Open Access Article. Published on 27 July 2023. Downloaded on 1/20/2026 10:45:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Anisotropic crystal orientations dependent
mechanical properties and fracture mechanisms in
zinc blende ZnTe nanowirest

i '.) Check for updates ‘

Cite this: RSC Adv., 2023, 13, 22800

A. S. M. Jannatul Islam, @2 Md. Sherajul Islam, & *2 Md. Sayed Hasan, &2
Kamal Hosen, ©° Md. Shahadat Akbar, ©2 Ashraful G. Bhuiyan®
and Jeongwon Park ® <

The orientations of crystal growth significantly affect the operating characteristics of elastic and inelastic
deformation in semiconductor nanowires (NWs). This work uses molecular dynamics simulation to
extensively investigate the orientation-dependent mechanical properties and fracture mechanisms of
zinc blende ZnTe NWs. Three different crystal orientations, including [100], [110], and [111], coupled with
temperatures (100 to 600 K) on the fracture stress and elastic modulus, are thoroughly studied. In
comparison to the [110] and [100] orientations, the [111]-oriented ZnTe NW exhibits a high fracture
stress. The percentage decrease in fracture strength exhibits a pronounced variation with increasing
temperature, with the highest magnitude observed in the [100] direction and the lowest magnitude
observed in the [110] direction. The elastic modulus dropped by the largest percentage in the [111]
direction as compared to the [100] direction. Most notably, the [110]-directed ZnTe NW deforms
unusually as the strain rate increases, making it more sensitive to strain rate than other orientations. The
strong strain rate sensitivity results from the unusual short-range and long-range order crystals

appearing due to dislocation slipping and partial twinning. Moreover, the {111} plane is the principal
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Accepted 24th July 2023 cleavage plane for all orientations, creating a dislocation slipping mechanism at room temperature. The

{100} plane becomes active and acts as another fundamental cleavage plane at increasing temperatures.
This in-depth analysis paves the way for advancing efficient and reliable ZnTe NWs-based nanodevices
and nanomechanical systems.
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such as nanoresonators, nanogenerators, and nano-cantilever
sensors.>>** Zinc blende (ZB) ZnTe NWs">' have three

1. Introduction

One-dimensional nanostructures, such as nanowires (NWs) and
nanorods, are the focus of much research interest due to their
unique features and great potential in several technological
applications ranging from optoelectronics to biology.'* Over
the past few years, numerous NWs from II-VI, III-V, and IV-VI
group semiconductors have been developed, which include
GeSn, CdSe, ZnS, ZnSe, ZnTe, InP, GaN, and SiC.*™* In partic-
ular, ZnTe NW is of special importance owing to its exceptional
electrical, thermal, and optical characteristics as well as the
potential for use in nanoelectromechanical systems (NEMS)
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different crystallographic orientations along the growth axis,
namely [100], [110], and [111], which can affect their physical
properties, including bandgap, surface reactivity, piezoelectric
polarization, index of refraction, and electrical and thermal
conductivity.”>>* The side surfaces are dissimilar for these three
different growth directions. These side surfaces can consider-
ably affect the mechanical behavior and fracture process
through partial slipping, full slipping, necking, and/or
twinning.>*?*  Recent experimental®**® and theoretical
studies®® also suggest that different crystal orientations of NWs
can exhibit considerable anisotropic mechanical properties
with temperature and strain. The competition between global
and local deformations, activation variation in different planes,
and the influence disparity of inter-planar distances may
change with temperature and strain rate,**** leading to this
anisotropic behavior. A thorough knowledge of the crystal
orientation-dependent mechanical characteristics is thus an
essential requirement for the development of further techno-
logical applications of this nanostructure.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The thermal, electrical, optical, structural, and lattice
dynamical behaviors of ZnTe nanostructures have been exten-
sively studied in recent years using ab initio simulations and
other techniques.'*'***%” Despite extensive theoretical and
practical investigations into the electronic, thermal, and optical
characteristics of ZnTe NWs, there is a lack of literature
exploring the influence of crystal direction on the tensile
deformation behavior. Further investigation is required to
enhance our understanding of the influence of environmental
factors, such as temperature and strain rate, on mechanical
strength. To effectively utilize ZnTe NWs in various NEMS and
nanodevices, particularly those reliant on mechanical
responses to achieve desired functionalities, it is imperative to
obtain a comprehensive assessment of their mechanical prop-
erties and failure mechanisms. Moreover, the challenges asso-
ciated with sample preparation, intricate surface morphology,
and the small dimensions of the NWs pose difficulties in
accurately clamping and aligning the axial orientation of the
NWs with the loading direction.®

