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CuInTe2 is recognized as a promising thermoelectric material in the moderate temperature range, but its

mechanical properties important for engineering applications remain unexplored so far. Herein, we

applied quantum mechanics (QM) to investigate such intrinsic mechanical properties such as ideal

strength and failure mechanism along with pure shear, uniaxial tension, and biaxial shear deformations.

We found that the ideal shear strength of CuInTe2 is 2.43 GPa along the (221)[11�1] slip system, which is

much lower than its ideal tensile strength of 4.88 GPa along [1�10] in tension, suggesting that slipping

along (221)[11�1] is the most likely activated failure mode under pressure. Shear induced failure of

CuInTe2 arises from softening and breakage of the covalent In–Te bond. However, tensile failure arises

from breakage of the Cu–Te bond. Under biaxial shear load, compression leads to shrinking of the In–Te

bond and consequent buckling of the In–Te hexagonal framework. We also found that the ideal strength

of CuInTe2 is relatively low among important thermoelectric materials, indicating that it is necessary to

enhance the mechanical properties for commercial applications of CuInTe2.

1. Introduction

Since the 20th century, rapid industrialization has led to over-
consumption of fossil fuels, causing severe environmental
concerns such as global warming, acid rain, and air pollution.
The search for alternative eco-friendly energy technology has
attracted worldwide attention. Thermoelectrics (TEs), which
directly convert heat into electrical energy without causing
environmental pollution, could play an essential role in
relieving the global energy crisis.1,2 An excellent TE material
should simultaneously possess robust mechanical behavior and
high material performance, which is characterized by the gure
of merit, zT¼ a2sT/k, where a is the Seebeck coefficient, s is the

electrical conductivity, k is the thermal conductivity, and T is
the temperature. In the past decade, various strategies have
been developed to enhance the zT values of TE materials,3–6 but
research on mechanical properties is lagging, which limits the
industrial applications of TE materials. Under thermal cycling
conditions of TE devices, thermomechanical stresses easily
cause cracks or fatigue damage in TE materials,7 accelerating
deterioration of material performance as well as failure of TE
devices. Thus, improving mechanical properties such as
mechanical strength and toughness is signicant for develop-
ment of reliable TE devices.

Recently, a ternary I–III–VI2 compound CuInTe2 was re-
ported as a promising p-type TE semiconductor with zT value
larger than 1 at �850 K.8 CuInTe2 has a direct bandgap of
1.02 eV with multiple degenerate bands near the valence band
maximum,9 which leads to a high Seebeck coefficient. In addi-
tion, its intrinsic thermal conductivity is�6 Wm�1 K�1 at room
temperature,10 which is much higher than other important TE
materials such as Mg–Si–Sn alloys (�2 W m�1 K�1)11 and lled
skutterudites (�2 W m�1 K�1).12 Thus, many approaches have
been developed to increase electrical conductivity and reduce
thermal conductivity to enhance the zT values of CuInTe2.13–16

For example, embedding graphene sheets into the CuInTe2
matrix strengthens the interface phonon scattering, decreasing
thermal conductivity and hence improving the zT value.13

Substitution of Cd at the In site (CuIn1�xCdxTe2) can effectively
increase carrier concentration, leading to sharp enhancement
of electrical conductivity.10 Similarly, Sb substitution at the Te
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site (CuInTe2�xSbx) leads to drastic improvement in power
factor (1445 mW m�1 K�2) owing to simultaneous enhancement
of electrical conductivity and Seebeck coefficient. In addition,
introduction of In2O3 nanoinclusions into this sample can
further reduce thermal conductivity. Thus, a record high zT
value of 1.61 at �850 K was achieved for the CuInTe2 TE
material.14 However, its mechanical properties, which are
important for reliability of CuInTe2-based TE devices, remain
unexplored so far.

To determine the intrinsic mechanical properties, such as
ideal strength and deformation mechanism of CuInTe2, we
applied quantum mechanics (QM) based density functional
theory (DFT) at the Perdew–Burke–Ernzerhof (PBE) func-
tional level to investigate the responses against pure shear,
uniaxial tension, and bi-shear deformations. We rst deter-
mined the most plausible slip and tensile systems. Then, we
characterized in detail the stress–strain relationship, ideal
strength and failure modes under various loading conditions.
Finally, fracture toughness was computed based on the
stress–strain relationship. Discussions are presented
regarding the comparison of CuInTe2 with other important
TE materials.

