered crystal
structures,19,20 etc.

Among various TE materials, chalcopyrite with a cubic
structure has attracted much attention and has been
extensively studied in the field of thermoelectricity, solar
energy conversion, and nonlinear optics because of its
modulable electronic band structure and crystal structure.21−23

However, the lattice thermal conductivities of chalcopyrite
compounds are usually as high as ∼6−7 W m−1 K−1 at 300 K
and the electrical transport properties are mostly inferior due
to the scattering of carriers, severely impeding the enhance-
ment of their TE properties.24,25 It is a great challenge to attain
a coinstantaneous enhancement of both the electrical and
thermal transport properties.

The physical properties of the material are relevant to the
crystal structure, grain boundaries, defect interface, etc. The
destruction in the periodic arrangement of atoms at the grain
boundaries and defect interfaces may induce some structural
modifications such as strain, atomic bonding, atomic displace-
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ments, and nonstoichiometry, which have some impact on the
physical properties of the material. Twin boundary (TB) is one
of the simplest grain boundaries with high symmetry and
uniformity.26 TBs in TE materials have brought about
widespread attention, with applications in improving strength
or plasticity,27,28 lowering the lattice thermal conductivity,29−31

and optimizing the electrical properties.32,33 It is reported that
the electrical conductivity of polycrystals (including con-
ductors and semiconductors) with TBs is higher than that of
crystals with routing grain boundaries.34,35 The TBs in some
materials such as (GeTe)x(AgSbTe2)100−x

32 and Bi0.5Sb1.5Te3
alloy33 provide fast carrier transport channels that could
enhance the electrical conductivity. In addition, local element
segmentation, defects, and atomic displacement may generate
some electrons or holes in the sample. Kim et al. reported that
the 60° TB in Bi2Te3 created free electrons.36 The above
literature indicates that TBs are beneficial for the improvement
of the electrical conductivity in some materials. Whether a
synergistic modulation of the electrical and thermal perform-
ance can be induced by TBs remains to be explored.

Here, we report the synthesis of cubic CuCdInSe3
compounds adopting hot-pressing (HP) technology. We
systematically investigated the effect of the HP pressure on
the crystal structure, microstructure, and TE performance of
cubic CuCdInSe3. Meanwhile, we study the electronic band
structure of CuCdInSe3 (with TB) by the pseudohybrid
Hubbard density functional (DFT) with the Agapito−
Curtarolo−Buongiorno Nardelli (ACBN0) process. Based on
the microstructure analysis and the DFT results, we find that a
large number of twins form in CuCdInSe3 with the increasing
HP pressure, which is favorable for optimizing the carrier
concentration and improving the PF. The CuCdInSe3 (HP-
300 MPa) obtains an enhanced ZT value of 0.47 at 800 K.

■ EXPERIMENTAL METHODS
Sample Preparation. The raw materials were Cu (shot, 99.999%,

Aladdin), Cd (shot, 99.999%, Aladdin), In (pellet, 99.999%, Aladdin),
and Se (shot, 99.999%, Aladdin), which were weighed in a
stoichiometric ratio of CuCdInSe3 and were loaded into a quartz
tube, hermetically sealed under vacuum, and heated up from 300 to
1373 K for 10 h. Subsequently, the raw materials were held at 1373 K
for a duration of 24 h and then cooled down to 300 K. The obtained
ingot was finely ground into powder and subsequently loaded into a
tungsten carbide (ϕ18 mm). A dense bulk was obtained by hot-
pressing at 953 K for 2 h under a pressure of 50, 100, 200, and 300
MPa, respectively. The relative density of the bulk samples was above
98%.
Characterization of Structure and TE Properties. See details

in Supporting Information S1.
Theoretical Calculations. QUANTUM ESPRESSO37,38 package

with GBRV ultrasoft pseudopotentials39 was employed for the first-
principles DFT calculation. More details are in Supporting
Information S2.