In this work, we have comprehensively investigated the
atomistic deformation mechanisms and the tensile mechanical
properties of ZB ZnTe NWs, with a particular focus on the three
different crystal directions ([100], [110], and [111]) through
molecular dynamics (MD) simulation. The Stillinger-Weber
(SW) potential introduced by Zhou et al.** was employed to
characterize the interatomic interactions of the systems. To
verify the effect of crystal orientation coupled with temperatures
(100 to 600 K) and strain rate (1 x 10° s™* to 1 x 10'®s™") on
mechanical strength, we have explored the radial distribution
function (RDF), potential energy per atom (PE/atom), and
deformation images. We believe that our research will pave the
way for a complete knowledge of the mechanical characteristics
and deformation mechanisms of ZB ZnTe NWs and practical
applications of ZnTe-based nanodevices and NEMS.

2. Computational details

At first, ZB ZnTe NWs with [100], [110], and [111] crystallo-
graphic growth orientations have been created, as depicted in
Fig. 1. The interatomic relations between Zn-Te, Zn-Zn, and
Te-Te have been defined by the SW potential.*® All four faces of
a [100]-oriented NW are of the {100} type (Fig. 1a). The [110]-
oriented NW is surrounded by two {112} and two {111} sides
(Fig. 1b), while the [111]-oriented NW contains two {112} and
two {110} as its side faces (Fig. 1c). Previous research agrees with
the structures of all different ZB ZnTe NWs with different
surfaces.'>** The constrained scale of the atomistic simulations
necessitates a deliberate selection of size to facilitate a signifi-
cant comprehension of the deformation behavior. Here,
a lattice constant of @ = 6.1026 A has been chosen to form
a rectangular ZB ZnTe box with different orientations using the
Atomsk tool.** We have then transformed it into rectangular
nanopillar structures, or NWs, with a length-to-width ratio of 8 :
1, comprising 21 952 to 23 040 atoms and having the following
dimensions: 34.17 nm x 4.27 nm x 4.27 nm.*** Each NW is
positioned in the middle of a cuboid-shaped vacuum box with
border lengths equivalent to 10 nm + NW structure length +
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10 nm in both the y and z directions. It should be noted that the
side length of the box along the x-axis is chosen as the length of
the NWs. The periodic boundary condition (BC) is employed in
the longitudinal axis, while the static BC is employed in the
additional two directions. It has been found that the box side
lengths (10 nm on both sides) along the y- and z-axes are
sufficient to prevent any abnormal interactions between nearby
NWs and to provide enough area for the NWs to deform easily.
After forming the initial NW, the conjugate gradient tech-
nique is applied to minimize the energy of the system. The
structure is then relaxed through an NPT ensemble in the x
direction for 50 ps. The structure is also thermally optimized
utilizing a canonical NVT ensemble for 50 ps. Nose-Hoover
thermostat is employed to control the temperature. The velocity
Verlet method is applied for a time step of 1 fs to integrate the
standard Newton equations of motion over time. After struc-
tural relaxation and energy minimization, we applied tensile
loading along the length's (x) direction at an identical strain
rate of 10° s~*. This strain rate is effective for MD simulations,
and it has been successfully applied in numerous works.?*?*
Changing the length of the sides of the cuboid box along the
x-axis makes it possible to simulate a uniaxial tensile loading.
The strain of NWs in the x-direction is changed simultaneously
due to the periodic BC (PBC). The engineering strain, or tensile
strain, is denoted by the equation ¢ = AL/L,, where AL is the
deviation of the length from its initial length L,. In our simu-
lations, physical stresses are calculated utilizing the Virial stress
theorem,** which is obtained as the arithmetic mean of the
native stresses on all atoms and has the following formula:

1 . | .
Oviriat (1) = EZ <_mi u; @ u +§Zrij®fﬁ>

Vel

where m; is the mass of the atom i, Q represents the entire
volume of the NW, u; stands for the velocity component of atom
i, ® stands for the cross product, f;; denotes the interatomic
force exerted by atom j on atom i, and r;; is the distance between
atom 7 and j. We determined the lattice constant of the ZB ZnTe
NWs to assess the suitability of the selected SW potential. The
stable ZB ZnTe NWs showed a lattice constant of 6.1009 A in the
x direction, which is nearly equal to the value 6.0630 A derived
from first-principles calculations® and 6.1026 A resulting from
experiments,” signifying that the SW potential used in the
simulations can successfully represent the atomic interactions
in the ZnTe crystal. All the MD simulation is carried out on the
LAMMPS platform.** The OVITO package is used to investigate
the deformation processes.** Additionally, it is widely
acknowledged that the trajectory of classical MD calculations is
very stochastic. Hence, all MD calculations are run for three
different initial settings to account for the effects of ambiguity
and stochasticity.”” We then complete the error assessment
using the three results of these three separate computations.

(1)

3. Results and discussion

46-48

Through numerous growth techniques such as laser abla-

tion, chemical vapor deposition, and thermal evaporation, NWs
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Initial structure of the (a) [100]-directed (b) [110]-directed and (c) [111]-directed ZB ZnTe NW with a dimension of 34.17 nm x 4.27 nm x

4.27 nm. The zoomed-in view of the cross-section of each of the NWs is shown on the right side of the figures.

can be synthesized in different growth orientations. These
dissimilar growth orientations can substantially influence the
elastic and inelastic distortion processes of semiconductor
NWs.** 1t is well known that group II-VI and III-V binary
semiconductors are highly polarized materials.”*® Due to this
crystal polarity, the [111]-oriented ZnTe NWs show low energy
and high symmetry features, and most of the NWs have
a tendency to grow in a ZB structure along the [111] orienta-
tion."™**** However, because of their excellent crystal superiority
and unique physical features, other orientational semi-
conductor NWs have gained growing interest in basic research
and prospective applications.””** The selective growth of
stacking fault-free ZnTe NWs along [100], [110], and [112] crystal
orientations is reported using a variety of growth processes,
including molecular beam epitaxy and the vapor-liquid-solid
growth processes.”>* Prior studies also revealed that by main-
taining cross-linking among the NWs length, diameter, and
growth conditions, NWs can be grown along any of these [110],
[100], [112], or [111] four orientations, which are confirmed by
X-ray diffraction, photoluminescence spectroscopy, and trans-
mission electron microscopy.®>***” Realizing the mechanical

22802 | RSC Adv, 2023, 13, 22800-22813

properties and fracture behavior of ZnTe NWs grown along the
[100], [110], and [111] orientations is thus essential for creating
and enhancing their uses in various fields, such as NEMS and
nanoelectronics.

In this section, we first examine the impact of crystal growth
orientation on the stress-strain performance of ZB ZnTe NWs.
The stress-strain properties upon application of a uniaxial
tension at a strain rate of 10° s~' in three distinct crystal
directions ([100], [110], and [111]) are depicted in Fig. 2a. As
seen, the responses primarily consist of elastic and plastic
phases. The [111]-oriented ZB ZnTe NW exhibits the greatest
fracture stress value at 300 K, while the [100]-oriented NW
exhibits the lowest value. It has been reported that CdTe, CdSe,
Ni-Co, and InP NWs exhibit similar orientation-dependent
fracture stress behavior.?**"**%® On the other hand, the [100]-
oriented ZB ZnTe NW displays a greater fracture strain than
the other two crystal alignments. The requirement for this
greater fracture strain to deform the [100]-oriented ZB ZnTe NW
will be explained later in this paper.

Fracture toughness, the quantity of energy dissipated before
failure, can be calculated by evaluating the area underneath the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Stress—strain relationship and (b) PE/atomcurves of 18.25 nm? ZB ZnTe NW for three crystal orientations at 300 K. Demonstrations of
atomic assemblies of the ZB ZnTe NW along the orientations of (c) [100] (d) [110] (e) [111] with a relative spacing of Zn?>* and Se~ atoms.

stress—strain curve. The fracture toughness of ZnTe NWs
exhibits its highest value when subjected to loading along the
[111] crystallographic direction, while its lowest value is
observed when loaded along the [100] direction. For each NW,
we also graphically computed the elastic modulus using the
stress-strain curve's slope (=<1% strain). The small strain zone
ensures that the linear elastic destruction occurs and that the
structure corresponds to Hook's law. Table 1 shows the pre-
dicted elastic modulus for three different crystal growth direc-
tions at 300 K. With the highest elastic modulus of ~64.11 GPa
in the [111] direction, the ZnTe NW is extremely rigid, which
makes it difficult to deform. The [111] direction exhibits the
highest fracture stress and elastic modulus due to its compar-
atively lower surface energy in comparison to other directions.

