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Mechanical properties of ZnS nanowires and thin films: Microscopic origin of the dependence on
size and growth direction
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Mechanical properties of ZnS nanowires and thin films are studied as a function of size and growth direction
using all-atom molecular dynamics simulations. Using the stress-strain relationship we extract Young’s moduli
of nanowires and thin films at room temperature. Our results show that Young’s modulus of [0001] nanowires
has strong size dependence. On the other hand, [011̄0] nanowires do not exhibit a strong size dependence of
Young’s modulus in the size range we have investigated. We provide a microscopic understanding of this behavior
on the basis of bond stretching and contraction due to the rearrangement of atoms in the surface layers. The
ultimate tensile strengths of the nanowires do not show much size dependence. To investigate the mechanical
behavior of ZnS in two dimensions, we calculate Young’s modulus of thin films under tensile strain along the
[0001] direction. Young’s modulus of thin films converges to the bulk value more rapidly than that of the [0001]
nanowire.
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I. INTRODUCTION

Designing a nanoscale device requires detailed information
about the mechanical properties of materials at the nanoscale.
Properties at the nanoscale can be very different from those of
bulk systems because of higher surface to volume ratio. Over
the last few decades, ZnS has attracted considerable attention
due to its potential applications in electroluminescent devices,
displays, sensors and lasers.1,2 ZnS nanostructures are being
used in electronics, optoelectronics, and nanodevices.3–10

In recent years, ZnS nanostructures with various shapes,
such as nanowires, nanospheres, nanobelts, nanosheets, and
nanotubes have been synthesised.3,11–20 The most common
growth direction for ZnS nanowires and nanobelts is [0001]
with the wurtzite structure.4,7 One-dimensional structures in
the [011̄0] direction have also been synthesized.3 Growth of
ZnS thin films has also been reported.21

Knowledge of mechanical properties of nanowires is very
important for their usage in various nanodevices where me-
chanical response is used to achieve desired functionality. Vari-
ous experimental techniques, such as atomic force microscopy
(AFM)–based three-point bending technique,22 transmission
electron microscopy (TEM),23 and nanoindentation,22,24 have
been used to characterize the mechanical properties of various
nanowires and thin film systems. In these experimental efforts,
mechanical properties of ZnO nanostructures in particular
have been investigated extensively. Molecular simulations
employing large-scale atomistic molecular dynamics (MD)
simulation using two-body pair potentials,23,25,26 as well as
density functional theory (DFT),27 have also been used to
validate some of the experimental results and to give a
microscopic picture. In contrast, for ZnS nanowires and
thin films, only very limited experimental information is
currently available on their mechanical properties. Li et al.28

found that ZnS nanobelts, which are micrometers in length
and 50–100 nm in thickness, exhibit a Young’s modulus
of 35.9 ± 3.5 GPa. Using force-deflection spectroscopy,
they also measured Young’s modulus of ZnS nanobelts and
found it to be 52 ± 7.0 GPa.29 These values are smaller
than Young’s modulus of bulk wurtzite ZnS. However, using

the same method, they measured Young’s modulus of ZnO
nanobelts, which are 50–140 nm in thickness and 270–700 nm
in length, and the measured value was 38.2 ± 1.8 GPa, which
is smaller than the bulk Young’s modulus value,22 whereas
other experimental results show that Young’s modulus of
ZnO nanowires is larger than that of the bulk.23,30 Recently
Chen et al.31 investigated Young’s modulus of pristine, as
well as hydrogen- and water-absorbed ZnS nanowires using
all-electron density functional theory. They found that Young’s
moduli of the pristine and water-absorbed nanowires are larger,
but those of the hydrogen-absorbed nanowires are smaller,
than that of bulk ZnS. Although there exist some theoretical
frameworks to explain and predict the elastic properties of a
variety of nanostructures,32,33 the size dependence of Young’s
modulus of ZnS at the nanoscale is still controversial.

To help resolve the above controversy, in the present work,
we evaluate Young’s moduli and ultimate tensile strengths of
ZnS nanowires of sizes ranging from 3 to 7 nm and those
of ZnS thin films of thickness ranging from 0.8 to 3 nm
by MD simulations. We present here our results for the size
and orientation dependence of these mechanical properties.
Table I summarizes the details of the system sizes used in this
study.