■ RESULTS AND DISCUSSION
Figure 1a displays the XRD patterns of the prepared
CuCdInSe3 samples (hot-pressed under different pressures).
The crystal structure of CuCdInSe3 is similar to that of cubic
zinc blende, with a face-centered cubic structure (space group,
F4̅3m), and there is no specific PDF card for this compound.
In addition, we cannot observe the secondary phase. Figure 1b
shows the Rietveld refinement40 of CuCdInSe3 (HP-300
MPa), which generates a cubic zinc blende structure, as shown
in Figure 1c.41 The cell parameter is as follows: a = b = c =

5.8892 Å, α = β = γ = 90°. The crystallographic parameters
calculated by Rietveld refinement for the CuCdInSe3 samples
are presented in Table S1. The lattice constants for CuCdInSe3
decrease slightly with the increased sintering pressure.
Furthermore, we conjecture that the three cations in the
sample are randomly disordered, as shown in Figure 1c. Figure
1d shows the result of infrared spectroscopy and the calculated
optical Eg for the sample (HP-300 MPa) is about 0.8 eV, which
is close to the CuCdInSe3 (HP-50 MPa) sample (Figure S1).
The XPS of the samples (hot-pressed under 50 and 300 MPa)
is shown in Figure S2. We can confirm that in the CuCdInSe3
compounds, copper exists in the Cu+ state, cadmium exists in
the Cd2+ state, indium exists in the In3+ state, and selenium
exists in the Se2− state, respectively.

The surface morphologies of the freshly fractured
CuCdInSe3 (hot-pressed under different pressures) were
investigated by SEM, as shown in Figure 2a−d. The crystal
grain size decreases from several hundred micrometers to a few
microns. The TBs begin to appear in the HP-100 MPa sample.
According to the above SEM results, the fracture surface of the
HP-50 MPa sample is clean and smooth, while plenty of strips
can be observed within numerous grains in the HP-300 MPa
sample, and the grain size distribution ranges from several
microns to tens of microns. Figure 2e and Figure S3a,b show
the backscattered electron images and EDS maps for the HP-
300 MPa and HP-50 MPa samples, which illustrate the
homogeneity of elements in CuCdInSe3 compounds. Fur-
thermore, we randomly selected more than five microregions
for EDS quantitative analysis. The results of EDS illustrate that
the composition of the samples (HP-50 MPa and HP-300
MPa) agrees with the stoichiometric ratios (Table S2).

In this work, we do not observe TBs in the HP-50 MPa
sample, where the grain interiors are smoother than in the
other samples, with size distributions ranging from several tens
to hundreds of microns. The HP-50 MPa sample has a high
electron mobility and low carrier concentration, probably due

Figure 1. (a) XRD patterns for CuCdInSe3 samples (hot-pressed
under different pressures). (b) XRD Rietveld refinement for
CuCdInSe3 (HP-300 MPa). (c) Crystal structure of CuCdInSe3.
(d) Optical band gap of CuCdInSe3 (HP-300 MPa).

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.3c02233
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02233/suppl_file/ae3c02233_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02233/suppl_file/ae3c02233_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02233/suppl_file/ae3c02233_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02233/suppl_file/ae3c02233_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02233/suppl_file/ae3c02233_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02233/suppl_file/ae3c02233_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02233/suppl_file/ae3c02233_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02233/suppl_file/ae3c02233_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02233?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02233?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02233?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02233?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.3c02233?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to fewer internal defects and a more complete crystal lattice.
However, we observe some dislocation lines in the HP-50 MPa
sample. As shown in Figure 3, the grain in CuCdInSe3 (HP-50
MPa) was investigated by the Cs-corrected S/TEM. A few
dislocation lines are found in the grains (Figure 3a−c). EDS
maps indicate the homogeneous distribution of Cu, Cd, In, and
Se in the HP-50 MPa sample on a macroscopic scale (Figure
3d).

To further investigate the atomic distributions and elemental
distribution of the dislocation lines at the atomic scale, the
EDS intensity line is along specific directions, as labeled by the
orange arrow in Figure 3e,f. The orange arrow, which is along
the x-axis, goes through the dislocation line region, and the
corresponding peaks are shown in Figure 3f. Figure 3g−j
shows the atomic EDS maps for the sample (HP-50 MPa).
The intensities for “Cu” peaks are not the same with higher
peaks corresponding to the dislocation line region, indicating
that the dislocation line is not atomically flat. We can observe
the collapse of the cubic framework, the appearance of
vacancies within the grain, and the dislocation line region
(Figure 3e).