© 2023 The Author(s). Published by the Royal Society of Chemistry

We compared our calculated elastic modulus of ZB ZnTe NWs at
300 K with the available literature (shown in Table 1).3%%>°%5°
The findings demonstrate that the SW interatomic potential can
effectively predict the mechanical properties of ZnTe structures
with a high degree of accuracy.

The surface zoomed-in view of the ZB ZnTe NWs of three
crystal configurations are shown in Fig. 2c-e. In contrast to the
[110] and [111]-oriented NW faces, the [100]-oriented NW face
(see Fig. 2¢) appears to have a very compact structure. For other
semiconducting NWs, it has already been proven that the [111]
growth direction has the longest surface atomic gap, resulting
in a lower number of atoms. This enables it to possess the
minimum surface energy.***® The [111]-directed NW with the

lowest energy has therefore demonstrated the highest

RSC Adv, 2023, 13, 22800-22813 | 22803
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Table1l Calculated elastic modulus for three crystal-oriented ZB ZnTe
NWs at 300 K temperature

ZB ZnTe NWs
(this study)

ZB ZnTe nanostructures
(published literature)

Elastic modulus Elastic modulus

Orientations (GPa) (GPa)

[100] 44.57 51.36,*> 64.00, 71.70 (ref. 60)
[110] 60.33

[111] 64.11

mechanical strength compared to the other directions.
However, due to the smaller surface atomic distance of the
[100]-oriented NW compared to the [111]-oriented NW, the [100]
orientation exhibits a higher fracture strain than the [111]
orientation. To further represent the surface atomic distance,
Fig. 2b displays the PE/atom of ZnTe NWs along three different
crystal directions ([111], [110], and [100]). The figure shows that
the [111]-oriented NW has less PE/atom at zero strain than the
other two directions, indicating more physical stability and
strength than the other considered directions.

The stress-strain profiles for different configurations at
temperatures varying from 100 to 600 K are shown in Fig. 3a-c.

—_
[\
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The fracture strength and strain decline dramatically as the
temperature rises from 100 to 600 K. Using Fig. 3a—c, we have
then computed the fracture stress and elastic modulus at
various temperatures, as shown in Fig. 4a and b. The ZnTe NWs
are shown to have maximum fracture stresses of ~7.87 GPa,
~9.51 GPa, and ~10.98 GPa along the [100], [110], and [111]
orientations, respectively, at a temperature of 100 K. Once the
temperature reaches 600 K, the fracture stress decreases to
~5.85 GPa, ~7.22 GPa, and ~8.18 GPa along the [100], [110],
and [111] orientations, respectively. Fracture stress in these
three directions is dropped by ~25.63%, ~24.11%, and
~25.44% when the temperature increases to 600 K from 100 K.
The provided figure illustrates that the NW oriented along the
[111] direction exhibits a lower PE/atom at zero strain compared
to the other two directions. This observation suggests that the
[111]-oriented NW possesses greater physical stability and
strength in comparison to the other directions under consid-
eration. The anticipated elastic modulus demonstrates
a declining pattern as the temperature increases, similar to the
behavior observed in fracture stress. According to Fig. 4b, the
elastic modulus decreases along the [100], [110], and [111]
directions from ~45.00 to ~43.76 GPa, ~61.07 to ~58.30 GPa,
and ~65.26 to ~61.78 GPa, respectively, as the temperature
rises from 100 to 600 K. Upon increasing temperature from 100
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Fig. 3 Stress—strain performance curves of (a) [100], (b) [110], and (c) [111]-directed 18.25 nm? ZB ZnTe NWs at six diverse temperatures.
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Fig. 4 Extracted (a) fracture stress and (b) elastic modulus of 18.25
nm? ZB ZnTe NWSs for three dissimilar orientations at diverse
temperatures.

to 600 K, the elastic modulus decreases in three different
directions: 2.76%, 4.53%, and 5.32%. The decrease in modulus
of elasticity at elevated temperatures can be attributed to several
factors, such as thermal expansion, increased atomic mobility,
and accelerated free-volume diffusion at higher temperatures.

