
ARTICLE OPEN

Shear induced deformation twinning evolution in
thermoelectric InSb
Zhongtao Lu1, Ben Huang1,2, Guodong Li 1,2✉, Xiaolian Zhang1, Qi An3, Bo Duan1, Pengcheng Zhai1,2, Qingjie Zhang 2✉ and
William A. Goddard III 4✉

Twin boundary (TB) engineering has been widely applied to enhance the strength and plasticity of metals and alloys, but is rarely
adopted in thermoelectric (TE) semiconductors. Our previous first-principles results showed that nanotwins can strengthen TE
Indium Antimony (InSb) through In–Sb covalent bond rearrangement at the TBs. Herein, we further show that shear-induced
deformation twinning enhances plasticity of InSb. We demonstrate this by employing large-scale molecular dynamics (MD) to
follow the shear stress response of flawless single-crystal InSb along various slip systems. We observed that the maximum shear
strain for the ð111Þ½112� slip system can be up to 0.85 due to shear-induced deformation twinning. We attribute this deformation
twinning to the “catching bond” involving breaking and re-formation of In–Sb bond in InSb. This finding opens up a strategy to
increase the plasticity of TE InSb by deformation twinning, which is expected to be implemented in other isotypic III–V
semiconductors with zinc blende structure.
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INTRODUCTION
Indium Antimony (InSb) is found to be one of the most potential
high-performance thermoelectric (TE) material in III–V semicon-
ductors1–6. InSb is also widely used as infrared detectors because
of its narrow band gap (0.18 eV at 300 K) and the highest mobility
among III–V semiconductors (about 7.8 × 104 cm2 V−1 s−1 at
300 K)7–11. However, as for TE materials, the cycling of thermal
stress under working conditions causes the crack opening, leading
to the deterioration of material performance and even the failure.
Although as for infrared detectors, its working temperature (at
77 K) is much lower than its storage temperature (at 300 K),
leading to the coefficient of thermal expansion mismatch that
causes the brittle cleavage12–18. In recent year, some ductile
inorganic semiconductors with special intrinsic structure have
been found, such as α-Ag2S

19,20 and InSe21, which have out-
standing mechanical properties. However, for the other semi-
conductors without excellent intrinsic properties such as InSb,
these deficiencies in mechanical properties severely limit its
extended engineering applications. Therefore, the mechanical
properties of InSb need to be improved for its industrial
applications.
One effective way to enhance the material mechanical proper-

ties is via structural design. A specific two-dimensional structural
design, twin boundary (TB), has beneficial effects on structural
mechanical properties, which has attracted attention in recent
years. TBs provide low energy grain boundaries that can
strengthen the materials by minimizing effective grain size to
the nanoscale, while hindering dislocation movement, which is
well-known as the Hall–Petch effect22,23. The dislocations change
from glissile dislocations to sessile dislocations while crossing TBs
and thus protect the structure from slip failure, which is called as
Basinski mechanism24. During deformation twinning, the increas-
ing proportion of twins may change the lattice orientation to a

hard direction, which is noted as texture hardening. Because of
the above effects of twins, introducing TBs to optimize materials
has been widely applied in metals and ceramics25–29, yet its effects
on TE semiconductors remain less explored. Growth twins can be
produced in TE semiconductor InSb during preparation30–33, with
a very low twin interfacial energy (20.7 mJ m−2)34, making
introducing TBs appropriate to tune mechanical performance.
In our previous study, we used density functional theory (DFT)

to investigate the shear stress response of nanotwin InSb and
found that the directional covalent In–Sb bond rearrangements at
TBs strengthen structural stiffness, which improves the ideal shear
strength of InSb by 11%34. However, the nucleation mechanism
for nanotwins and the mechanical properties of large-scale
nanotwinned InSb remain unexplored. In order to investigate
the mechanical properties of InSb under realistic conditions, we
employed molecular dynamics (MD) simulations to examine shear
stress response along various slip systems for flawless single-
crystal InSb. Interestingly, we found deformation twinning forms
easily along the ð111Þ½112� slip system in InSb. Similar phenomena
have been observed in other materials that deformation may
improve plasticity with strain-induced dislocation35,36. To investi-
gate this plastic behavior in TE semiconductors, we examined the
evolution of twinning in several stages. By identifying the
chemical bond change during twin nucleation, we explained
how the shear load along the ð111Þ½112� direction induces the
deformation twinning, yet retains structural integrity. By calculat-
ing the energy of slipping and twinning, we explained why
deformation twinning, rather than slipping, is more plausible
under shear loading along the ð111Þ½112� direction. These findings
help provide improved understanding of deformation twinning in
enhancing the plasticity of semiconductor with zinc blende
structure.
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Fig. 1 Structure of InSb and shear stress response. a The structure of InSb with sketch map of double face centered cubic (fcc) lattice, the
red atoms are In and the blue atoms are Sb. b The shear stress–strain curve of seven different slip systems. The shear stress–strain curve of the
ð111Þ½112� slip system (the purple one) is partitioned into five stages: O–A: elastic stage; A–B: stress dropping stage; B–C–D: structural yielding
stage; D–E: structural strengthening stage; E–F: structural failure stage.