The TBs in the sample (HP-300 MPa) were further
investigated by Cs-corrected S/TEM. Figure 4a presents a
bright-field TEM micrograph of CuCdInSe3 (HP-300 MPa).
Figure 4b provides a HAADF-STEM image of CuCdInSe3. It is
noted that there are abundant nanoscale strips in the crystalline
grains with a space of about 50−400 nm. The EDS maps

Figure 2. Scattering electron images of CuCdInSe3 under (a) 50 MPa,
(b) 100 MPa, (c) 200 MPa, and (d) 300 MPa; (e) backscattering
electron image and (f) element maps of CuCdInSe3 (HP-300 MPa).

Figure 3. (a) TEM image for the CuCdInSe3 sample (HP-50 MPa); (b) enlarged view of the area in the red frame of panel (a); (c) HAADF-
STEM image of CuCdInSe3 and (d) its corresponding EDS maps; (e) Cs-corrected HAADF-STEM image; the orange arrow indicates the location
of line EDS; the result is presented in panel (f); (g−j) atomic EDS maps for Cu, Cd, In, and Se.
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indicate the even distribution of the four elements in the HP-
300 MPa sample on a macroscopic scale (Figure 4c).

The HRTEM image and SAED pattern were further
collected to investigate the crystalline structure and orientation
of the TBs in CuCdInSe3. Figure 4d shows an HRTEM image
of the TBs in the grain. The lattice distances of 0.34 and 0.34
nm correspond to the crystal planes (11̅1) and (11̅1̅) of the
cubic phase, respectively, which agrees with the XRD pattern.
As shown in Figure 4e, the SAED pattern also verified that the
nanoscale strips possessed the signature of twin features. The
blue unfilled circles and the red unfilled circles represent the
diffraction spots from adjacent twins, displaying two sets of
diffraction spots along the [110] and [1̅1̅0] zone axes,
respectively, each with {111} twin planes (Figure 4e).

We then identified the existence of TBs with Cs-corrected
HAADF-STEM, which revealed the presence of axial {111} TB
and the rotation angle of TB is 144° (Figure 4f). The Z-
contrast in the STEM-HAADF mode makes the atomic image
sensitive to the atomic number in the compound, where the
intensity of the atomic column is approximately proportional
to Z2. Consequently, we could distinguish the constituent
atomic dumbbells of CuCdInSe3, with the Cu/Cd/In cation
stochastically occupying the same cation site, brighter than the
Se atoms. In the region distant from the TB, the arrangement
of dumbbells behaves like ABCABC stacking, which is
consistent with the characteristics of the zinc blende structure.
The orientation of the dumbbells was reversed due to the
existence of TBs along the {111} direction. All the twins we
have observed are of the orthotwin type. As shown in Figure
4g−i and Figure S5, atomic EDS analysis revealed a

homogeneous distribution in the CuCdInSe3 sample (HP-
300 MPa).

Figure 5a demonstrates the atomic model of the (112)
[11̅0]Σ3 twin GB. We investigated the electronic band
structure for CuCdInSe3 (twin GB) by the DFT+U method.
We adopted a supercell containing 108 atoms (3 × 3 × 2) to
construct a twin grain boundary (GB) that contains zinc
blende-type twin GBs (112)[11̅0]Σ3 with configurations
generated using the Supercell program.42 The calculated
formation energy of twin GB is 0.0006 eV/atom, which
implies that the (112)[11̅0]Σ3 twin GBs are easy to form in
the CuCdInSe3 compound.

Our calculations are performed at a temperature of 0 K,
which essentially reflects the intrinsic electronic band. At the
same time, there are various possible configurations for this
compound, and the electronic structure will be configuration-
dependent, to some extent. We choose a configuration where
the cations are distributed nearly homogeneously in the
supercell, followed by structure optimization by the PBEsol
method with the charge density cutoff, plane-wave cutoff, and
k-point grid set to 250 Ry, 50 Ry, and 4 × 4 × 1, respectively.
Figure 5b exhibits a calculated electronic band structure for
CuCdInSe3 (twin GB) by the DFT+U method. We consider
the CuCdInSe3 compound (twin GB) as a semiconductor
despite its tiny bandwidth (0.001 eV). The discrepancy
between the calculated electronic band gap and the optical
band gap may be attributed to the perturbations in absorption
arising from a substantial presence of free carriers.43,44 The
dominant composition of the top valence band in CuCdInSe3
(twin GB) predominantly comprises Cu-3d and Se-4p orbitals,