The decrease in fracture strength with increasing tempera-
ture exhibits the most pronounced effect in the [100] orienta-
tion, while the [110] orientation demonstrates the least impact,
as depicted in Fig. 4a. In contrast, it can be observed that among
three distinct growth directions, the [111] orientation demon-
strates the most significant decline in elastic modulus as
temperature increases, while the [100] orientation exhibits the
least pronounced reduction rate. Subsequently, within the
failure mechanism section, an analysis will be presented
regarding the deformation behavior of crystal-oriented NWs,
elucidating the distinct patterns of fracture stress and elastic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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modulus reduction observed across different orientations. The
total energy per atom (TE/atom) calculation can be employed to
define why structural strength declines with rising temperature
before tensile strain is applied. Fig. S1a—c (ESIt) depicts the TE/
atom profiles of [111], [110], and [100]-directed NWs at six
distinct temperatures before the application of a tensile strain.
In this work, 50000 MD steps are used to equilibrate all
systems. However, only the first 20 000 steps for each of the
temperatures considered are displayed in the figure. Fig. S17
shows that ZB ZnTe NWs for different crystal orientations
appear stably after 1000 steps at all temperatures. However, as
the dynamic energy of particles rises with temperature, our
computed TE/atom curve also rises. At a temperature of 600 K,
all orientations have a higher value, which means that the
structure of the ZnTe NWs is less stable than at a temperature of
100 K. As a result, as the temperature rises, less strain energy is
required to deform the structure.

The atomic structure experiences considerable lattice vibra-
tion due to the temperature rise and the behavior of the spacing
lengths between different pairs created in the systems also
changes. We have also estimated the RDF, g(r), at three discrete
temperatures to qualitatively elucidate the temperature-
induced mechanical performance.®** The RDFs of Zn-Zn,
Zn-Te, and Te-Te pairs in the ZnTe system as a function of
temperature are illustrated in Fig. S2a-c (ESIt). At low temper-
ature (100 K), the g(r) peaks are very tall and thin, indicating
a well-ordered, compact, and robust crystal structure. The
atoms, however, become more dynamic as the temperature
increases and start to swing from their normal site. Because of
this, the width of the g(r) peaks gets bigger while their height
gets smaller. This shows that as the temperature increases, the
quantity of well-ordered crystal configurations decreases while
the number of disordered configurations increases. This means
that a lower uniaxial force is needed to break a structure at
a higher temperature than a lower temperature. This type of
RDF with rising temperatures indicates the source of mechan-
ical strength loss at elevated temperatures.*

The crystallographic orientation of a material significantly
affects its deformation activities, as distinct planes within the
crystal lattice are more predisposed to slip or twinning.
Temperature and strain rate can also influence the competition
between these mechanisms, affecting the activation energy
required for a particular mechanism to occur. Once more, the
comparative effect of these factors can vary depending on the
specific material and conditions being considered. Fig. 5-7
correspondingly demonstrate the stress transmission and
deformation arrangement of ZnTe NWs at 300 K for three
distinct configurations. The results show that in contrast to
[111] and [110]-oriented NWs, the crack origination of [100]-
directed NWs (exposed in Fig. 7) begins at a greater strain
value, which supports our finding from Fig. 2a. Now the ques-
tion is: why does the [100] orientation show more strain during
deformation, even though the stress along this orientation is
less than that along the [111] and [110] orientations? We have
already addressed the fact that the surface energy of ZnTe NWs
with an orientation of [100] is significantly greater than that of
[110] and [111]-oriented NWSs. Consequently, the [100]

RSC Adv, 2023, 13, 22800-22813 | 22805
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Fig.5 Fracture mechanisms of [111]-oriented 18.25 nm? ZB ZnTe NW for different strain points at 300 K. The zoomed-in view demonstrates how
dislocation slipping caused cleavage along a 90° angle with the applied tension.

orientation has a fracture stress and elastic modulus that are
comparatively low.