Fig. 2 Structural deformation during stress dropping stage. a Deformation of whole structure at 0.2625 shear strain. d, g, j The cross-
sections of the first, second, and third stack in a. b Deformation of whole structure at 0.2645 shear strain. e, h, k The cross-sections of the first,
second, and third stack in b. c Deformation of whole structure at 0.2690 shear strain. f, i, l The sections of the first, second, and third stack in c.
Atoms are colored coded by the atomic shear strain. The path of two perfect dislocations reacting into three partial dislocations is embedded
in e. The part in red rectangle in c is the area of Fig. 5.
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RESULTS
Mechanical properties of InSb along different slip systems
First, we investigated the mechanical properties of flawless single-
crystal InSb through calculating the shear response along seven
plausible slip systems. The structure of single-crystal InSb is shown
in Fig. 1a, it has the F43M space group, with In and Sb located in
the 4a (0, 0, 0) and 4c (0.25, 0.25, 0.25) sites, respectively. The
lattice parameter from MD simulations is a= 6.479 Å and In–Sb
bond length is 2.80 Å at room temperature (300 K), in agreement
with experiment (a= 6.476 Å)37. The shear stress–strain curves are
displayed in Fig. 1b, where the ð111Þ½112� slip system and its
opposite slip system ð111Þ½112� have the lowest mechanical
strength of 4.6 GPa at shear strain of 0.26, making them the most
plausible slip systems. Interestingly, beyond the maximum stress
point, we found that the ð111Þ½112� slip system shows an obvious
plastic deformation, whereas the other six slip systems show
typical brittle failure (as shown in Supplementary Fig. 1). In the
following sections, we will focus on explaining the plastic
deformation under a shear load along the ð111Þ½112� slip system
at three different stages as shown in Fig. 1b:

● stress dropping stage (A–B),
● structural yielding stage (B–C–D),
● structural strengthening and failure stage (D–E–F).

Stress dropping stage
The structural deformation of the ð111Þ½112� slip system during
the stress dropping stage is shown in Fig. 2. The atoms are colored
according to their atomic shear strain38,39, so that the structure
clearly divided into two parts: undeformed blue area and
deformed green area. During the rapid stress drop from 4.6 to
1.5 GPa, an obvious three-layered stack gradually forms (stack is
judged by structure analysis of dislocation analysis (DXA)40,41 in
open visualization tool (OVITO)42), as shown in Fig. 2a–c. The
atomic shear strain in the three-layered stacking increases rapidly
with the color changing from blue to green. In the first stack
evolution (Fig. 2d–f), as the shear strain increases from 0.2625 to
0.2690, the 1

6<112> partial dislocations gradually diffuse (the
dislocation type is judged by DXA40,41 in OVITO42). In the second
stack evolution (Fig. 2g–i), the 1

6<112> partial dislocations nucleate

Fig. 3 Structural deformation during the structural yielding stage. a–e Deformation of the whole structure at strain a 0.30, b 0.40, c 0.50,
d 0.60, and e 0.70. Atoms are colored coded by the atomic shear strain. The (111) planes in twins and matrix are represented by red and yellow
lines, respectively, which reflect the crystal rotation during the twinning.
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near the edge area of dislocation lines in the first stack (as shown
in Fig. 2d). In the third stack evolution (Fig. 2j–l), the 1

6<112>
partial dislocations nucleate near the edge area of dislocation lines
in the second stack (as shown in Fig. 2h). The 1

6<112> partial
dislocations occur from the dislocation reaction in the face
centered cubic (fcc) structure43:

1
2
011½ � 111ð Þþ

1
2
101½ � 111ð Þ! 3 ´

1
6
112½ � 111ð Þ (1)

The relationship of these dislocations is also shown in Fig. 2e.
Thus, the three-layered stacking evaluation under shear load
along the ð111Þ½112� slip system leads to nucleation of deforma-
tion twinning, which suddenly reduces the shear stress.

Structural yielding stage
The structural deformation of ð111Þ½112� slip system at structural
yielding stage is shown in Fig. 3. With shear strain increasing from
0.269 to 0.30 (from Fig. 2c to Fig. 3a), the stacking ratio (the volume
increment of the stacked area within unit strain increment) reduces
and the shear stress drop starts to slow down (point B in Fig. 1b).
As the shear strain increases from 0.30 to 0.70 (Fig. 3a–e), stacking-
induced deformation twins (green parts) gradually grow with
crystal rotation (according to the red and yellow lines), resulting in
the texture hardening, corresponding to the stage of C–D in Fig.
1b. Accompanied by the crystal rotation in the deformation
twinning, the structure exhibits the yielding stage.