Among all the shear paths, (221)[11�1] was found to have the
lowest ideal shear strength of 2.43 GPa, and the soening and
breakage of the In–Te bond was responsible for shear failure of
CuInTe2. Moreover, under the [1–10] tension load, CuInTe2 was
found to have the lowest tensile strength of 4.88 GPa, and the
Cu–Te bond dominates the deformation and tensile failure of
CuInTe2. Under biaxial shear deformation, the maximum shear
stress was 1.95 GPa, which was much lower than that under
pure shear deformation. Failure arises from compression of In–
Te bond and buckling of the 3D In–Te hexagonal framework.
These mechanical strengths and structural deformation modes
demonstrate intrinsic structure–mechanical property relations,
which are helpful for the development of mechanically robust
and reliable CuInTe2 TE devices.

2. Methodology

Ideal strength and deformation mechanism calculations were
performed using the VASP code, utilizing projector
augmented wave (PAW) potentials.17–19 Exchange–correlation
functional was calculated within the Perdew–Burke–Ernzer-
hof (PBE) level to account for core-valence interactions.20

Valence electrons for Cu, In, and Te were set as 3d104s1,
5s25p1, and 5s25p4, respectively. Herein, we applied PBE + U
method (U ¼ 4 eV) to describe the exchange–correlation
efforts of the Cu 3d electrons.9 A 500 eV plane-wave energy
cutoff was adopted for convergence on force and geometries.
Energy errors for terminating electronic self-consistent eld
(SCF) and force criterion convergence were set to 1 � 10�6 eV
and 1 � 10�2 eV Å�1, respectively. Monkhorst–Pack grid with
ne resolution of 2p � 1/40 Å�1 was used for all calculations.
The pure shear, uniaxial tension, and bi-shear simulations are
similar to our previous studies on other important TE mate-
rials,21–23 as explained in the ESI†.

3. Results and discussion
3.1 Crystal structure and chemical bonding

CuInTe2 crystallizes in tetragonal structure (space group I�42d),
which originates from diamond-like cubic zinc-blendematerial,
as shown in Fig. 1(a). The unit cell contains 16 atoms (4 � Cu, 4
� In, and 8 � Te); each Cu or In atom is tetrahedrally coordi-
nated with Te. The structure consists of a 3D framework linked
by Cu–Te (2.62 Å) and In–Te (2.86 Å) bonds. As shown in
Fig. 1(b), the calculated electron localized function (ELF), which
can be used to analyze bonding character,24 clearly shows
shared electrons between In3+ and Te2�, suggesting covalent
bonding character of In–Te with a Pauling electronegativity (EN)
difference of 0.32 (cIn ¼ 1.78, cTe ¼ 2.10). The EN difference for
Cu–Te is 0.2 (cCu ¼ 1.90, cTe ¼ 2.10), which is much smaller
than that of In–Te (0.32). This suggests stronger covalent
bonding interaction in Cu–Te than In–Te. The DFT optimized
lattice parameters are a ¼ 6.30 and c ¼ 12.67 Å, which are only
1.6% and 1.9% larger than the experimental values of a ¼ 6.20
and c ¼ 12.43 Å at room temperature,25 and show good agree-
ment with previous theoretical values of a ¼ 6.29 and c ¼ 12.60
Å from PBE functional.26

3.2 Ideal strength, deformation and failure mechanism

3.2.1 Pure shear deformation of CuInTe2. Ideal strength,
deformation and failure mechanism of a crystal are intrinsic
mechanical behaviors closely related to the nature of chemical
bonds,27 and the failure mode depends on the type of applied
stress, such as shear, tension or compression. Herein, we
applied pure shear and uniaxial tension loads to explore theo-
retical strength and deformation mechanism of CuInTe2.