Figure 4. S/TEM analyses for the sample (HP-300 MPa). (a) TEM image; (b) HAADF-STEM image of CuCdInSe3 and (c) its corresponding
EDS maps; (d) HRTEM image of the enlarged view of the area in the red frame of panel (a); (e) SAED pattern of panel (a); (f) Cs-corrected
HAADF-STEM image of CuCdInSe3; (g−i) atomic EDS maps.
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while the conduction band bottom primarily originates from
In-5s and Se-4p orbitals (Figure 5b).

Figure 6a presents the electrical transport properties for the
CuCdInSe3 samples. The CuCdInSe3 samples (hot-pressed
under 100−300 MPa) show a typical degenerate semi-
conductor behavior (300−800 K). The electrical conductivity
increases with increasing HP sintering pressure, which is
caused by a large increase in n and a slight decline in μ. The n
of the samples acquires an enhancement with increasing
sintering pressure and carrier mobility decreases, while it
remains at a high level of carrier mobility (Figure 6c,d and
Table 1).

Typically, an improvement in the conductivity is accom-
panied by a reduction in the Seebeck coefficient. Figure 6b
displays the α ∼ T plot for the CuCdInSe3 samples. In this
work, CuCdInSe3 (HP-50 MPa) solid solutions probably have
many intrinsic vacancies and defects, which give the possibility
to keep a balance between electrons and holes. As shown in
Figure 3, we can observe some dislocation lines in the HP-50
MPa sample and the collapse of the cubic framework, the
appearance of vacancies within the grain, and the dislocation
line region. Combining the electrical properties with the above
S/TEM results, we conjecture that the hole carrier
concentration in the HP-50 MPa sample may be slightly
higher than the electron carrier concentration, and it exhibits
p-type conduction properties at 300 K. As the temperature
increases, electrons presumably acquire sufficient energy to
enter the conduction band, break the covalent bond between
the electron and the solid atom, and become free electrons,

thereby contributing to the enhanced conductivity. As a result,
CuCdInSe3 (HP-50 MPa) exhibits a p−n transition.

The Seebeck coefficient for other samples (hot-pressed
under 100−300 MPa) is negative, indicating that electron
conduction dominates for transport (300−800 K), which is in
agreement with the Hall coefficient measured by the PPMS
system, as presented in Figure S6b. Additionally, the room-
temperature Seebeck coefficient of CuCdInSe3 decreases from
304.20 to −110.12 μV K−1 with the increased HP sintering
pressure.

Furthermore, we characterized the electrical transport
properties at low temperatures (10−300 K) by the PPMS
system (Figure 6c,d and Table 1). The carrier concentration
for CuCdInSe3 samples increases from 2.89 × 1016 cm−3 for
CuCdInSe3 (HP-50 MPa) to 3.55 × 1018 cm−3 for CuCdInSe3
(HP-300 MPa) with the increased HP sintering pressure. In
addition, the HP-50 MPa sample has a higher electron mobility
and lower carrier concentration probably due to the fewer
internal defects (especially TBs), a more complete crystal
lattice, and a more regular internal ion arrangement, which is in
agreement with the Hall experiment results. The gradual
reduction of the grain size of the sample under rising pressure
leads to an increase in the GBs, which may hinder electron
migration and significantly diminish the sample mobility. As a
result, the mobility of the sample is greatly reduced first (for
the HP-50 and HP-100 samples). Furthermore, the density of

Figure 5. (a) Atomic structure diagram of the (112)[11̅0]Σ3 twin GB
in the CuCdInSe3 compound. The black solid lines represent the edge
of the supercell. The balls represent the atomic columns occupied by
Cu/Cd/In/Se, respectively. The red dashed line shows the location of
the (112)[11̅0]Σ3 twin GB. (b) Calculated electronic band structure
and DOS for CuCdInSe3 with twin GB.