Structural strengthening and failure stage
The structural deformation of ð111Þ½112� slip system at structural
strengthening and failure stage is shown in Fig. 4. When the shear
strain increases to 0.73 (Fig. 4a), the system only contains two-

layer matrix. At this moment, the matrix can hardly transform to
the deformation twins, but rather it will start to slip along the [112]
direction with the increasing shear strain, as shown in Fig. 4b. This
leads to a slight stress drop (point D in Fig. 1b). However, the slip
direction ([112]) is not parallel to the shear direction (½112�) and
the slip-induced dislocation movement is hindered at TBs, as
shown in Fig. 4c. Thus, the structure retains integrity, resulting in
structural strengthening (stage D–E in Fig. 1b). The contribution of
the dislocation hindering to the plastic deformation during the
stage of structural strengthening (stage D–E in Fig. 1b) is less than
that of the twining during the stage of structural yielding (stage
B–D in Fig. 1b); thus, the twinning is the dominant mechanism for
the plastic deformation in InSb. At 0.88 shear strain (Fig. 4c), the
structure starts to slip at TBs, whereas the matrix orientation
mainly changes to its symmetry orientation (ð111Þ½112�), indicat-
ing that the ð111Þ½112� slip system is more likely to slip than the
ð111Þ½112� slip system. By changing the crystal orientation, the
deformation twinning contributes to the activation of slipping.
Then at 0.89 shear strain (Fig. 4d), the slippages rapidly propagate
along ½112� direction (origin orientation) and cross the nanotwins,
leading to the structural failure (stage E–F in Fig. 1b).

Atomistic explanation of deformation twinning evaluation
To investigate the deformation twinning evaluation of InSb under
shear loading along the ð111Þ½112� slip system, we extract the
local atomistic configurations in Fig. 2c to illustrate the chemical
bonding responses against shear strain, as shown in Fig. 5. As the
shear strain increases from 0.2698 to 0.2702 (Fig. 5a–d), In2 and
Sb2 move relatively along the ð111Þ½112� direction with In2–Sb2
bond rotating, which gradually changes the matrix orientation to
its symmetry orientation (ð111Þ½112�). Under shear load along the

Fig. 4 Structural deformation during the strengthening and failure stage. a–d Deformation of whole structure at strain a 0.73, b 0.76, c 0.88,
and d 0.89. Atoms are color coded by the atomic shear strain. In b, there are slips along the ð111Þ½112� direction in the matrix. In c, the slips
along the ð111Þ½112� direction are hindered by TBs. In d, the breakage along ð111Þ½112� direction initiates at TBs, leading to the structural
failure.
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ð111Þ½112� direction, In2 and Sb1 move along the ð111Þ½112�
direction relatively with a decreased distance. Meanwhile, In2 and
Sb3 move along the ð111Þ½112� direction relatively with increased
distance, until the In2–Sb3 bond breaks at 0.2701 shear strain (Fig.
5c). Beyond breaking the In2–Sb3 bond, Sb1 immediately attracts
its nearby atom In2 to form the In2–Sb1 bond at 0.2702 shear
strain (Fig. 5d), as they both lack one covalent bond to reach
covalent bond saturation. As the In2–Sb1 bond forms, the In2–Sb2
bond rotates to keep the neighbor structure of In2 intact. We refer
to this bond-breaking formation process between the neighboring
atom as “catching bond,” which has been observed in our
previous DFT calculations34. However, shearing along the sym-
metry direction of the ð111Þ½112�, the ð111Þ½112� direction cannot
cause such decreased distance between In2–Sb1 or In3–Sb2,
let alone the “catching bond.” The “catching bond” can maintain
the structural integrity during the extremely crystal rotation in the
twin nucleation (stage A–B in Fig. 1b) and further resulting in the
twin growth (stage B–C–D in Fig. 1b).
To further investigate the origin of deformation twinning

nucleation in InSb, we calculated the bond lengths and angles
during the elastic stage, as shown in Fig. 6. Three bond types and
three angle types are classified as shown in Fig. 6a. The elongation
of the bond 1 is less than that of bond 2 at the elastic stage, but
bond 1, rather than bond 2, breaks at the beginning of the twin
nucleation (point A), as shown in Fig. 6b. This indicates that the
bond stretching is not the main reason for breaking bond 1. The
bond angle 1, consisting of bond 1 and 2, is bent significantly at
the elastic stage from 109.4° to 124.4°. Similarly, the angle 3
consisting of bond 1 and 3 is remarkably bent as well, from 109.4°
to 100.5°, although the angle 2 consisting of bond 2 and 3 is
slightly bent from 109.4° to 106.6°. These angle changes are
shown in Fig. 6c. This indicates that the directionality of covalent
bond 1 changes significantly against shear stress, which leads to
breaking bond 1 at point A. This data analysis explains the
breaking of the In2–Sb3 bond in Fig. 5. The breaking of bond 1
leads to twinning on the ð111Þ glide-set plane, which is a non-
shear plane, as shown in Fig. 6a. Therefore, by breaking bond 1,
the shearing along the ð111Þ½112� direction leads to twinning

