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Molecular dynamics simulations with Stillinger-Weber potentials were used to study the response of
wurtzite-type single-crystalline GaN nanowires to a tensile strain along the axial direction. Nanowires with

axial orientations along the �0001�, �11̄00�, and �112̄0� crystallographic directions, which correspond to ex-
perimentally synthesized nanowires, were studied. The results reveal that the nanowires with different axial
orientations show distinctly different deformation behaviors under loading. The brittle to ductile transition
�BDT� was observed in the nanowires oriented along the �0001� direction and the BDT temperatures lie in the

temperature range between 1500 and 1800 K. The nanowires oriented along the �112̄0� direction exhibit slip in

the �011̄0� planes, whereas the nanowires oriented along the �11̄00� direction fracture in a cleavage manner
under tensile loading. It should be emphasized that multiple yield stresses were observed during different

stages in the �112̄0�-oriented nanowires. In general, Young’s modulus of the GaN nanowires decreases with
decreasing diameter of the nanowires.
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I. INTRODUCTION

Wurtzite GaN is a technologically important material for
optoelectronics and has a number of potential applications in
high-temperature and high-power electronics.1,2 Recently,
many research groups have studied the synthesis of GaN
nanowires �NWs� using various methods, such as laser
ablation,3 hydride vapor epitaxy,4 and catalytic chemical va-
por deposition.5–10 Due to its anisotropic and polar nature,
GaN exhibits direction-dependent properties,11 and the
growth direction of GaN nanowires can be controlled using
heteroepitaxy on different single-crystal templates, mediated
by catalyst clusters.12–16 The most common growth direction
for the GaN nanowires is along the �0001� crystalline axes
with hexagonal cross sections.12–14 Other growth directions

along �11̄00� �112̄0� with triangular cross sections have also
been synthesized.15,16 For example, epitaxial growth of
wurtzite gallium nitride on �100� �-LiAlO2 and �111� MgO
single-crystal substrates results in the selective growth of

nanowires in the orthogonal �11̄00� �0001� directions, exhib-
iting triangular and hexagonal cross sections.13 The nano-
wires grown along different orientations show different prop-

erties. Light emission from the �11̄00� wires is blueshifted by
�100 meV from that of the �0001� wires.13 Recent experi-
ment results17,18 have shown that the capacitance of a trian-
gular nanowire is less than that of a cylindrical nanowire of
the same size, which could be significant for electronic ap-
plications. Such low dimensional GaN-based structures rep-
resent important nanometer-scale building blocks for poten-
tial optoelectronic, high-temperature and high-power, and
spintronic device applications. They are also of fundamental
interest in order to understand the role of dimensionality and
size in optical, electrical, mechanical, and magnetic proper-
ties.

Molecular dynamics �MD� simulations of nanowires have
been utilized to provide new insights into nanowire mechani-

cal behavior and deformation mechanisms. A number of
studies have used the MD simulations to analyze the tensile
failure modes in metal nanowires.19–25 Metal nanowires have
been found to exhibit unique physical behavior under tensile
loading. Examples of such phenomena are the ability of gold
nanowires to form single atom chains under tensile
loading,21,22 surface stress driven phase transformation of
�100	 gold nanowires,26,27 shape memory and pseudoelastic
behavior of certain face-centered-cubic nanowires,28–30 and
stress-induced martensitic phase transformation of interme-
tallic nanowires.31 Semiconductor nanowires are also attract-
ing much attention in atomistic simulations because of their
successful experimental growth.32–35

In the present study, we performed MD simulations to
analyze the deformation of wurtzite-type single-crystalline
GaN nanowires with different crystallographic orientations
under applied tension. The paper is organized as follows. The
details of the MD simulations are described in Sec. II. The
results of the numerical simulations concentrating on the dif-
ferent deformation modes observed in the nanowires, which
depend on the loading conditions, wire orientations, and tem-
peratures, are presented in Sec. III, along with discussions on
the fundamental mechanisms controlling the deformation in
the nanowires. Finally, the concluding remarks are summa-
rized in Sec. VI.