To understand ideal shear strength of CuInTe2, we examined
the pure shear stress response against shear strain along
different slip systems. The computed shear-stress–shear-strain
relationships for CuInTe2 are shown in Fig. 2(a). The (221)
[11�1] slip system was found to have the ideal shear strength
(maximum stress point) of 2.43 GPa, which is lower than those
shearing along the (221)[1�10] (2.57 GPa), (001)[1�10] (5.54
GPa), (001)[100] (4.98 GPa), and (010)[100] (5.35 GPa) systems.
This indicates that the (221)[11�1] slip system is the most likely

Fig. 1 (a) Crystal structure and (b) chemical bonding (with calculated
isosurfaces at a value of 0.75 of ELF) of ternary I–III–VI2 compound
CuInTe2.
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cleavage system for CuInTe2 under pressure. Beyond the
maximum stress point, the shear stress in the (221)[11�1]
system gradually decreases until structural failure, suggesting
a signicant ‘yielding’ and structural soening process, while
the shear stress in other slip systems shows a sudden drop,
suggesting typical brittle failure and structural collapse
processes.

To explain this ‘yielding’ process in the least stress slip
system and determine the shear failure mechanism of CuInTe2,
we extracted the structure patterns and typical bond lengths
(angles) to investigate the bond-responding process along the
(221)[11�1] slip system, as shown in Fig. 2(b)–(d). As shear
strain increases to 0.566, the In–Te and Cu–Te hexagonal
frameworks, consisting of both In–Te and Cu–Te bonds, distort
to resist shear deformation (Fig. 2(b)). The In1–Te1 bond is
linearly stretched from 2.86 to 3.02 Å with stretching ratio of
5.6%, while Te1–In1–Te2 bond angle linearly increases from
112.7� to 150.4�, accommodating shear deformation. Moreover,
the Cu1–Te1 bond is stretched from 2.62 to 2.73 Å with smaller
stretching ratio of 4.2%. When shear strain further increases to
0.658, corresponding to the highly soened structure (Fig. 2(c)),
the In–Te bonds break, representing collapse of the In–Te
hexagonal framework. However, Cu–Te bonds are still con-
nected, maintaining the integrity of the In–Te hexagonal
framework. This explains why shear stress decreases to
0.58 GPa, rather than zero, at 0.658 shear strain. During this
structural soening process (Fig. 2(d)), the In1–Te1 bond is
rapidly stretched to 3.1 Å, leading to the sharply increased Te1–
In1–Te2 bond angle. This highly soened or non-bonding In–Te

interaction is responsible for structural stiffness soening
(Fig. 2(c)) and rapidly reduces shear stress (Fig. 2(a)). Soening
of the In–Te bond dominates the ‘yielding’ deformation along
the (221)[11�1] system. This explains why there is no sudden
drop in shear stress, as shown in Fig. 2(a). The Cu1–Te1 bond
rapidly shrinks to 2.66 Å, representing signicant bond
recovery, which suppresses structural soening.

We also extracted ELF change against shear strain to further
understand the bond-responding process along (221)[11�1]
system, as shown in Fig. S2 in ESI.† As shear strain increases to
0.566 before structural soening, the In–Te bonds still possess
shared electrons, suggesting no bond breakage. However, at
0.658 shear strain, which corresponds to the highly soened
structure, the shared electrons between In–Te move completely
towards individual In and Te atoms, suggesting breakage of the
In–Te bond. ELF change between In–Te further conrms that
soening and breakage of the In–Te bonds leads to structural
soening and shear failure of CuInTe2.

3.2.2 Uniaxial tensile deformation of CuInTe2. To under-
stand ideal tensile strength and deformation mechanism of
CuInTe2, we imposed uniaxial tensile loading along different
tensile systems to examine structure–mechanical property
relations. Fig. 3(a) displays the calculated tensile-stress–tensile-
strain relations. In all the tensile systems, with an increase in
tensile strain, the tensile stress rapidly increases until
maximum tensile stress is achieved, indicating the structure
strongly resists tensile deformation. Beyond this point, the
tensile stress suddenly drops, indicating structural collapse and
brittle failure. Among these tensile systems, the system under