along the ð111Þ½112� non-shear direction. This atomic explanation
explains why the deformation twinning nucleates along the
ð111Þ½112� direction, as shown in Fig. 2a.

Energy explanation of competition between twin and slip
The double fcc lattice structure has two different kinds of close-
packed (111) planes: glide-set plane (narrowly spaced atomic
layer) and shuffle-set plane (widely spaced atomic layer)44.
Slipping on these two different planes is induced by different
dislocations. On the shuffle-set plane, slipping can be induced by
a perfect dislocation along the f111g<110> direction, resulting in
cleavage, as observed in InSb under shear along different
direction (Supplementary Fig. 1). However, this slipping cannot
be induced by leading-trailing partial dislocations, because partial
dislocations on the shuffle-set plane are unstable. On the glide-set
plane, the slipping cannot be induced directly by a perfect
dislocation along the f111g<110> direction, because the density
of covalent bonds on the glide-set plane is much higher than that
on the shuffle-set plane, making it more likely to be induced by
the leading-trailing partial dislocations. The twinning can be
formed only on the glide-set plane, because the partial dislocation
exits only on the glide-set plane. These three kinds of shear
deformation modes (the slipping on the shuffle-set plane and the
glide-set plane, and the twinning on the glide-set plane) are
illustrated in Supplementary Fig. 2.
To discuss the competitive mechanism between these three

shear deformation modes, we employed DFT to calculate the
cleavage energy on the shuffle-set plane and the generalized
stacking fault energy (GSFE) on the glide-set plane, as shown in
Fig. 7a. The details of the DFT calculations are described in
“Methods.” We observed that the cleavage energy γc (1440.0 mJ
m−2) is higher than the unstable stacking energy γust (778.9 mJ
m−2) (Fig. 7a), indicating that the slipping-induced cleavage on
the shuffle-set plane is more difficult to occur than the stacking on
the glide-set plane, as well as this stacking-induced slipping and
twinning. By further observing the structures of γust points, the
atoms near the stack plane and its neighboring atoms form

Fig. 5 Local atomic configuration extracted from Fig. 2c during twin nucleation. a–d Atomic structure at strain a 0.2698, b 0.2700, c 0.2701,
and d 0.2702. The red atoms are In and the blue atoms are Sb. From a to d, In2 and Sb2 keep moving relatively along the ð111Þ½112� direction.
Distance between In2 and Sb3 keeps increasing in b and c; new bond between In2 and Sb1 forms in d.
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approximate equilateral triangles, whereas the distance of In1–Sb1
(2.76 Å) is only 4.2% shorter than the In–Sb bond in single crystal
(2.88 Å), as shown in Fig. 7b. This indicates that the structure
retains its integrity at this point. On the other hand, the unstable
twinning energy γut (798.5 mJ m−2) is very close to the unstable
stacking energy γust (778.9 mJ m−2) (Fig. 7a), indicating that, after

the stacking on the glide-set plane, twinning with a second layer
stack is easy to substitute the slipping with a trailing partial
dislocation45. In addition, both the stacking fault energy γsf
(36.9 mJm−2) and the extrinsic stacking fault energy 2γt* (37.5 mJ
m−2) are very low, indicating that the twinning transition
structures, both one-layer stack and two-layer microtwin, are very

Fig. 6 Bond lengths and angles with increasing shear strain. a Schematic diagram of the bonds and angles, and the glide-set and shuffle-set
planes. b Bond lengths with increasing shear strain. c Bond angles with increasing shear strain. The double fcc lattice has two different kinds
of slip planes on {111}: glide-set plane (narrowly spaced atomic layer) and shuffle-set plane (widely spaced atomic layer)44. In a, the glide-set
plane and shuffle-set plane are represented by the green line and the yellow line, respectively. In b and c, point A in Fig. 1b is represented by
black dashed lines to distinguish the elastic and plastic stage.