II. SIMULATION METHODS

To investigate the atomic structures of single GaN NWs,
as observed in experiments,12–16 the �0001�-oriented GaN

nanowires with hexagonal cross sections and �11̄00�- and

�112̄0�-oriented GaN nanowires with triangular cross sec-
tions are generated directly from bulk GaN by removing the
atoms outside a hexagon or a triangle along the desired axial
orientation and replacing them with vacant sites. The top
views of these GaN nanowires are shown in Fig. 1. The
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�0001�-oriented nanowires are enclosed with �101̄0� or

�112̄0� side planes, while the �11̄00�-oriented nanowires are

enclosed with �112̄2�, �1̄1̄22�, and �0001� side planes be-
tween which the angles are 63.16°, 58.42°, and 58.42°, re-

spectively. The �112̄0�-oriented nanowires are enclosed with

�11̄02�, �1̄102�, and �0001� side planes, as shown in Fig.
1�d�. A periodic condition is applied to the axial direction,
with a supercell length �L� of 6.12, 6.63, and 6.38 nm for the

�0001�-, �11̄00�-, and �112̄0�-oriented NWs, respectively.
The diameters and numbers of atoms of differently oriented
NWs in the present studies are summarized in Table I.

In this work, Stillinger-Weber potentials36,37 were used to
describe the Ga-Ga, N-N, and Ga-N interatomic interactions
in the GaN model nanowires. It has been shown that these
potentials reproduce the binding energy, lattice constants,
and elastic properties of wurtzite GaN and achieve a realistic
description of the microscopic structures and the energetics
of different planar defects and their interactions in the wurtz-
ite GaN.37 Although the potentials were calibrated to repro-
duce bulk structures and mechanical properties, they have
been successfully employed to evaluate the Young modulus
of defect-free and defected single-crystal GaN nanotubes38,39

and to study melting and mechanical behaviors of various
GaN nanotubes.40,41 In addition, the potentials can handle
dangling bonds, wrong bonds, and excess bonds in bulk GaN
very well. All of these results have demonstrated that the
Stillinger-Weber potentials are capable of describing the
equilibrium and deformed structures of crystalline GaN
nanowires. It should be noted that the Stillinger-Weber po-
tentials are “short-range potentials,” which include only the
first nearest neighbor interactions. This may cause the inter-

actions between atoms to abruptly vanish outside a certain
radius, and this affects the results somehow. Ab initio calcu-
lations should provide more accurate results but require ex-
tensive computational efforts. However, these short-range
potentials should not affect the main conclusions obtained in
the present investigations.

A modified version of the MOLDY computer code42 was
employed in this study, and periodic boundary conditions
were applied along the axial direction of the NWs with the
NVT ensemble �i.e., the number of particles N, the volume V,
and the temperature T of the system are kept constant during
the simulations�. Strain-stress simulations were performed
using the procedure that follows. The relative positions of
atoms within the three atomic layers at the top and bottom of
NWs are fixed during simulations, forming two rigid bor-
ders. The initial structures of the NWs were equilibrated for
100 ps at a given temperature, which allows the NWs to
have stable configurations. The strain was then applied along
the axial direction to study the mechanical properties of the
NWs by imposing a displacement of �z. The atoms in the
rigid borders were displaced by �z /2, but the coordinates of
the remaining atoms were scaled by a factor �L+�z� /L along
the z direction. This deformed tube was relaxed for 10 ps,
and then the relaxed structure was used as an initial configu-
ration for the next MD simulation.

The following scaling method is adopted to ensure that
the temperature of the system remains constant during
simulation:43

vi
new = vi
TD

TR
, �1�

where vi
new is the velocity of particle i after correction. TD

and TR are the desired and actual temperatures of the system,
respectively. This scaling method is applied during the simu-
lations for a specific equilibrium temperature.

The localized axial stress for atom i is defined as

TABLE I. The diameters and numbers of atoms of differently
oriented NWs used in the present studies.

Diameter
�nm� No. of atoms

�0001�-oriented NWs with �101̄0�
side planes

1 2.02 2304

2 2.59 3600

3 3.14 5184

�0001�-oriented NWs with �112̄0�
side planes

4 1.92 2016

5 2.88 4320

6 3.20 5328

�11̄00�-oriented NWs 7 2.60 2652

8 3.12 3756

9 3.64 5052

�112̄0�-oriented NWs 10 2.08 1620

11 2.60 2420

12 3.12 3380

FIG. 1. �Color online� Cross-sectional views of the four types of
nanowires used in this work. �a� �0001�-oriented nanowires en-