However, since the distances among the particles along the
[100] orientation are so close (as shown in Fig. 2c), the nucle-
ation of a fracture along the {100} plane would require an
enormous extent of energy. A higher tensile strain is required to
deform the structure because the bonding exhibits extremely
strong rigidity. As seen in Fig. 7, the [100]-oriented NW requires
a higher strain value of 20.675% to begin the arrangement's
distortion related to other directions because smaller inter-
atomic distances dominate, producing a strong electrostatic
attraction force between the planes.*® Additionally, it has been
noted that at 300 K or smaller temperatures, the {111} plane can
govern the cleavage nucleation when a tensile force is employed
in its direction because of its completely activated quality over
other planes.®**** As a result of its lesser interplanar gap
distance along the [100] orientation, the {100} plane needs to be
completely energized. Therefore, the {111} cleavage plane is
stimulated with the employed tension, causing results of
smaller fracture stress at greater strain. Similar findings have
been reported in existing literature pertaining to the

22806 | RSC Adv, 2023, 13, 22800-22813

mechanical behavior of CdTe and SiGe ZB NWs oriented along
the [100] direction.”®** In addition, the generation and propa-
gation of disorders through fractional slip, full slip, or twinning
is the primary source of native deformations that cause ZB NWs
to collapse. Under tensile loading, it has been discovered that
slip deformation is preferred along the [100] and [111] orien-
tations, whereas twinning is seen in the [110] orientation. Fig. 5
shows that until the strain reaches 19.40%, the [111] ZnTe NW
expands elastically. Then, crack initiation occurs across the
transverse section in two separate locations, with the cleavage
plane {111} vertical to the axial direction [111]. In [110] orien-
tation, the deformation by partial slip/twinning is also preferred
along {111} cleavage plane. Furthermore, at room temperature,
the NW with [100] axial orientation (Fig. 7) yields a strain of
20.675% after the first elastic stage. The slipping behavior of the
[100] NW is comparable to the cleavage of the [111] NW.

The [100] crystallographic orientation exhibits the highest
percentage decrease in fracture strength as the temperature
rises, while the [110] orientation demonstrates the lowest rate of
reduction. In contrast, it can be observed that the [111] orien-
tation exhibits the most significant decline in elastic modulus

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Fracture mechanisms of [110]-oriented 18.25 nm? ZB ZnTe NW for different strain levels at 300 K. The zoomed-in view demonstrates how
partial slipping/twinning caused cleavage at a 45° angle with the applied tension.

as temperature increases, while the [100] orientation displays
the least pronounced decrease. Fig. 8 illustrates the distribution
of stress and the arrangement of cracks in a [100]-oriented NW
at a temperature of 600 K. It is important to note that we have
solely focused on this specific temperature in order to gain
a deeper comprehension of the impact of temperature eleva-
tion. Fig. 2c-e illustrates that the [111] orientation exhibits the
largest interplanar distance when compared to the other two
orientations. Therefore, the increased distance between {111}
planes facilitate the initiation of cleavage at lower strain levels
and across a wider range of temperatures. The initiation of
crack propagation in this ZB ZnTe NW is expected to occur
along the {111} crystallographic plane. Our study involved
examining the deformation mechanism through the applica-
tion of loads along the [100] orientation. However, our findings
indicate that the NW achieves its maximum tensile strength
when subjected to a tensile force along the [111] orientation.
This does not conflict with the cleavage fracture along the {111}
plane under loading in the [100] direction. The fracture of ZnTe
NWs initiates along the [100] crystallographic direction when
subjected to a strain of 20.475% at a temperature of 300 K.
Subsequently, complete failure occurs at a strain of 20.675%.
However, when the temperature is increased to 600 K, the

© 2023 The Author(s). Published by the Royal Society of Chemistry

structure of ZnTe NWs undergoes deformation at a strain of
19.925%. This phenomenon arises due to the elevated temper-
atures, which induce increased thermal fluctuations in the
atomic bonds of the crystal. Consequently, these thermal
disturbances lead to the gradual attenuation of the chemical
bonds.?**®