II. METHODOLOGY

All nanowires and thin films used in this study are single
crystalline, cut from supercells of wurtzite crystal. Initial
configurations of the nanowires and thin films were generated
using Cerius2.34 Figure 1 shows the different geometry of
the nanowires and thin films used in this study. Details of
the conventions to determine the sizes of nanowires and thin
films are given in the supplementary material.35 The Zn and S
atoms have charges of + 2 and − 2, respectively. Interatomic
interaction between Zn-Zn, Zn-S, and S-S are described by the
Buckingham potential given by

Uij = Aij exp

(−Rij

ρij

)
− Cij

R6
ij

, (1)
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TABLE I. Details of system sizes considered in this study.

Cylindrical nanowires Faceted nanowires Thin films

[0001] [011̄0] [0001] [011̄0] [0001]

Diameter No. of Diameter No. of Breadth No. of Breadth No. of Thickness No. of
(nm) atoms (nm) atoms (nm) atoms (nm) atoms (nm) atoms

3 4758 2 2140 1.15 2160 1.65 2486 0.8 3776
4 8654 3 5030 1.53 3840 2.30 4474 1.5 6336
5 13208 4 8532 1.91 6000 2.95 7030 2.3 8896
6 18000 5 12520 2.29 8638 3.34 8520 3.0 11456
7 26640 — — 2.68 11760 — — — —
— — — — 3.06 15360 — — — —

where Uij is the interaction potential, Rij is the distance
between atoms i and j , and Aij , ρij , and Cij are three model

FIG. 1. (Color online) Equilibrated structures of (a) 3-nm
[0001] cylindrical nanowire, (b) 3-nm [011̄0] cylindrical nanowire,
(c) 1.15-nm [0001] faceted nanowire, (d) 3.34-nm [011̄0] faceted
nanowire, and (e) 1.5-nm thin film. At the top, cross-sectional views
are shown. Bold arrows indicate the straining direction.

parameters. An angle-bending interaction of the form

Uijk = 1
2Kijk(θ − θijk)2 (2)

is used to describe the three-body interaction for S-Zn-S atoms.
The interaction parameters are taken from Ref. 36. To test

the applicability of these parameters in the case of the ZnS
nanostructure, we also carried out DFT optimization of the
structure of a 0.76-nm faceted [0001] nanowire. The DFT cal-
culation is done within the Perdew-Burke-Ernzerhof (PBE)–
corrected generalized gradient approximation (GGA)37 as im-
plemented in the Quantum Espresso package.38 The relaxation
of the structure is done keeping the nanowire at the middle
of a supercell. The dimensions of a and b of the supercell
are kept such that the distances between the nanowire and its
periodic images are approximately 10 Å. The dimension of the
supercell along the c axis is the same as that of the nanowire.
The integration over the Brillouin zone is performed over
Monkhorst-Pack39 2 × 2 × 6 k-point meshes. The electron
wave functions are expanded in the plane wave basis set with
a cut-off energy of 30 Ry, and plane waves with kinetic energy
of up to 300 Ry are used for the charge density. Results of the
DFT calculation and a comparison with MD results are shown
in Figure 2 and Table II, respectively. Our DFT-optimized
faceted ZnS nanowire yields similar lattice constants as those

FIG. 2. (Color online) DFT optimized structure of faceted ZnS
nanowire containing 48 atoms. Yellow (light gray) atoms are sulfur,
and violet (gray) atoms are zinc. The numbers indicate the bond
lengths. Movements of atoms (increment and decrement of bond
lengths) occur at the two outermost layers only. The core region
remains unchanged.
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TABLE II. Comparison of lattice constants obtained from density functional theory (DFT) and molecular dynamics (MD) calculations.

a (Å) c (Å)

Experimental 3.811,46 3.82347 6.234,46 6.26147

Other theoretical results 3.84,48 3.777,49 3.91,42 3.98250 6.267,48 6.188,49 6.05,42 6.5050

MD results (this work) 3.82 6.26
DFT results (this work) 3.84 6.30

obtained using the above interaction parameters. Also, in
recent years, several studies have demonstrated that using a
two-body interaction like the Buckingham potential without
including any bond stretching, angle bending, dihedral po-
tential can describe the mechanical properties of nanowires
very well.23,25,26 This gives us confidence that the results
obtained for the ZnS nanowires and thin films using the above
interaction potential will be quite accurate and can work for
other similar nanosystems. In all three directions, a periodic
boundary condition was enforced using a supercell concept, in
which the simulation box is defined to be considerably larger
than the diameter of nanowires in two directions or thickness
of thin films in one direction. We placed the nanowires in the
middle of the simulation box, whose length along the growth
direction is the same as that of the nanowire; along the other
two directions, box lengths are 15 nm. Thus, the distances
between the nanowire and its periodic images are 8 nm for the
largest nanowire (7 nm). For the thin films, the dimensions of
the simulation box along the x and z directions are the same
as those of the thin films, and along the y direction, the box
length is 15 nm. The particle-particle mesh Ewald sum was
used for calculating the electrostatic interactions. A similar
method was used for Ewald sum calculations of long-range
coulomb interactions in ZnO nanobelts by Kulkarni et al. 25