closed with �101̄0� side planes; �b� �0001�-oriented nanowires en-

closed with �112̄0� side planes; �c� �11̄00�-oriented nanowires en-

closed with �112̄2�, �1̄1̄22�, and �0001� side planes; and �d�
�11̄00�-oriented nanowires enclosed with �11̄02�, �1̄102�, and
�0001� side planes.
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where mi is the mass of atom i, vz
i is the velocity along the

axis direction, and Fz
ij refers to the component of the inter-

atomic force along the axis direction between atoms i and j.
rz

ij is the interatomic distance along the axis direction be-
tween atoms i and j. Vi refers to the volume of atom i, which
was assumed as a hard sphere in a closely packed crystal
structure. The axial stress of a nanowire is taken as the arith-
metic mean of the local stresses over all the atoms given by

�z =
1

N
�
i=1

N

�z
i . �3�

The normal strain along the axial direction, �z, is calculated
as

�z =
lz�t� − lz�0�

lz�0�
, �4�

where lz�t� is the average length along the axial direction at
time t and lz�0� is the initial average length of the nanowire.
The strain rate is calculated as

�̇ =
�z

s�t
, �5�

where s is the number of relaxation steps after each strain
increment and �t is the simulation time step. In the present
study, the simulation time step was fixed to be 0.5 fs �0.5
�10−15 s� and the number of relaxation steps was fixed to be
20 000 steps. However, the strain increment was varied, us-
ing �z=0.001, 0.000 75, and 0.0005, i.e., simulating strain

rates of 0.01%, 0.0075%, and were used in this work. The
stress during each strain increment was computed by averag-
ing over the final 2000 relaxation steps, and the correspond-
ing stress-strain relationship of the GaN NWs can be ob-
tained by using Eqs. �3� and �4�

III. RESULTS AND DISCUSSIONS

A. Tension of [0001]-oriented nanowires

The melting temperatures of �0001�-oriented nanowires
have been studied, and the results show that the melting tem-
peratures increase to saturation values of about 3100 and
2900 K when the diameters of the nanowires are larger than

3.14 and 4.14 nm for the nanowires with �10 1̄ 0�- and

�10 2̄ 0�-oriented lateral facets, respectively.44 The mechani-
cal behavior of these nanowires is studied between the tem-
peratures of 300 and 2100 K, which are lower than the melt-
ing temperatures. The relationships between tensile stress
and strain for the �0001�-oriented nanowires are shown in
Fig. 2 with a strain rate of 0.01% ps−1 at various tempera-
tures. All the nanowires considered here correspond to the
applied strain in the same way but with the different nano-
wire diameters. For low strains, the stress-strain relationship
follows Hooke’s law, and the stress increases almost linearly
with increasing strain up to a threshold value that is defined
as the critical stress. It is of interest to note that the stress-
strain curves show different behaviors at low and high tem-
peratures when the strain is larger than the critical strain. At
temperatures below 1500 K, further increases in strain lead
to abrupt decreases in stress, whereas the stress-strain curves
show zigzag behavior after the critical strain at higher tem-
peratures. For example, in the �0001�-oriented nanowires
with a diameter of 2.02 nm, the stress increases with increas-

FIG. 2. �Color online� Tensile
stress-strain curves for the �0001�-
oriented nanowires with a strain
rate of 0.001%/ps at various tem-
peratures. The nanowire diameters
are �a� 2.02 nm, �b� 2.59 nm,
�c� 3.14 nm, �d� 1.92 nm,
�e� 2.88 nm, and �f� 3.2 nm, and
the length of the nanowires is
6.12 nm. The lateral facets of

�a�–�c� and �d�–�f� are �101̄0� and

�112̄0�, respectively.
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ing strain up to 57.18 GPa �at strain of 17.9%�, and further
increases in strain lead to abrupt decreasing of stress to
�0.0 GPa at 300 K. These results demonstrate that the nano-
wires fail in a brittle manner at low temperatures. However,
the stress-strain relation displays a zigzag behavior after a
critical stress level of 29.25 GPa �at strain of 9.7%� at
1800 K, and multiple maximums appear along the path.
These multiple maximum stresses suggest that the nanowires
have the multiple yield stresses before they completely fail.
It was observed that the stress required to produce the second
decrease was much smaller than that required to produce the
initial decrease. From Fig. 2, it can be noted that the critical
stress at low temperatures is larger than that at higher tem-
peratures. As the temperature increases, a large number of
atoms gain sufficient energy to overcome the activation en-
ergy barrier, and hence plastic deformation occurs, which
may suggest that a thermally activated process plays a pre-
dominant role in the elongation of GaN NWs.