Furthermore, the small strain value is enough to break the
bond and create the void at higher temperatures due to the
strong thermal trembling effect.>**®* We have also observed that
at 300 K, cracks begin to develop at two separate positions of the
NWs at 20.475% strain (as shown by the black dashed blocks in
Fig. 7), and bonds begin to break at nearly 20.675% strain. This
is because, at low temperatures, the structure only encounters
a small amount of thermal oscillation. The aforementioned
process effectively impedes the propagation of deformation and
strain, which would otherwise rapidly propagate from the initial
bond break in the NW to the entire structure, including the
activation of the {100} plane. At 600 K, nonetheless, the inten-
sity and the frequency of atomic vibration rise, making it easier
for atoms to move away from their equilibrium locations. This
raises the average distance between atoms and significantly
activates the {100} plane. As a result, interplanar distance loses
relative significance as the temperature rises. Due to the

RSC Adv, 2023, 13, 22800-22813 | 22807
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cleavage plane is visible in the zoomed-in view at an angle of 45° with the applied tension.

combined effects of the {111} and {100} cleavage planes, which
make an angle of 45° and 90° with the direction of loading,
respectively, the crack begins at four different locations (indi-
cated by black square-shaped spotted blocks).**** Fig. 7 and 8
show that at 300 K and 600 K temperatures, the {111} plane acts
as the principal cleavage plane; hence, with a rising tempera-
ture, a greater reduction rate of elastic modulus was found
along the [111] orientation. On the other hand, at 300 K, slip-
ping in [100] orientation has occurred due to the cleavage of
{111} plane only. However, at 600 K temperature, the {100}
cleavage plane also acts as the second principal cleavage plane,
and a greater reduction rate of fracture strength with tempera-
ture is found along the [100] orientation due to the activation of
{111} as well as {100} cleavage planes.

Lastly, the effect of strain rate on the mechanical behavior at
300 K is investigated. Fig. 9 depicts how various strain rates,
ranging from 10% s™' to 10' s7', affect the stress-strain
behavior of [111], [110], and [100]-oriented ZnTe NWs with
a cross-sectional area of about ~18.25 nm®. It has been found
that strain rates do not affect elastic modulus because the
stress-strain behavior is independent of them before attaining
the maximum stress point.*®> However, a reduction in the strain
rate reduces the fracture strength and strain. This decrease
happens because the atoms have more time to react when the

22808 | RSC Adv, 2023, 13, 22800-22813

strain rate is slowed, which favors temperature variation and
stress liberation. Consequently, the bond dissolves sooner since
the atoms can overcome the energy barrier with less strain. At
a greater strain rate, however, inadequate time to expand causes
fast changes in atoms, causing fractures to nucleate from
various areas of the NW simultaneously and spread instanta-
neously. As a result, minor anomalies in the stress-strain curve
are observed at a strain rate of 10'° s™'. Furthermore, as the
strain rate rises, fracture strength and strain increase, consis-
tent with earlier findings of similar ZB NWs.>***% It is estab-
lished that the elastic modulus does not depend on strain rate
since the slopes of the stress—-strain plots in the elastic region
during distortion coincide for various strain rates.

The relation concerning the final fracture strength of ZnTe
NW along a specific crystal direction and the strain rate can be
comprehended using the Arrhenius equation:*

&= Aa# exp (_R_QT) (2)

where ¢ is the strain rate, ¢ denotes the fracture strength, Q is
the activation energy, R defines the universal gas constant, T
represents the deformation temperature, m denotes the strain-
rate sensitivity, and A is a constant. Considering that the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature does not change during the duration of the
deformation, eqn (2) can be shortened as:

In ¢ = In(A) +% In(o) — R—QT 3)

Subsequently, by exploring the gradients of In(s) and In(¢),
we can use the following equation to find the strain-rate
sensitivity factor m along the various growth directions:

_ dIn(o)
~ dln(é)

(4)

As shown in Fig. 10, the strain-rate sensitivity m for the [111],
[110], and [100] orientations are 0.0004, 0.0292, and 0.0132,
respectively. Thus, strain rate plays a significant role in the [110]
oriented ZB ZnTe NW. The high sensitivity observed in this case
may be attributed to the development of deformation mecha-
nisms along the [110] orientation.