The initial configurations generated by Cerius2 were first
equilibrated at constant pressure for 70 ps and then at constant
volume for another 70 ps at 300 K temperature. To check
the effect of initial configurations, we also carried out longer
equilibration for 140 ps before subjecting the nanowire to
tensile load, and the final results were found to be the same as
those in the previous case. The tensile process was carried
out by separating a few of the top and bottom layers of
atoms, considering them to be two rigid blocks, in a stepwise
manner. For each step, the nanowire was stretched by 0.5 Å
and equilibrated for 100 ps. A similar protocol was used for
thin films as well.

III. RESULTS AND DISCUSSION

Figure 3 shows the stress-strain curves of cylindrical
nanowires under applied strain. Nanowires with different
growth directions show distinctly different behavior. The
[0001] nanowires show elastic response up to a strain of
4–7% followed by a plastic region. On the other hand, the
[011̄0] nanowires remain elastic up to a relatively higher strain
(∼8–11%) compared with the [0001] nanowires, and they do
not have any well-defined plastic region. We also find that
none of the nanowires shows strain softening (i.e., a decrease
in the stress value with increasing strain). The ultimate tensile
strength (UTS) (the maximum of the stress-strain response)
and the breaking stress are almost the same, which reflects

the brittle nature of the nanowires. We have also shown
the stress-strain response for faceted nanowires in Figure 4.
The response is qualitatively similar to that of cylindrical
nanowires: strong size dependence in the [0001] direction and
very weak size dependence in the [011̄0] direction.

Figure 5 shows instantaneous snapshots of the breaking of
a 4-nm [011̄0] cylindrical nanowire. As shown in the figure,
it breaks suddenly at about 13% strain without formation of
amorphous or necking regions. Similar behavior is seen in all
other nanowires and thin films. It reflects the fact that they
are highly brittle in nature. We do not see any kind of phase
transformation, denoted by deformation beyond the elastic
regime typically found for some metallic and semiconducting
materials,25,40,41 in either nanowires or thin films.

From the stress-strain curves, we have calculated Young’s
modulus of ZnS nanowires grown along [0001] and [011̄0]
directions. These values are given in Tables III and IV.
Note that the calculated Young’s modulus for bulk ZnS is in
good agreement with available theoretical31 and experimental
results.42 In Figure 6(a) and 6(b), we have plotted Young’s
modulus as a function of nanowire size for two different growth
directions. Clearly, there is a strong size dependence for the
[0001] nanowires. Young’s modulus decreases with increasing
size. More precisely, Young’s modulus increases by as much as
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FIG. 3. (Color online) Stress-strain curves for (a) [0001] and
(b) [011̄0] cylindrical nanowires during the loading process. Sharp
vertical lines show the breaking (shown for only one case for each
direction).
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FIG. 4. (Color online) Stress-strain curves for (a) [0001] and (b)
[011̄0] faceted nanowires during the loading process. Sharp vertical
lines show the breaking (shown only for one case for each direction).

57%, 29%, 21%, and 12% for 3-, 4-, 5-, and 6-nm cylindrical
nanowires, respectively, compared with the bulk. On the other
hand, the [011̄0] nanowires do not show much size dependence
within the simulated size range. Young’s modulus of the 2-nm
cylindrical nanowire is 18% greater than the bulk value, and
4- and 5-nm nanowires have Young’s modulus values very
similar to the bulk value. The observed size dependence of
Young’s modulus can be explained on the basis of induced
surface stress produced by the movement of surface atoms, as
shown in Figures 7 and 8. In the nanowires, atoms at a free

FIG. 5. (Color online) Breaking of a 4-nm [011̄0] cylindrical
nanowire. (a) Snapshot of the nanowire just before breaking. (b)
Snapshot after braking. The sudden breaking represents the brittleness
of the nanowire.