Figures 3–5 show the side views of the atomic configura-
tions at several stages of stretching the �0001�-oriented nano-

wire with �10 1̄ 0�-oriented lateral facets and a diameter of
2.02 nm at the simulation temperatures of 1200, 1500, and
1800 K, respectively, where the strain rate is 0.01%/ps. At
1200 K and up to strain of 12.5%, the Ga–N bond lengths
increase uniformly and no structural defects appear in the
nanowires. Upon passing the critical strain, the Ga–N bond
experiences an abrupt rupture, and the nanowires fail with a
clean cut, without any observed necking. The abrupt rupture
of the bond leads to abrupt dropping of stress. At 1500 K, the
nanowires are highly ordered and retain a stretched hexago-
nal structure until the first discontinuity in the tensile stress

that appears at the strain of 11.0%. The nanowires rupture at
the strain of 16.8%. At 1800 K, the extension of the nano-
wire starts with an elastic deformation from its initial state to
a strain of 9.7%. Upon reaching the critical strain, the nano-
wire experiences an abrupt bond rupture, which subsequently
results in surface rupture. After this, the nanowire recrystal-
lizes to a new but dislocated configuration, and further in-
crease in strain up to 14.3% leads to the emission of a second
dislocation. The above process is repeated until the nanowire
ruptures. During the entire deformation process, necking of
the nanowires is observed. The surface rupture of the nano-
wire leads to the multiple yield stresses along the path, as
observed in Fig. 2, which results in the failing of the nano-
wire in a ductile manner.

Figure 6 shows the atomic configurations in selected
stages for the �0001�-oriented nanowires with

�11 2̄ 0�-oriented lateral facets and with the diameter of
2.88 nm at the simulation temperatures of 600, 1200, and
1800 K. These configurations also confirm that the nano-
wires rupture in a brittle manner at low temperatures and in a
ductile manner at high temperatures. It is also noted that
some atoms become free from the wire surfaces, and this
may be due to the short-range potentials employed, as dis-
cussed in the Sec. II.

From the above results, it can be concluded that the me-
chanical properties of �0001�-oriented nanowires are sensi-
tive to temperature, and the nanowires exhibit ductility at
high deformation temperatures and brittleness at lower tem-
peratures. The brittle to ductile transition �BDT� can be de-
termined, and it lies in the temperature range between 1500
and 1800 K. At higher temperatures, the atomic structure has
higher entropy, and its constituent atoms vibrate about their
equilibrium positions at much larger amplitude, as compared
to atomic vibrational modes at lower temperatures, and
hence plastic deformation occurs at higher temperatures.

B. Strain effect on the tension of [0001]-oriented
nanowires

Since the nanowire failure occurs as a result of dynamic
processes, the mechanisms of material deformation can also

FIG. 3. �Color online� Atomic configurations of selected stages

for the �0001�-oriented nanowire with �101̄0�-oriented lateral facets
and a diameter of 2.02 nm at the temperature of 1200 K.

FIG. 4. �Color online� Atomic configurations of selected stages

for the �0001�-oriented nanowire with �101̄0�-oriented lateral facets
and a diameter of 2.02 nm at 1500 K.

FIG. 5. �Color online� Atomic configurations of selected stages

for the �0001�-oriented nanowire with �101̄0�-oriented lateral facets
and a diameter of 2.02 nm at the simulation temperature of 1800 K.
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be influenced by strain rate. Therefore, the effect of strain
rate on the tensile behavior is also investigated for the
�0001�-oriented nanowires, but only for those with

�11 2̄ 0�-oriented lateral facets. Figure 7 presents the stress-
strain curves of �0001�-oriented nanowires with a diameter of
1.92 nm with the strain rates of 0.0005%/ps, 0.000 75%/ps,
and 0.001%/ps at a simulation temperature of 1500 K. For
all the strain rates applied, the stresses increase linearly with
strain up to 10.1%. Below this limit, the stress-strain curves
for the three strain rates almost completely overlap. This
implies that the strain rate has no significant effect on the
elastic properties of GaN nanowires. An abrupt decrease of
the stress can be clearly seen at the critical strain for the
strain rates of 0.000 75%/ps and 0.001%/ps, whereas the
stress-strain curve for the strain rate of 0.0005%/ps exhibits a
zigzag behavior. For the strain rate of 0.001%/ps, the critical