Fig. 7 The cleavage energy and GSFE curves. a The cleavage energy and GSFE curves. b Optimized model at γust points. In a, the maximum
energy of the stacking energy curve (black square), the twinning energy curve (red circle), and the cleavage energy curve (blue triangle) are
the unstable stacking energy γust, the unstable twinning energy γut, and the cleavage energy γc, respectively. The minimum energy in the
middle of stacking energy curve (black square) is the stacking fault energy γsf and the minimum energy at the end of twinning energy curve
(red circle) is the extrinsic stacking fault energy 2γt*. These definitions are consistent with ref. 46. In b, the section of the atoms in the black
dashed rectangle is displayed on the right.
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stable46. Therefore, the twinning on the glide-set plane can be
easily induced by suitable shear load, such as shear load along the
ð111Þ½112� direction. This shear can lead to the “catching bond” in
case of the breakages, as we have explained before.
By analyzing the energy barrier of different shear processes,

under the shear load along the ð111Þ½112� direction, the reason for
generating twinning, rather than slipping, can be summarized as:
at first, the slipping-induced cleavage on the shuffle-set plane is
difficult to occur due to the high γc, whereas the stacking on the
glide-set plane may occur due to the low γust. Then, due to the
twinning energy is close to the stacking energy, on the glide-set
plane, the second stacking along the ½112� shear direction is more
likely to be activated than the trailing dislocation along the ½211�
direction or ½121� direction that causes the slipping. This finally
results in the deformation twinning on the glide-set plane.

DISCUSSION
In summary, we identified the deformation twinning formation in
TE InSb under shear loading along the ð111Þ½112� direction at
300 K, which is rarely observed in TE semiconductors, but a typical
plastic deformation behavior in metal and alloy. By analyzing the
chemical bond response, we found that the shear load along the
ð111Þ½112� direction can induce deformation twinning by breaking
the directionality of the In–Sb covalent bond to change its
neighboring structure. Meanwhile, to achieve saturation of
covalent bond under the new neighboring structure, the “catching
bond” occurs, which further maintains the structural integrity. By
analyzing the cleavage energy on the shuffle-set plane and GSFE
curves on the glide-set plane, we found that the energy barrier of
the slipping-induced cleavage on the shuffle-set plane is higher
than that of the twinning on the glide-set plane, making
deformation twinning is preferable. The deformation twinning
with the crystal re-orientation leads to a large yielding stage,
resulting in a maximum shear strain of ~0.85. These findings
should provide guidelines helpful to improve the plasticity of zinc
blende structure semiconductors through TBs engineering.

METHODS
MD simulations
For the MD simulations, we chose the Tersoff potential47 to describe the
interactions of atoms in InSb, whose format is shown below:

E ¼ 1
2

X
i≠j
fcðrijÞ½fRðrijÞ � bij fAðrijÞ� (2)

where fR(rij) is the attractive function, fA(rij) is the repulse function, bij
represents the many-body term, and fc(rij) is the cutoff function. All
parameters used here are from ref. 48. The calculated elastic constants of
InSb from this potential are C11= 66.7 GPa, C12= 32.0 GPa, and C44=
31.9 GPa at ambient conditions, which agree well with the experimental
results (C11 = 66.69 GPa, C12= 36.45 GPa, and C44= 30.2 GPa)49 and the
DFT results (C11= 72.0 GPa, C12= 35.4 GPa, and C44= 34.1 GPa)50. The
elastic modulus were also derived from the elastic constants by means of
Voigt–Reuss–Hill approximation method with the results of Young’s
modulus E= 58.3 GPa, bulk modulus B= 43.6 GPa, shear modulus G=
25.0 GPa, and Poisson’s ratio v= 0.26, which correspond to the experi-
mental results (B= 47.4 GPa)51 and the DFT results (E= 62.290 GPa, G=
25.499 GPa, v= 0.221)52. The average lattice parameter a is ~6.48 Å, which
also coincides with experimental results a= 6.476 Å37. These verify the
feasibility of this force field.
Four structural models of InSb were built with size of ~140 Å along all

three dimensions as shown in Supplementary Fig. 3 and seven kinds of slip
systems were considered for shear, which are listed in Supplementary
Table 1. All the shear MD simulations were performed using the Large-
scale Atomic Molecular Massively Parallel Simulator53,54. The equation of
motion was integrated with a time step of 1 × 10−3 ps. Periodic boundary
conditions were applied in all three directions to eliminate the surface
effects. All systems were relaxed under isothermal-isobaric ensemble with
isotropic barostat set to 0 Pa and Nose–Hoover thermostat55 at 300 K for

100 ps to equilibrate the system before the shear load was imposed. Shear
load was applied every 0.1 ps with the shear strain rate of 1 × 109 s−1 using
canonical ensemble with Nose–Hoover thermostat55 at 300 K, until the
structural failure. The atomic structures are displayed by using OVITO42

with atomic shear strain38,39 and are analyzed by DXA40,41 in OVITO.