Fig. 2 Pure shear deformation and failure mechanism of CuInTe2. (a) Shear-stress–shear-strain relationships for CuInTe2 along different slip
systems. The atomic structures of CuInTe2 shearing along the least stress slip system of (221)[11�1]: (b) atomic structure at 0.566 shear strain and
(c) atomic structure at 0.658 shear strain corresponding to the highly softened structure. (d) Typical bond lengths (In1–Te1 and Cu1–Te1) and
bond angle (Te1–In1–Te2) against shear strain along the (221)[11�1] slip system. The gray dashed region corresponds to the structural softening
stage.
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[1�10] tension load was found to have the lowest ideal tensile
strength of 4.88 GPa at 0.173 tensile strain. This ideal tensile
strength is much higher than the ideal shear strength of
2.43 GPa, indicating that shear failure is much easier to occur
than tensile failure for CuInTe2. Fig. 3(b) and (c) show the
structural patterns before and at failure strains, respectively. At
0.196 tensile strain before failure, the structure can still hold
together with perfect structural integrity (Fig. 3(b)). At failure
strain of 0.208, the Cu1–Te1 bond breaks, leading to sudden
drop of tensile stress (Fig. 3(a)) and structural failure. However,
the In1–Te1 bond is still connected, indicating that the struc-
ture is not totally cleaved along the [1�10] plane. Before failure,
the Cu1–Te1 bond is stretched from 2.62 to 2.96 Å with
a stretching ratio of 13.0%, while the In1–Te1 bond is slightly
stretched with a stretching ratio of 2.4%, as shown in Fig. 3(d).
This implies that the Cu1–Te1 bond is less rigid than the In1–
Te1 bond, suggesting that the Cu1–Te1 bond soens before
In1–Te1 bond breaks. Thus, Cu1–Te1 bond breaks at a failure
strain of 0.208, releasing structural stress. Moreover, the In1–
Te1 bond length recovers to 2.84 Å. The stretching force
constant (SFC) calculation using ATAT code28 shows that the
SFC of the Cu–Te bond is 2.35 eV Å�2, which is much lower than
that of In–Te bond (4.33 eV Å�2). This quantitatively explains
why the Cu–Te bond, rather than the In–Te bond, soens and
breaks during the stretching process. In addition, ELF change
displayed in Fig. S3† clearly shows that the strong In–Te bonds
remain closely connected during the entire tensile process.

3.2.3 Biaxial shear deformation of CuInTe2. To mimic the
nano-indentation experiment, we applied biaxial shear (both
shear and compression loads) deformation to understand the
underlying failure mechanism of CuInTe2 along the least stress
slip system (221)[11�1]. Fig. 4(a) shows the computed shear-
stress–shear-strain relation as well as the comparison with pure
shear deformation. Before 0.142 shear strain, biaxial shearing
and pure shearing lead to the same shear stress response. On
further increasing shear strain, the shear stress under biaxial
shear load was found to be much lower than that under pure
shear load. Maximum shear stress of the biaxial shear system is
1.96 GPa at 0.258 shear strain, which is much lower than that
(2.43 GPa) of the pure shear system. Beyond maximum stress,
the structure rapidly soens and collapses under biaxial shear
load, giving rise to a sudden drop in shear stress, which is
different from the ‘yielding’ process under pure shear load. This
suggests that compression plays an essential role in deter-
mining mechanical strength and deformation mechanism of
a biaxial shear system. Fig. 4(b)–(d) display the atomic cong-
urations before and at failure strain and typical bond changes
for biaxial shear deformation. At 0.346 shear strain, the Cu–Te
and In–Te hexagonal frameworks are compacted resisting
external shear and compressive deformation (Fig. 4(b)). At 0.357
shear strain, In1–Te1 bond breaks and hexagonal frameworks
change to rectangular (Fig. 4(c)), suggesting that compression
leads to structural buckling failure and stress relaxation. The
In1–Te1 and Cu1–Te2 bonds shrink, resisting deformation until