stress is 31.43 GPa at the strain of 10.2%, while for the strain
rates of 0.000 75%/ps and 0.0005%/ps, the critical stresses
are 31.25 and 33.02 GPa at the strains of 10.275% and
10.7%, respectively. Obviously, the lower strain rates result
in larger critical strains. The atomic configurations during
selected stages upon stretching of the nanowires, as shown in
Fig. 8, reveal that the nanowire ruptures in a brittle manner at
the strain rates of 0.000 75%/ps and 0.001%/ps but in a duc-
tile manner at the strain rate of 0.0005%/ps. The results in-
dicate that the BDT temperatures shift to lower temperatures
with decrease in strain rate. This may be explained by the
fact that, due to the high strain rate, the material does not
have enough time to rearrange the configuration of the atom
system, and hence the bond ruptures abruptly, whereas with a
low strain rate, the atoms have enough time to relax and
rearrange their configurations, which leads to plastic defor-
mation.

The above results show that the yield behavior of the
�0001�-oriented GaN nanowires depends on temperature, i.e.,
yield by cleaving at lower temperatures and by necking at
high temperatures. In order to investigate the origins of the
difference in the ductile and brittle behaviors of the nano-
wires, the evolution of atomic configurations is carefully ex-
amined. The evolution of atomic configurations suggests a
brittle response �Figs. 3, 6�a�, 6�b�, and 8�a��, consisting of
cleavage fracture along �0001� planes at lower temperatures.
The different atomic configurations of the cross section of
the neck at different stages, along with the stress-strain curve

FIG. 6. �Color online� Atomic configurations of selected stages

for the �0001�-oriented nanowires with �112̄0�-oriented lateral fac-
ets and a diameter of 2.88 nm at the simulation temperatures of �a�
600 K, �b� 1200 K, and �c� 1800 K.

FIG. 7. �Color online� Tensile stress-strain curves for the

�0001�-oriented nanowires with �112̄0�-oriented lateral facets and a
diameter of 1.92 nm, with strain rates of 0.0005%/ps, 0.000 75%/
ps, and 0.001%/ps at 1500 K. The inset shows the enlarged parts of
strains between 10% and 11%.

FIG. 8. �Color online� Atomic configurations of selected stages

for the �0001�-oriented nanowires with �112̄0�-oriented lateral fac-
ets and a diameter of 1.92 nm with strain rates of �a� 0.001%/ps, �b�
0.000 75%/ps, and �c� 0.0005%/ps at the simulation temperature of
1500 K.
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for the �0001�-oriented nanowire with a diameter of 2.02 nm
at the simulation temperature of 1800 K, are shown in Fig. 9.
As seen from the figure, the cross section shows little change
as the strain increased from 0% to 9.7%, but the bonds of the
surface atoms rupture and the atoms within the neck almost
randomize with increasing strain up to 9.8%, forming an
amorphouslike structure. Then, the atoms relax and recover
to their normal crystal positions, and the atomic configura-
tions reach another stable configuration. The bond rupture of
the surface atoms and relaxation of other atoms induce the
drop of the stress. The stress increases with the further in-
creasing of strain to 14.3%, but little change of the cross
section is observed. Then, rupture of the bonds of the surface
atoms and the randomization of the central atoms within the
neck occur again at strain of 14.6%, which induces the sec-
ond drop of the stress. The above procedure repeats until the
nanowire ruptures completely. The results indicate that plas-
tic deformation takes place through a phase transformation
from crystal to amorphous structure and generally starts from
the surface of GaN nanowires at higher temperatures.