surface experience a different local environment than atoms in
the core of the nanowire, which is more bulk-like. As a result,
the energies of these surface atoms are different from those of
the core atoms. To minimize this excess energy, the surface
atoms change their positions, and this surface reconstruction
causes a movement of the outer surface layers. Figure 7(a)
shows a cross-sectional view of a zero-temperature minimized
structure of a 1.53-nm faceted [0001] nanowire. We see that
rearrangements of atoms occur in the two outermost layers
only. As shown in Figure 7(b) the bond lengths between S and
Zn atoms in the third and fourth layers from outside are close to
the bulk value of 2.33 Å, indicating no reorganization of atoms

TABLE III. Young’s moduli and ultimate tensile strength (UTS) of cylindrical nanowires of various diameters in different growth directions.
Young’s modulus and UTS of ZnS thin films of various thickness are also given along with Young’s modulus of bulk ZnS in different growth
directions.

Young’s modulus (GPa) UTS (GPa)

Cylindrical nanowires [0001] [011̄0] [0001] [011̄0]

Diameter (nm)
2 — 110.2 — 10.60
3 200.9 98.28 10.74 9.97
4 164.4 94.05 11.09 9.50
5 154.5 92.98 9.59 9.24
6 143.6 — 12.84 —
7 127.7 — 12.64 —

Thin films
Thickness (nm)
0.8 180.6 15.19
1.5 157.8 12.86
2.3 139.0 11.31
3.0 133.3 12.84

Bulk 127.9 93.41
(118,42 12831) (9142)
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TABLE IV. Young’s moduli and ultimate tensile strength (UTS)
of faceted nanowires of various breadths in (a) [0001] and (b) [011̄0]
directions.

Young’s modulus UTS
Faceted nanowires (GPa) (GPa)
(a) Breadth (nm) [0001]

1.15 196.5 15.22
1.53 173.8 14.27
1.91 156.9 13.79
2.29 153.8 12.85
2.68 149.3 13.17
3.06 134.8 13.18

Bulk 127.9 —
(118,42 12831)

(b) Breadth (nm) [011̄0]
1.65 102.3 10.09
2.30 96.76 9.51
2.95 92.28 8.48
3.34 98.11 9.02

Bulk 93.41 —
(9142)

in these layers. Variations of the bond lengths between atoms
in the first and second layers and the second and third layers
represent the movements of atoms at the outermost two layers.
Figure 7(c) shows that the distances between atoms (here the
Zn-Zn distance) at the fourth and second layers increase from
their bulk value of 3.83 Å. However, distances between atoms
at the first and third layers decrease, which confirms that the
outermost layer comes inside, and the second outermost layer
moves out, as shown by the bold arrows in the figure. The
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FIG. 6. (Color online) Size dependence of Young’s modulus of
(a) cylindrical nanowires and (b) faceted nanowires for various growth
directions.

FIG. 7. (Color online) (a) Cross-sectional view of minimized
structure (corresponding to zero temperature) of 1.53-nm faceted
nanowire. Violet (gray)atoms are zinc, and yellow (light gray) atoms
are sulfur. (b) Bond lengths in four outermost layers are shown. Bond
lengths between third and fourth layers do not change; movement of
atoms occurs at outermost two layers only. (c) Increases and decreases
in zinc-zinc and sulfur-sulfur distances indicate that the outermost
layer (here, the S layer) comes inside and second outermost layer
goes outside. (d) Core region remains unchanged.

inside core region remains unaffected, as shown in Figure 7(d).
Similar kinds of surface modification are observed for all other
faceted, as well as cylindrical, [0001] nanowires.

In contrast, the [0110] nanowires show a very different
behavior. In these nanowires, both the surface atoms and atoms
at the core regions change their positions. In Figure 8(c),
a cross-sectional view of the zero-temperature minimized
structure of a 3-nm [0110] cylindrical nanowire is shown.
Figure 8(d) focuses on the core region, which shows variations
of bond lengths. In Figures 8(a) and 8(b), we show cross-
sectional views of a 3-nm [0001] cylindrical nanowire to
illustrate the contrasting behavior.