DFT calculations
DFT calculations were run on the Vienna Ab Initio Simulation Package56–58,
using the generalized gradient approximation with the
Perdew–Burke–Ernzerhof59 exchange-correlation function. The energy toler-
ance and the force tolerance applied for the convergence were 1 × 10−6 eV
and 1 × 10−2 eV Å−1, respectively. An energy cutoff of 500 eV was applied for
the geometry optimization. A 7 × 7 × 7 Monkhorst–Pack60 k-point was used
for the single-crystal InSb geometry optimization, whereas an 8 × 1 × 14
Monkhorst–Pack grid was used for cleavage energy and GSFE calculations.
The lattice parameter from the DFT geometry optimization is a= 6.648 Å. For
the other energy calculations, a single cell was created along the direction of
½112� ´ ½111� ´ ½110� with 12 atoms and expanded to a 1 × 4 × 1 supercell
with 12 layers along the [111] direction. Periodic boundary conditions were
applied along all three dimensions. For cleavage energy calculation, a
vacuum buffer of 20 Å was inserted in a shuffle-set plane near the y-direction
periodic boundary. The vacuum buffer is thick enough that the relative
energy change between the flawless structure and the cleavage structure is
independent of further increasing vacuum thickness. This relative energy
change divided by the separated plane area is the cleavage energy γc. For
GSFE calculations, the model with vacuum buffer of 20 Å was further
displaced rigidly on different glide-set plane. For stacking process, the model
was displaced rigidly on a glide-set plane in the middle of the model along
the ð111Þ½112� direction. For twinning process, the one-layer stacked model
was further displaced rigidly on another nearby glide-set plane along the
ð111Þ½112� direction. The structures for the GSFE calculations were optimized
only along the [111] direction. The relative energy change per unit area on
shear plane under different displacements constitute the GSFE curves.

DATA AVAILABILITY
All necessary data generated or analyzed during this study are included in this
published article and its Supplementary Information files. Extra data are available
from the corresponding author upon reasonable request.

CODE AVAILABILITY
Code sharing not applicable to this article, as no custom computer code or algorithm
were applied during the current study.

Received: 6 May 2021; Accepted: 23 June 2021;

REFERENCES
1. Yamaguchi, S., Matsumoto, T., Yamazaki, J., Kaiwa, N. & Yamamoto, A. Thermo-

electric properties and figure of merit of a Te-doped InSb bulk single crystal. Appl.
Phys. Lett. 87, 201902 (2005).

2. Zhang, Q. S. et al. Enhanced thermoelectric performance in in1-xGaxSb origi-
nating from the scattering of point defects and nanoinclusion. J. Mater. Chem. 21,
12398–12401 (2011).

3. Jiang, G. Y., Chen, Y., Zhu, T. J., Liu, X. H. & Zhao, X. B. Microstructure and
thermoelectric properties of InSb compound with nonsoluble nisb in situ pre-
cipitates. J. Mater. Res. 28, 3394–3400 (2013).

4. Cheng, Y. D. et al. New insight into InSb-based thermoelectric materials: from a
divorced eutectic design to a remarkably high thermoelectric performance. J.
Mater. Chem. A 5, 5163–5170 (2017).

5. Du, Z. L., Yan, M. Y. & Zhu, J. H. Thermoelectric performance of In0.8+yGa0.2Sb
(0≤y≤0.06) ternary solid solutions with in excess. Mater. Res. Express 5, 106301
(2018).

6. Xin, J. W. et al. An in situ eutectic remelting and oxide replacement reaction for
superior thermoelectric performance of insb. J. Mater. Chem. A 6, 17049–17056
(2018).

7. Rode, D. L. Electron mobility in direct-gap polar semiconductors. Phys. Rev. B 2,
1012–1024 (1970).

8. Rode, D. L. Electron transport in InSb, InAs, and Inp. Phys. Rev. B 3, 3287–3299
(1971).

Z. Lu et al.

7

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences npj Computational Materials (2021)   111 



9. Massidda, S. et al. Structural and electronic properties of narrow-band-gap
semiconductors: Inp, InAs, and InSb. Phys. Rev. B 41, 12079–12085 (1990).

10. Jung, Y. J., Park, M. K., Tae, S. I., Lee, K. H. & Lee, H. J. Electron transport and
energy‐band structure of InSb. J. Appl. Phys. 69, 3109–3114 (1991).

11. Vurgaftman, I., Meyer, J. R. & Ram-Mohan, L. R. Band parameters for III–V com-
pound semiconductors and their alloys. J. Appl. Phys. 89, 5815–5875 (2001).

12. Declémy, A. & Renault, P. O. XRD measurement of thermal strain in InSb-based
devices. Phys. Stat. Solid. A 204, 1041–1046 (2007).

13. Zhang, L. W. et al. Analysis on structural stress of 64 × 64 InSb IRFPAs with
temperature dependent elastic underfill. J. Sensors 2014, 952323 (2014).