C. Tension of †1 1̄ 00‡-oriented nanowires

Figure 10 shows the stress-strain curves for the

�1 1̄ 00�-oriented nanowires subject to uniaxial tensile load-
ing with a strain rate of 0.01% ps−1 at various temperatures.
The nanowires deform elastically until a critical strain is
reached, and the nanowires yield, after which bond breaking
occurred and a significant decrease in stress appears. For the
nanowires with a diameter of 2.60 nm, the stress increases
with increasing strain up to 36.52 GPa �at strain of 15.7%�,
but the further increase in strain leads to abrupt decreasing of
stress to 0.0 GPa at 500 K. The side views of the atomic
configurations at several stages of stretching these nanowires
at the simulation temperature of 500 K are shown in Fig. 11.
It can be seen that the Ga–N bond lengths initially increase
uniformly and no structural defects appear in the NWs. Upon
reaching a critical strain of 15.7%, the crystal structure ex-
periences an abrupt bond rupture, and then the nanowire rup-
tures with a clean cut, without any observed necking. Figure
12 shows the side views of the atomic configurations of the
ruptured nanowire with a diameter of 3.64 nm at 300, 900,
and 1500 K. The nanowire ruptures with a clean cut at all the

simulation temperatures considered, which suggests that the

�11̄00�-oriented nanowires rupture in a brittle manner.

D. Tension of †112̄0‡-oriented nanowires

In this section, we present numerical simulations of the

�112̄0�-oriented nanowires. Stress-strain curves during the
deformation process are given in Fig. 13, whereas the side
views of the atomic configurations at several stages for a
nanowire with a diameter of 2.08 nm at 500 K are shown in
Fig. 14. All the nanowires show a linear stress-strain re-
sponse for all applied strains up to a critical value, but a
sudden decrease in stress is observed at first yield. At this

point, the nanowire slips in a �011̄0� plane, which leads to
the stress relaxation, and a portion of the crystal structure is

FIG. 9. �Color online� Atomic configurations of the cross sec-
tion within the neck, along with the stress-strain curve for the
�0001�-oriented nanowire with a diameter of 2.02 nm at the simu-
lation temperature of 1800 K.

FIG. 10. �Color online� Tensile stress-strain curves for the

�11̄00�-oriented nanowires subject to uniaxial tensile loading with a
strain rate of 0.01% ps−1 at various temperatures with the diameters
of �a� 2.60 nm and �b� 3.12 nm.

FIG. 11. �Color online� Side views of the atomic configurations

at several stages of stretching the �11̄00�-oriented nanowire with a
diameter of 2.60 nm at 500 K.
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displaced. Upon full relaxation, the nanowire undergoes a
second cycle of linear stress-strain increment, until a new
slip is developed. This causes the whole cycle to repeat itself.
The cyclical stress-strain progression of such plastic defor-
mation significantly weakens the nanowire structure, and
thereby causes a progressively lower yield stress at each sub-
sequent cycle. However, the present results have demon-

strated that the �112̄0�-oriented nanowires have the multiple
yield stresses along their strain path for all the temperatures
considered. The side views of the several atomic configura-
tions of the nanowire with a diameter of 2.60 nm at 500 K
are shown in Fig. 15�a� and those with a diameter of 3.12 nm
at 500 and 1300 K are presented in Figs. 15�b� and 15�c�,
respectively. These atomic configurations confirm that the

slip occurred in the �011̄0� planes. Interestingly, the strain-

stress behavior of the �112̄0�-oriented nanowires is different

from that observed in the �0001�- and �11̄00�-oriented nano-
wires that rupture in a brittle or a ductile manner.

The mechanical behavior shows difference in behaviors
for the three types of oriented nanowires. The brittle to duc-
tile transition can be observed in the nanowires oriented
along the �0001� direction. The nanowires oriented along the

�112̄0� direction exhibit slip in the �011̄0� planes, whereas

the nanowires oriented along the �11̄00� direction fracture in
a cleavage manner under tensile loading. The difference can
be clarified by the bond configuration in wurtzite GaN, as
shown in Fig. 16. As the strain is applied along the �0001�
direction, all the bonds can be stretched. The origin of the
brittle to ductile transition has been discussed in Sec. III. As

the strain is applied along the �112̄0�, only the N1–Ga4,
N2–Ga4, N3–Ga4, N4–Ga1, N4–Ga2, and N4–Ga3 bonds
can be stretched. The force on N1–Ga4 bond generated by
the strain will be larger than that on the N2–Ga4 and N3–

FIG. 12. �Color online� Side views of the atomic configurations

of ruptured �11̄00�-oriented nanowires with a diameter of 3.64 nm
at �a� 300 K, �b� 900 K, and �c� 1500 K.

FIG. 13. �Color online� Tensile stress-strain curves for the

�112̄0�-oriented nanowires subject to uniaxial tensile loading with a
strain rate of 0.01% ps−1 at various temperatures with the diameters
of �a� 2.08 nm and �b� 2.60 nm.