In this part, we have investigated the PE/atom to understand
strain rate sensitivity along various crystal directions. The PE/

© 2023 The Author(s). Published by the Royal Society of Chemistry

atom of NW along the [100], [110], and [111] directions are
depicted as a function of strain for various strain rates in
Fig. S3a-c (ESIt). The PE/atom for various strain rates for all
three dissimilar orientations exhibits coincident behavior
before attaining the ultimate rupturing stage. As seen in
Fig. S3b,t the fracture strain at which the PE/atom curve
exhibits a drastically falling nature varies notably for [110]-
oriented NW with three diverse strain rates. This fluctuation
is much greater than that for the other two directions. There-
fore, the [110]-oriented NW has the greatest strain rate sensi-
tivity. We have also investigated the deformation processes of
ZnTe NWs along three distinct crystal directions at three
dissimilar strain rates to provide qualitative and numeric
analyses of strain rate sensitivity. The final stage distortion
processes of [100], [110], and [111]-directed NWs are depicted in
Fig. 11a-c, respectively, with three distinct strain rates (10° s,
10° s7', and 10" s7"). These pictures clearly illustrate the
variations in deformation patterns for diverse strain rates. From
Fig. 11a, it has been noticed that with the rise of strain rates, the
number of cracking zones along with different cleavage planes

RSC Adv, 2023, 13, 22800-22813 | 22809
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Fig. 10 The strain-rate sensitivity of ZB ZnTe NW along three crystal
orientations at 300 K.

({111}, {100}) increases significantly for the [100]-oriented ZnTe
NWs. No amorphization is noticed in the unaffected zone of this
orientation for different strain rates. Similar to the [100]

22810 | RSC Adv, 2023, 13, 22800-22813

orientation, the [111]-oriented NW exhibits the deformation
behavior of an increasing cracking zone along with different
cleavage planes with increasing strain rates (shown in Fig. 11c).
However, in the case of the [110] orientation (shown in Fig. 11b),
we have observed two dislocations slipping in two separate
areas of the NW at a strain rate of 10° s~ *. At lower strain rates,
the dislocation and relaxation processes occur repeatedly.
Consequently, the overall crystalline structure transitions from
a global state to localized close-packed atomic arrangements.
Additionally, the surface of the NW undergoes reconstruction
outside the regions experiencing cracking. However, only one
fracture zone caused by incomplete twinning was seen in the
NW when the strain rate is raised to 10° s™*, which is entirely
different from the other two directions. Moreover, an ensemble
of various cleavage plane-induced amorphization is noticed
when the strain rate is raised to 10'° s'. Several locations in the
NW with cascading relationships are uniformly nucleated
through dislocation slipping and deformation twinning.
Consequently, the [110]-oriented NW exhibits the formation of
crystals with both short-range and long-range order, as well as
clustering phenomena. These structural characteristics give rise
to notable phase transitions at varying strain rates, thereby
inducing a pronounced strain rate sensitivity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

In conclusion, an extensive study of the tensile mechanical
performance and deformation mechanisms of ZB ZnTe NWs at
the atomic level has been conducted using MD simulations.
Diverse orientations, temperatures, and strain rates have been
used to study mechanical properties, such as fracture strength,
strain, and elastic modulus. We have observed a substantial
negative correlation between temperature and the ZB ZnTe
NW's fracture strength and elastic modulus. Among the three
growth orientations, the [111]-directed NW offers the maximum
value of critical strength, elastic modulus, and fracture tough-
ness at all temperatures, while the [100]-oriented NW exhibits
the lowest value in all categories. However, the ZnTe NWs
exhibit the greatest fracture strain under tensile loading in the
[100] direction. Greater fracture stress and strain have been

© 2023 The Author(s). Published by the Royal Society of Chemistry

exposed at a higher strain rate. Most importantly, it is found
that the [110]-directed ZnTe NW has the greatest strain rate
sensitivity among three different configurations. At ambient
temperature and in all directions, it is noted that the {111}
planes are the primary cleavage planes; however, when the
temperature is raised, the {100} plane is activated and acts as
the additional primary cleavage plane. It has been noticed that
with the increase in strain rates, the number of cracking zones
along with different cleavage planes ({111}, {100}) increases
significantly for both the [100] and [111]-oriented NWs. No
amorphization is noticed in the unaffected zone for both [100]
and [111] orientations at different strain rates. However, the
[110]-oriented NW exhibits the formation of crystals with both
short-range and long-range order as well as -clustering
phenomena, leading to significant structural phase transitions
and producing strong strain rate sensitivity. This work would be

RSC Adv, 2023, 13, 22800-22813 | 22811
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very helpful in different eras of nanoelectronics, NEMS, and
optoelectronics systems where NW deformation is urgently
needed to produce system output.
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