Figure 6. Electrical transport properties for CuCdInSe3 samples (hot-
pressed under different pressures). (a) Electrical conductivity, σ; (b)
Seebeck coefficient, α; (c) carrier concentration, n; (d) carrier
mobility, μ; (e) power factor, PF; (f) Pisarenko plot for CuCdInSe3
samples (300 K).
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dislocation lines declines in the HP-100 MPa sample, while the
TBs begin to appear, as shown in Figure S4. Then, TBs rise in
samples (HP-100 MPa, 200 MPa, and 300 MPa) with
increasing sintering pressure, which may work as an electron
source for CuCdInSe3. The unique chemical composition
involving Cu, Cd, and In alloying and the inverse twins helps
to decouple the intrinsically defining relationships between the
physics laws of charge carriers and thermal transport
properties, facilitating electron transfer, enhancing carrier
concentration, and slightly increasing carrier mobility.

The carrier mobility of all of the samples obeys the typical μ
∼ T0 temperature dependence (10−90 K), as shown by the
green dashed line in Figure 6d, indicating that neutral impurity
scattering is predominant. With the temperature increase to
200 K, the carrier mobility of the samples declines gradually
and satisfies a relationship of the μ∼ T−1/2 (the red dashed
line), indicating the dominance of acoustic phonon scattering
and alloying scattering. As the temperature approaches 300 K,
the carrier mobility of CuCdInSe3 (hot-pressed under 100−
300 MPa) follows a typical temperature dependence of μ ∼
T−3/2 (represented by the blue dashed line), indicating that
acoustic phonon scattering predominantly influences the
carriers.

The power factor was determined by the formula PF = α2σ,
as shown in Figure 6e. The PF increased with the rising
temperature for all samples except for the sample CuCdInSe3
(HP-200 MPa). The sample CuCdInSe3 (HP-200 MPa)
exhibits a maximum PF value of 0.52 mWm−1 K−2 at 500 K.

Figure 6f displays the Pisarenko plot at 300 K for the
CuCdInSe3 samples. Assuming a scattering mechanism
dominated by acoustic phonon scattering within the conditions
approximated by the SPB model (single parabolic band), the
Seebeck coefficient of the samples can be expressed as45
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Here, α is the Seebeck coefficient, n is the carrier
concentration, m* is the effective mass, kB is the Boltzmann
constant, h is the Planck constant, and e is the elemental
electron charge.

The theoretical line (solid black line) was calculated by the
SPB model with an effective mass of 0.12 m0. With the
increases of HP sintering pressure, the lattice parameter and
the absolute value of α decline, while the carrier concentration
gets a promotion (Table 1 and Figure S7a). The m* values in
this work are extremely tiny, which may be partially
attributable to the high carrier mobility of the compound.
With the HP sintering pressure increasing from 50 to 300
MPa, the n monotonically increases from 2.86 × 1016 to 3.55 ×
1018 cm−3 at 300 K, accompanied by the reduction of μ from
412.56 to 267.22 cm2 V−1 s−1, as shown in Table 1.

Figure S7b shows a comparison of the mobility μ of
CuCdInSe3 with some traditional Cu-based TE compounds
(including Cu2S,

46 Cu2Se,
46 Cu2Te,47 CuInTe2,

48 CuGaTe2,
49

Cu 3 SbS e 4 ,
8 Cu 2MgSnSe 4 ,

5 0 Cu 2 . 1 F e 0 . 9 S nS e 4 ,
5 1

Cu0.8Ag0.2In0.7Ga0.3Te2,
23 and CuFeS2

52) at room temperature.
Numerous Cu-based TE compounds have been reported to
date, and most of these materials with superior TE properties
possess p-type behavior. However, the TE properties and
carrier mobility of n-type diamond-like compounds are
generally very low, which limits the applications of efficient
diamond-like compounds for TE devices. It is expected that
the electrical and thermal transport properties of CuCdInSe3
may be regulated to achieve superior TE properties.

Figure 7a indicates the total thermal conductivity κ for
CuCdInSe3 (hot-pressed under different pressures). The κ for

CuCdInSe3 samples is smaller than 3.0 W m−1 K−1 and
decreases with the rising T (300−800 K).