FIG. 14. �Color online� Side views of the atomic configurations

at several stages of stretching the �112̄0�-oriented nanowires with a
diameter of 2.08 nm at the simulation temperature of 500 K.

FIG. 15. �Color online� Side views of the atomic configurations
of a ruptured nanowire with a diameter of 2.60 nm at the simulation
temperature of �a� 500 K and the nanowires with a diameter of
3.12 nm at the simulation temperatures of �b� 500 K and �c�
1300 K.
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Ga4 bonds, so N1–Ga4 ruptures easily, which induces the

slip in the N2-Ga4-N3 plane, i.e., the �011̄0� planes. As the

strain is applied along the �11̄00� direction, only the N2–
Ga4, N3–Ga4, N4–Ga2, and N4–Ga3 bonds can be
stretched, and the forces on N2–Ga4 and N3–Ga4 bonds are

equal, which induces the cleavage fracture along �11̄00�
planes.

E. Young’s modulus of the nanowires

There are two approaches to obtain Young’s modulus, i.e.,
force approach and energy approach.45 For the force ap-
proach, Young’s modulus can be directly obtained from the
ratio of stress to strain, whereas the energy approach calcu-
lates Young’s modulus from the second derivative of strain
energy with respect to the strain per unit volume. In the
present study, the force approach is adopted to evaluate
Young’s modulus of the nanowires. Young’s modulus can be
determined from the results of the tension tests for the strain
�2.5% using liner regression and the calculated results for
all the nanowires are shown in Fig. 17. Young’s modulus of
the �0001�-oriented nanowires is between 347 and 249 GPa
at the temperatures between 300 and 2100 K, while it is in

the ranges of 254–179, and 284–228 GPa for the �11̄00�-
and �112̄0�-oriented nanowires, respectively, at the tempera-

tures ranging between 300 and 1100 K. The calculated val-
ues generally agree well with the experimental results of
227–305 GPa of GaN nanowires.46 It is shown that Young’s
modulus decreases with increasing temperature, which sug-
gests that the nanowires become softened at higher tempera-
tures because of higher kinetic energy of each atom in aver-
age, which will result in easier slipping and elongation of the
nanowires. From Fig. 17, it can also be seen that Young’s
modulus decreases with decreasing the diameter of the nano-
wires which is somewhat unexpected, in contrast to the
single-crystal materials, where Young’s modulus is expected
to increase with decreasing crystal size.47,48 However, the
results agree well with recent experimental result.46 The rea-
son for this behavior may be the small atomic-coordination
number and weak cohesion of the atoms near the surface, as
compared with those in the bulk, and the increasing domi-
nance of the surface would decrease the rigidity of the
structure.49

IV. SUMMARY AND CONCLUSIONS

In conclusion, we have studied the fundamental deforma-
tion mechanism in GaN nanowires with different orientations
under tension using MD simulations. Several interesting fea-
tures relating to its crystal orientation were observed. Due to
its high crystal stability at low temperatures, the deformation
behavior of the �0001�-oriented nanowires was characterized
by brittle rupture. At higher temperatures, the crystal struc-
ture became less stable due to higher amplitude of atomic
vibration around their equilibrium positions. The deforma-
tion of the nanowires changes from a brittle rupture to a
ductile rupture with increasing temperature. The BDT was
observed in the �0001�-oriented nanowires and the corre-
sponding temperatures lie in the range between 1500 and
1800 K. The mechanisms of material deformation can also
be influenced by strain rate. The nanowires rupture in a
brittle manner at high strain rate and in a ductile manner at

low strain rate. Interestingly, the �112̄0�-oriented nanowires

slip in the �011̄0� planes and there exist multiple yield

FIG. 16. �Color online� �a� Side view and �b� top view of bond
configurations of wurtzite GaN.

FIG. 17. �Color online�
Young’s modulus of �a� the
�0001�-oriented nanowires with

�101̄0� side planes, �b� the �0001�-
oriented nanowires with �112̄0�
side planes, and �c� the �11̄00�-
and �d� �112̄0�-oriented nano-
wires at various simulation
temperatures.
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stresses along the strain path, whereas the �11̄00�-oriented
nanowires fracture in a cleavage manner under tensile load-
ing. Finally, it was found that Young’s modulus of the GaN
nanowires decreases with decreasing diameter of the nano-
wires, which agrees well with recent experimental results.
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