14. Zhang, X. L., Meng, Q. D., Zhang, L. W. & Lv, Y. Q. Modeling and deformation
analyzing of InSb focal plane arrays detector under thermal shock. Infrared Phys.
Technol. 63, 28–34 (2014).

15. Zhang, X. L., Meng, Q. D., Zhang, L. W. & Lv, Y. Q. Negative electrode structure
design in InSb focal plane array detector for deformation reduction. J. Mech. Sci.
Technol. 28, 2281–2285 (2014).

16. Zhang, L. W. et al. Influences of electrode material and design on the reliability of
IRFPAs detector under thermal shock. Opt. Quantum Electron. 49, 69 (2017).

17. Zhang, X. L., Gao, Y. P., Meng, Q. D., Lv, Y. Q. & Si, J. J. Frustum pyramid shape of
indium bump to lengthen cycling life of insb infrared detector. Opt. Quantum
Electron. 49, 88 (2017).

18. Zhang, X. L., Meng, Q. D., Lv, Y. Q. & Si, J. J. Analysis of thermal stresses in InSb
IDAs assembly with thinner silicon ROIC. Infrared Phys. Technol. 98, 187–191
(2019).

19. Shi, X. et al. Room-temperature ductile inorganic semiconductor. Nat. Mater. 17,
421–426 (2018).

20. Li, G. et al. Ductile deformation mechanism in semiconductor α-Ag2S. npj Com-
put. Mater. 4, 44 (2018).

21. Wei, T. R. et al. Exceptional plasticity in the bulk single-crystalline van der waals
semiconductor InSe. Science 369, 542–545 (2020).

22. Hall, E. O. The deformation and ageing of mild steel: III discussion of results. Proc.
Phys. Soc. Lond. B 64, 747–753 (1951).

23. Petch, N. J. The cleavage strength of polycrystals. J. Iron Steel Inst. 174, 25–28
(1953).

24. Basinski, Z. S., Szczerba, M. S., Niewczas, M., Embury, J. D. & Basinski, S. J. The
transformation of slip dislocations during twinning of copper-aluminum alloy
crystals. Rev. Metall. 94, 1037–1043 (1997).

25. Lu, K., Lu, L. & Suresh, S. Strengthening materials by engineering coherent
internal boundaries at the nanoscale. Science 324, 349–352 (2009).

26. Lu, L., Chen, X., Huang, X. & Lu, K. Revealing the maximum strength in nanot-
winned copper. Science 323, 607–610 (2009).

27. Reddy, K. M. et al. Enhanced mechanical properties of nanocrystalline boron
carbide by nanoporosity and interface phases. Nat. Commun. 3, 1052 (2012).

28. Tian, Y. J. et al. Ultrahard nanotwinned cubic boron nitride. Nature (Lond.) 493,
385–388 (2013).

29. An, Q. et al. Superstrength through nanotwinning. Nano Lett. 16, 7573–7579
(2016).

30. Yang, Y. W., Li, L., Huang, X. H., Li, G. H. & Zhang, L. D. Fabrication and optical
property of single-crystalline InSb nanowire arrays. J. Mater. Sci. 42, 2753–2757
(2007).

31. Qian, Y. Y. & Yang, Q. Straight indium antimonide nanowires with twinning
superlattices via a solution route. Nano Lett. 17, 7183–7190 (2017).

32. Yuan, X. M. et al. Dopant-free twinning superlattice formation in InSb and InP
nanowires. Phys. Stat. Solid. RRL 11, 1700310 (2017).

33. Singh, A. P. et al. Structure and electronic properties of InSb nanowires grown in
flexible polycarbonate membranes. Nanomaterials 9, 1260 (2019).

34. Li, G. D. et al. Enhanced strength through nanotwinning in the thermoelectric
semiconductor InSb. Phys. Rev. Lett. 119, 215503 (2017).

35. Bruhns, O. T. Large deformation plasticity. Acta Mech. Sin. 36, 472–492 (2020).
36. Tang, W. et al. Mechanical properties and enhancement mechanisms of titanium-

graphene nanocomposites. Acta Mech. Sin. 36, 855–865 (2020).
37. Ersching, K., Campos, C. E. M., de Lima, J. C. & Grandi, T. A. Structural and thermal

studies of mechanical alloyed InSb nanocrystals. Mater. Chem. Phys. 112, 745–748
(2008).

38. Falk, M. L. & Langer, J. S. Dynamics of viscoplastic deformation in amorphous
solids. Phys. Rev. E 57, 7192–7205 (1998).

39. Shimizu, F., Ogata, S. & Li, J. Theory of shear banding in metallic glasses and
molecular dynamics calculations. Mater. Trans. 48, 2923–2927 (2007).