To understand this distinct behavior, we plot the average
potential energy (PE) per particle in Figure 9(a). The surface
to volume ratio increases with decreasing lateral dimension
and results in excess surface energy for thinner nanowires.
The excess surface energy results in higher average energy
values for thinner nanowires. From Figure 9(a), we also find
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FIG. 8. (Color online) (a) Cross-sectional view of zero-
temperature minimized 3-nm [0001] cylindrical nanowire. (b) Bond
lengths show that the core region is unaffected. (c) Zero-temperature
minimized 3-nm [011̄0] cylindrical nanowire. (d) Variations of the
bond lengths indicate that the structure of the core region is modified.

that the average PE per particle for [0110] nanowires is higher
compared with that for [0001] nanowires. The difference of
average energy per particle for two different growth directions
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FIG. 9. (Color online) (a) Average potential energy (P.E.) per
particle for the cylindrical nanowires. The dotted line corresponds
to the potential energy per particle in the bulk material. (b) Bond
length distribution of 3-nm [0001] and [011̄0] cylindrical nanowires.
In the [0001] nanowire, movement of atoms occurs at the surface
only, whereas in the [011̄0] nanowire, core atoms are also displaced.
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FIG. 10. (Color online) Variation of fractional surface atoms as a
function of breadth of [0001] faceted nanowires.

appears because different surfaces of ZnS have different
energy. The surface energies of {0001} surfaces of ZnS
were shown to be much higher compared with the energies
of {011̄0} or {112̄0} surfaces. Surface energies of {011̄0},
{112̄0}, and {0001} surfaces are 0.51, 0.32, and 1.50 J/m2,
respectively.43 Nanowires grown along the [0001] axis contain
relatively lower energetic {011̄0} and {112̄0} surfaces. On
the other hand, nanowires grown along the [0110] axis have
more energetic polar {0001} surfaces and {112̄0} surfaces.
More energetic {0001} surfaces of the [0110] nanowires cause
the surface energy for these nanowires to be higher. The
lower average energy per atom for {0001} nanowires indicates
this is the most favorable growth direction.44,45 The high
value of surface energy for the [0110] nanowires causes the
surface atoms to relax spontaneously to a large extent. Because
of the large movements of the surface atoms, the positions
of the atoms in the core region also get modified to minimize
the total energy. To probe the surface reconstruction further,
we have calculated the bond length distributions as a function
of radius for 3-nm cylindrical nanowires in both directions. As
we see in Figure 9(b), bond length fluctuations are much more
pronounced in the [0110] nanowire and occur in all the layers,
leaving no distinction between the surface and core regions.
Because there are no well-defined surface or core regions, we
calculate the average bond length over the entire structure and
find the mean bond length to be the same as that of the bulk. In
contrast, for [0001] nanowires, fluctuations in the bond lengths
are localized at the surface layers only, and we observe that
there is a decrease of ∼0.07 Å in the mean bond length at the
surface region.

An overall decrease of the mean bond length in the outer
layers for the [0001] nanowires increases the average binding
energy of the surface atoms. Extra energy is required to stretch
these surface atoms because of the higher binding energy,
which increases the Young’s modulus value. However, the
surface atoms to total atoms ratio decreases with size, as
shown in Figure 10. In thicker nanowires, the surface effect is
negligible; hence, their Young’s modulus values converge to
the bulk value. The UTSs do not have any size dependence
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FIG. 11. (Color online) Stress strain curves for (a) 3-nm [0001]
and (b) 3-nm [011̄0] cylindrical nanowire during loading and
unloading process.

in either case. Dai et al.26 showed that the mechanical
properties of ZnO nanowires (Young’s modulus and UTS) are
size-independent, as long as the nanowires are large enough
to sustain a completely crystalline configuration. Our results
show that the movement of surface layer atoms affects only
Young’s modulus. At this stage, we want to highlight the sim-
ilarities as well as the differences in the mechanical properties
of the ZnS nanowires with those of the ZnO nanowires, as
has been reported earlier by Kulkarni et al.25 using classical
MD simulation with similar kinds of interaction potential.
They reported a wurtzite-ZnO to graphitic-ZnO structural
transformation in the [011̄0] nanowires and no structural
transformation in the [0001] nanowires under stretching. In
contrast, for the ZnS nanowires studied here, we do not
observe any phase transformation in either direction. It was
also reported that both Young’s modulus and the UTS values
have strong size dependence along the [0001] and [011̄0]
directions of ZnO nanowires. In contrast, for ZnS nanowires,
we do not find strong size dependence of Young’s modulus
in the [011̄0]direction. Also, UTS values in neither direction
exhibit sharp size dependence.

To verify the reversibility of tensile responses, we calculate
the stress-strain relation during the unloading of the nanowire
(Figure 11) at the same strain rate as that of loading. The
unloading process starts near the top point of the elastic
region. As shown in Figure 11(b), strains up to ∼13%
can be recovered, highlighting a very unusual behavior of
ZnS nanowires. Similar high-strain elastic response is also
seen in ZnO nanowires.41 The stress-strain response during
loading and unloading processes shows that there is not much
hysteresis, so the associated energy dissipation will be very
small, which makes these nanowires better suited for building
devices in which frequent loading-unloading at high strain is
needed.