Furthermore, we conducted calculations to determine the κL
of the compounds (hot-pressed under 50−300 MPa), as
presented in Figure 7b. The bipolar thermal conductivity of the
CuCdInSe3 compound contributes little to the κ (300−800 K)
and can be approximately zero. The κL can be calculated by the
Wiedemann−Franz law,53,54 where κe = LσT and κL = κ − κe.
The formula55,56 is adopted to calculate the Lorenz constants L
(see Supporting Information S6). One can see that the κL
decreases with the increasing temperature from 300 to 800 K.
The CuCdInSe3 (HP-300 MPa) reaches a lower κL (0.72 W
m−1 K−1 at 800 K) than the other samples. From the low-
magnification SEM results (Figure 2a−d), we observe that the
grain sizes are similar for the HP-50 and HP-100 samples, with

Table 1. Room-Temperature Transport Parameters of CuCdInSe3 (Hot-Pressed under Different Pressures)

sample (CuCdInSe3) κL (W m−1 K−1) σ(S m−1) α (μV K−1) n (cm−3) μ (cm2 V−1 s−1) m*/me

50 MPa 2.54 4.82 × 102 304.20 2.89 × 1016 412.56 0.01
100 MPa 2.51 4.99 × 103 −153.40 1.35 × 1018 229.40 0.09
200 MPa 2.83 1.19 × 104 −130.21 2.77 × 1018 268.17 0.13
300 MPa 2.51 1.52 × 104 −110.12 3.55 × 1018 267.22 0.13

Figure 7. (a) Total thermal conductivity of CuCdInSe3, κ (hot-
pressed under different pressures); (b) lattice thermal conductivity,
κL; (c) κL of CuCdInSe3 (HP-300 MPa) compared with some
traditional Cu-based TE compounds;49,52,57−59,61,62 (d) ZT values of
CuCdInSe3 samples.
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the only difference being the presence of TBs in the HP-100
sample. However, the TBs in the compound have little effect
on the depression of κL.

Figure 7c shows a comparison of κL for CuCdInSe3 (HP-300
MPa) with some traditional Cu-based TE compounds with
excellent TE performance, including Cu2Te,57 CuGaTe2,

49

CuInTe2,
58 CuFeS2,

52 CuInSe2,
59 Cu2CdSnSe4,

60 and
Cd2Cu2In3Te8.

61 The CuCdInSe3 compound has a particularly
low lattice thermal conductivity among the Cu-based TE
materials.

The CuCdInSe3 (HP-300 MPa) sample that achieves an
improved ZT value of 0.47 at 800 K is attributed to the
combination of enhanced electrical property and low thermal
conductivity, which is about seven times that of the sample
(HP-50 MPa), as shown in Figure 7d.

Furthermore, we obtained the longitudinal and transverse
wave velocities of the samples (hot-pressed under 50−300
MPa) by the pulse-echo method. Shear modulus G, Poisson’s
ratio p, and Young’s modulus E of the samples were calculated
by combining the equations (see Supporting Information S7),
and the results are presented in Table 2. CuCdInSe3 (HP-300

MPa) has a larger shear modulus G and Young’s modulus E
than the other samples, indicating better mechanical proper-
ties. In addition, the Debye temperature for CuCdInSe3
samples is higher than 250 K, implying that the CuCdInSe3
compound possesses strong atomic bonds. The sound velocity
of the CuCdInSe3 compound is particularly high, indicating
that the low κL mainly originates from the alloying scattering
for the CuCdInSe3 compound.

■ CONCLUSIONS
This work applies an HP technique to prepare the n-type TE
semiconductor CuCdInSe3 with a large number of TBs. The
CuCdInSe3 compound exhibits a cubic zinc blende crystal
structure, where the cation sites are randomly occupied by Cu,
Cd, and In. Disordered cations in combination with alloying
scattering result in a low κL. The presence of high-density TBs
effectively optimizes the carrier concentration, resulting in an
enhancement of electrical conductivity and power factor.
Consequently, CuCdInSe3 (HP-300 MPa) obtains a ZTmax
value of 0.47 at 800 K. The research will have great
implications in designing and preparing high-performance TE
and solar-cell functional materials.
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