40. Stukowski, A. & Albe, K. Extracting dislocations and non-dislocation crystal
defects from atomistic simulation data. Model. Simul. Mater. Sci. Eng. 18, 085001
(2010).

41. Stukowski, A., Bulatov, V. V. & Arsenlis, A. Automated identification and indexing
of dislocations in crystal interfaces. Model. Simul. Mater. Sci. Eng. 20, 085007
(2012).

42. Stukowski, A. Visualization and analysis of atomistic simulation data with
OVITO–the open visualization tool. Model. Simul. Mater. Sci. Eng. 18, 015012
(2010).

43. Mahajan, S. & Chin, G. Y. Formation of deformation twins in f.c.c. crystals. Acta
Metall. 21, 1353–1363 (1973).

44. Rodney, D., Ventelon, L., Clouet, E., Pizzagalli, L. & Willaime, F. Ab initio modeling
of dislocation core properties in metals and semiconductors. Acta Mater. 124,
633–659 (2017).

45. VanSwygenhoven, H., Derlet, P. M. & Froseth, A. G. Stacking fault energies and slip
in nanocrystalline metals. Nat. Mater. 3, 399–403 (2004).

46. Tadmor, E. B. & Hai, S. A Peierls criterion for the onset of deformation twinning at
a crack tip. J. Mech. Phys. Solids 51, 765–793 (2003).

47. Tersoff, J. Modeling solid-state chemistry: interatomic potentials for multi-
component systems. Phys. Rev. B 39, 5566–5568 (1989).

48. Powell, D., Migliorato, M. A. & Cullis, A. G. Optimized Tersoff potential parameters
for tetrahedrally bonded III-V semiconductors. Phys. Rev. B 75, 115202 (2007).

49. Slutsky, L. J. & Garland, C. W. Elastic constants of indium antimonide from 4.2°K to
300°K. Phys. Rev. 113, 167–169 (1959).

50. Wang, S. Q. & Ye, H. Q. First-principles study on elastic properties and phase
stability of III–V compounds. Phys. Stat. Solid. B 240, 45–54 (2003).

51. Lam, P. K., Cohen, M. L. & Martinez, G. Analytic relation between bulk moduli and
lattice constants. Phys. Rev. B 35, 9190–9194 (1987).

52. Salehi, H., Badehian, H. A. & Farbod, M. First principle study of the physical
properties of semiconducting binary antimonide compounds under hydrostatic
pressures. Mat. Sci. Semicon. Proc. 26, 477–490 (2014).

53. Heyes, D. M. Pressure tensor of partial-charge and point-dipole lattices with bulk
and surface geometries. Phys. Rev. B 49, 755–764 (1994).

54. Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J.
Comput. Phys. 117, 1–19 (1995).

55. Nosé, S. A unified formulation of the constant temperature molecular dynamics
methods. J. Chem. Phys. 81, 511–519 (1984).

56. Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set. Comput. Mater. Sci. 6,
15–50 (1996).

57. Kresse, G. & Furthmuller, J. Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set. Phys. Rev. B 54, 11169–11186 (1996).

58. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 59, 1758–1775 (1999).

59. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made
simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

60. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations. Phys.
Rev. B 13, 5188–5192 (1976).

ACKNOWLEDGEMENTS
This work was supported by the National Natural Science Foundation of China
(number 52022074, 51972253, and 51772231), the Natural Science Foundation of
Hubei Province (2020CFB202), and the Fundamental Research Funds for the Central
Universities (WUT: 2020III031 and 2020IB001). We acknowledge Sandia National
Laboratories for distributing the open-source MD software LAMMPS.

AUTHOR CONTRIBUTIONS
G.L., Q.Z., W.A.G., P.Z., and B.D. conceived the research. Z.L. and B.H. designed and
performed the molecular dynamics simulations. Z.L. and X.Z. designed and
performed the first-principles calculations. Z.L., G.L., Q.A., and W.A.G. co-wrote the
manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains Supplementary Material
available at https://doi.org/10.1038/s41524-021-00581-x.

Correspondence and requests for materials should be addressed to
?G.L., Q.Z. or W.A.G.III.

Reprints and permission information is available at http://www.nature.com/
reprints

Z. Lu et al.

8

npj Computational Materials (2021)   111 Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

https://doi.org/10.1038/s41524-021-00581-x
http://www.nature.com/reprints
http://www.nature.com/reprints


Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party

material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Z. Lu et al.

9

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences npj Computational Materials (2021)   111 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Shear induced deformation twinning evolution in thermoelectric InSb
	Introduction
	Results
	Mechanical properties of InSb along different slip systems
	Stress dropping stage
	Structural yielding stage
	Structural strengthening and failure stage
	Atomistic explanation of deformation twinning evaluation
	Energy explanation of competition between twin and slip

	Discussion
	Methods
	MD simulations
	DFT calculations

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