Fig. 3 Uniaxial tension deformation and failure mechanism of CuInTe2. (a) Tensile-stress–tensile-strain relationships for CuInTe2 under different
tension loads. The atomic structures of CuInTe2 tension along least tensile-stress system of [1�10]: (b) atomic structure at 0.196 tensile strain
before failure and (c) atomic structure at failure strain of 0.208. (d) Typical bond lengths (Cu1–Te1 and In1–Te1) as a function of tensile strain
along the [1�10] tension system. The gray dashed line represents tensile strain before failure.
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maximum shear stress at 0.258 shear strain, as shown in
Fig. 4(d), indicating that these bonds have the strongest stiff-
ness. As shear strain increases to 0.346, the In1–Te1 bond starts
to stretch, indicating that the structure starts to soen, leading
to decreased shear stress, as shown in Fig. 4(a). At the failure
strain of 0.357, the sudden increase in bond length represents
breakage of In1–Te1 bond, releasing the shear stress. ELF
changes, as shown in Fig. S4,† indicate that the In1–Te1 bond
along the c axis has no shared electron-pair at failure strain of
0.357, conrming the non-bonding interaction between In1–
Te1. Moreover, the Te1–In1–Te3 bond angle drastically drops
from 117� to 108�, indicating that the framework shape changes
from hexagon to rectangle, as shown in Fig. 4(b) and (c).

3.3 Elastic properties and fracture toughness of CuInTe2

To provide basic understanding of the stability of CuInTe2, we
computed the elastic matrix (Cij), and then used the Voigt–
Reuss–Hill method29 to estimate various elastic properties such
as Young's moduli, bulk modulus, shear modulus, and Poisson
ratio. Furthermore, we compared these results with previous ab
initio results using PBE, as listed in Table 1. It is shown that U

correction on Cu 3d electrons has minor effect on the elastic
properties of CuInTe2. Shear modulus is 21.4 GPa, which is
much lower than the Young's modulus of 54.2 GPa, indicating
that CuInTe2 is much weaker in resisting shearing compared
with tension. This effectively explains why the ideal shear
strength (2.43 GPa) of CuInTe2 is much lower than the ideal
tension strength (4.88 GPa). The predicted elastic properties (B,
G, E) of CuInTe2 are much lower than those of the other
important TEmaterial TiNiSn (B¼ 128.8 GPa, G¼ 67.2 GPa, E¼
171.7 GPa) with similar zinc-blende structure. This explains that
CuInTe2 has much lower ideal shear strength (2.43 GPa) than
TiNiSn (10.52 GPa).31

Similar to elastic modulus (B, G, E), fracture toughness (Kc) is
also an important mechanical property for many engineering
applications. Our previous studies have indicated that fracture
toughness can be successfully estimated from ideal stress–
strain relations.32,33 Using the same method, we predicted the
fracture toughness of mode I (KIc), mode II (KIIc), and mode III
(KIIIc) of CuInTe2, as listed in Table 1. To date, no experimental
KIc of CuInTe2 is reported. However, our previously predicted KIc

of PbTe agrees well with the experimental value.32 We believe
that the predicted fracture toughness of CuInTe2 is correct.

Fig. 4 Biaxial shear deformation of CuInTe2 along the least stress slip system (221)[11�1]. (a) The shear-stress–shear-strain relationship and
comparison with that of pure shear deformation. (b) Atomic structure at 0.346 shear strain before failure and (c) atomic structure at failure strain
of 0.357. (d) Typical bond lengths (In1–Te1 and Cu1–Te2) and bond angle (Te1–In1–Te3) against shear strain.

Table 1 Predicted elastic constants (Cij), bulk modulus (B), shear modulus (G), Young's modulus (E), Poisson ratio (v), fracture toughness (KIc, KIIc,
KIIIc) of CuInTe2, and comparison with previous ab initio results using PBE. Units of elastic properties and fracture toughness are GPa
and MPa m1/2

Method C11 C12 C13 C33 C44 C66 B G E v KIc KIIc KIIIc

PBE + U 54.7 31.4 30.9 55.0 26.0 25.7 39.0 21.4 54.2 0.27 0.19 0.37 0.33
PBE30 61.0 36.9 40.5 67.3 27.2 24.8 47 19 51 0.32 — — —

This journal is © The Royal Society of Chemistry 2018 J. Mater. Chem. A, 2018, 6, 11743–11750 | 11747
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Compared with TE oxides, the fracture toughness (KIIc ¼
0.37 MPa m1/2, KIIIc ¼ 0.33 MPa m1/2) of CuInTe2 is much lower
than those of 3D ZnO (KIIc ¼ 0.42 MPam1/2, KIIIc ¼ 0.34 MPa m1/