0 0.05 0.1
strain

0

5

10

15

20

st
re

ss
 (

in
 G

P
a)

0.8nm
1.5nm
2.3nm
3.0nm

1 2 3
thickness (in nm)

100

120

140

160

180

200

220

240

Y
ou

ng
’s

 m
od

ul
us

 (
in

 G
P

a)

[0001] film
[0001] bulk

(a) (b)

FIG. 12. (Color online) (a) Stress-strain curves for thin films of
various thicknesses during strain loading. (b) Size dependence of
Young’s modulus of thin films.

To understand the effect of dimensionality on the me-
chanical properties, we also investigate the elastic stiffness
of thin films, as shown in Figure 1(e). Because of the larger
number of particles, we consider films of smaller thickness
only compared with the diameter of the nanowires. The tensile
load is applied along the [0001] direction. To simulate the
mechanical properties of thin films, we take the length of
the simulation box to be the same as the size of the film
in the two lateral directions, and in the transverse direction,
the simulation box length is taken to be considerably larger
than the thickness of the film. Periodic boundary conditions
cause the thin film to extend effectively to infinity in two
lateral directions, and in the third direction, the interaction
between the film and its images is negligible. Strain-stress
relationships for thin films are shown in Figure 12(a). From
the stress-strain relationship, we calculate Young’s modulus.
The values of Young’s modulus for various film thicknesses are
given in Table III. Figure 12(b) shows that the size dependence
of Young’s modulus is qualitatively similar to that of [0001]
nanowires (i.e., Young’s moduli of thin films increase as
their thickness decreases). More specifically, Young’s modulus
increases by as much as 41%, 23%, 9%, and 4% for thin
films of thickness 0.8, 1.5, 2.3, and 3.0 nm, respectively,
compared with bulk ZnS. In Figure 13(a), we compare the
size dependence of Young’s modulus values of cylindrical
nanowires with that of thin films, and we see that Young’s
modulus of thin films converges more rapidly to the bulk value
than that of the nanowires. A film under uniaxial tension can
be thought as a row of many wires placed side-by-side under
identical axial tension, as shown in Figure 13(b). However, the
surface area of the thin film is much smaller than that of the
row of nanowires, which might explain the faster convergence
of Young’s modulus of thin films to its bulk value.
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FIG. 13. (Color online) (a) Comparison of Young’s modulus
values of cylindrical nanowires with those of thin films. (b) Schematic
diagram of a thin film, which can be thought of as an array
of nanowires placed side by side under the same uniaxial strain.
However, for the thin film, the surface to volume ratio will be lower
than that of nanowires.

IV. CONCLUSION

In summary, the mechanical behavior of ZnS at the
nanoscale is studied using MD simulations for two different
growth directions. Young’s moduli and UTS of nanowires
and thin films are calculated. Nanowires of different growth
directions show different behavior under loading. There is
a clear size dependence of Young’s modulus of [0001]
nanowires. On the other hand, Young’s modulus of [011̄0]
nanowires does not show much size dependence in the

particular size range we have investigated. The physical origin
of the size dependence of Young’s modulus can be attributed
to the induced surface stresses due to a high surface to volume
ratio at the nanoscale. We provide a microscopic picture of this
dependence on size and growth direction. Our study shows
that there are both expansion and contraction of bond lengths
in a few surface layers. Overall, there is a net contraction
of the bond length in [0001] nanowires, and this gives rise
to surface stresses responsible for the size dependence of
Young’s modulus. In contrast, in the [011̄0] direction there
are no well-defined surface and core regions. The structural
rearrangements occur throughout the sample, making this
direction unfavorable for growth. The mean bond length is
the same as that in the bulk and surface stresses that lead
to a strong size dependence of Young’s modulus are not
present. To understand the mechanical behavior of ZnS in
two dimensions, we calculate the Young’s modulus of thin
films, which converges to the bulk value more rapidly than
that of nanowires under tensile strain in the same direction.
This is because of lower surface to volume ratio in thin films.
We also calculate the ultimate tensile stresses of nanowires
and thin films, which do not have much size dependence.
Breaking of nanowires and thin films shows that they are very
brittle in nature. We would also like to highlight that in our
calculations we have not considered the effects of solvent
or surface passivation by capping agents normally used in
experiments. These may play an important role in governing
the mechanical as well as electronic properties of the nanowires
and thin films.
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