2) and SrTiO3 (KIIc ¼ 0.58 MPa m1/2, KIIIc ¼ 0.50 MPa m1/2), but
much higher than those of 2D BiCuSeO (KIIc ¼ 0.26 MPa m1/2,
KIIIc¼ 0.21MPam1/2) and NaCo2O4 (KIIc¼ 0.13MPam1/2, KIIIc¼
0.11 MPa m1/2),33 which is mainly due to the structural stiffness
(SFCCu–Te ¼ 2.35 eV Å�2) of CuInTe2 being much weaker than
those of ZnO (SFCZn–O ¼ 5.63 eV Å�2) and SrTiO3 (SFCTi–O ¼
5.43 eV Å�2) but much stronger than those of BiCuSeO (SFCBi–Se

¼ 0.22 eV Å�2) and NaCo2O4 (SFCNa–O ¼ 0.37 eV Å�2).33

3.4 Ideal shear strength of important TE materials

Ideal strength, dened as the rst maximum stress at which
awless crystals become mechanically unstable, is a funda-
mental mechanical characteristic of materials. Herein, we
compared the ideal shear strength of CuInTe2 with other
important high-performance TE materials, as shown in Fig. 5.
In 2D layered TE compounds (Bi2Te3, SnSe, Mg3Sb2, CaMg2Sb2,
and CaZn2Sb2), Bi2Te3 and SnSe have the lowest ideal shear
strengths of 0.19 GPa and 0.59 GPa, respectively, because weak
van der Waals-like Bi–Te and Sn–Se bonds dominate the
deformation of Bi2Te3 and SnSe.21,34 Due to the relatively
stronger ionic bonding in 2D Zintl compounds, Mg3Sb2,
CaMg2Sb2, and CaZn2Sb2 show higher ideal shear strengths
than 2D Bi2Te3 and SnSe.34,36 In 3D TE compounds, TiNiSn and
CoSb3 have the highest ideal shear strengths of 10.52 GPa and
7.17 GPa, respectively, because of the strong 3D Ni–Sn and Co–
Sb covalent frameworks in TiNiSn and CoSb3, respectively.23,31

However, lead chalcogenides PbTe, PbSe, and PbS have rela-
tively lower ideal shear strengths of 3.46 GPa, 5.13 GPa, and
7.14 GPa, respectively,32 compared with CoSb3 and TiNiSn,
because the 3D Pb–X (X ¼ Te, Se, S) ionic framework is much
weaker than the NiSn and Co–Sb covalent framework. CuInTe2
and InSb have similar tetrahedral In–Te and In–Sb sub-
structures, leading to the same ideal shear strength of
2.43 GPa.22 CuInTe2 has relatively low ideal shear strength
among these TE compounds, suggesting that the mechanical

properties should be enhanced for engineering applications of
CuInTe2.

4. Conclusions

We applied QM to determine the intrinsic mechanical proper-
ties of CuInTe2, such as ideal shear strength, failure mecha-
nism, and fracture toughness under pure shear, uniaxial
tension, and biaxial shear deformations. The major ndings are
as follows:

� The lowest ideal shear strength of CuInTe2 is 2.43 GPa
along the (221)[11�1] slip system, and the In–Te covalent bond
dominates the deformation and shear failure of CuInTe2. This
ideal shear strength is relatively low among high-performance
TE materials, suggesting its limitation for commercial
applications.

� The lowest ideal tensile strength is 4.88 GPa along the
[1�10] tension load, and breakage of the Cu–Te bond leads to
tensile failure of CuInTe2.

� The shear strength is 1.95 GPa under biaxial shear load
along the (221)[11�1] slip system. This value is lower than that
(2.43 GPa) along its pure shear system. We found that
compression shrinks the In–Te bond and leads to buckling of
the In–Te hexagonal framework.

� From ideal stress–strain relations of CuInTe2, we estimated
the fracture toughness of mode I (KIc ¼ 0.19 MPa m1/2), which is
much lower than mode II (KIIc ¼ 0.37 MPa m1/2) and mode III
(KIIIc ¼ 0.33 MPa m1/2).

Fracture toughness and ideal shear strength of CuInTe2 are
relatively low among important high-performance TEmaterials,
suggesting that improvement of mechanical properties of
CuInTe2 is required for engineering applications.
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