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Abstract. Molecular dynamics method with the Stillinger-Weber (SW) potential has been employed to
study the responses of GaN nanotubes (GaNNTs) to a uniaxial tensile load along the axial direction. It
has been revealed that GaNNTs exhibits a completely different tensile behavior at different temperatures,
i.e. ductility at higher deformation temperatures and brittleness at lower temperatures, leading to a brittle
to ductile transition (BDT). Both the BDT temperature and the critical stress increases with increasing
thickness of GaNNTs, and the critical stress at higher temperature are lower than those at lower temper-
ature. These results on the tensile behaviors of GaNNTs in an atomic level will provide a good reference
to its promising applications.

PACS. 62.25.+g Mechanical properties of nanoscale systems – 65.80.+n Thermal properties of small
particles, nanocrystals, and nanotubes – 02.70.Ns Molecular dynamics and particle methods

1 Introduction

One dimensional nanostructures, such as nanowires and
nanotubes, exhibit novel electronic and optical proper-
ties that are intrinsically associated with their low di-
mensionality and quantum confinement effect [1,2]. One
dimensional semiconductor nanostructures are considered
to be one of the critical building blocks for nanoscale
optoelectronics [3]. To implement these nanoscale build-
ing blocks for nanoelectronics, their mechanical behavior
must be carefully considered because the potential ap-
plications depend on the stability and stiffness of these
nanostructures. Wurtzite structure gallium nitride (GaN),
a direct band-gap semiconductor (3.4 eV) at room tem-
perature, is an ideal material for fabrication of blue/green
light emitting diodes, laser diodes, and high power in-
tegrated circuits [4,5]. Recently, successful formations of
single crystalline GaN nanotubes (GaNNTs) have been
reported. Goldberger and co-workers [6] reported an ’epi-
taxial casting’ approach for the synthesis of single-crystal
GaNNTs with the inner diameters of 30–200 nm, the wall
thicknesses of 5–50 nm. The cross-section of the GaNNTs
is hexagonal, with their axial direction of the GaNNTs
along [001] direction, but the normal of lateral facets is
along [110] direction. Liu et al. [7] have prepared single-
crystalline GaNNTs using a chemical thermal evaporation
process, but the side surfaces of GaNNTs mainly consist of
(100) planes, which is also more stable than that with side
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surfaces of (110) planes. Hu et al. [8] reported the growth
of GaNNTs in bulk by a two-stage process based on a
well-controllable conversion of amorphous gallium oxide
(Ga2O) nanotubes. And Hung et al. [9] reported the for-
mation of GaNNTs with inner diameter of 40 nm and wall
thicknesses of 40 nm by inductively coupled plasma etch-
ing on a GaN template. The GaNNTs were hexagonal with
the [001] direction perpendicular to the substrate surface.
The binary materials composed of Group III nitrides are
viewed as ideal analogs of carbon because of their isoelec-
trons in a hexagonal network and potential used in light
emitting device. The mechanical properties of carbon nan-
otubes have been investigated extensively [10–13]. How-
ever, relatively few studies have attempted to a detailed
investigation on the GaNNTs mechanical properties. Al-
though Jeng et al. [14] have reported the mechanical
properties of GaNNTs, they were based on hypothetical
single-walled GaNNTs, and do not accurately model re-
alistic single-crystalline GaNNTs. Our previous simula-
tion results show that GaNNTs with side surfaces of (110)
planes exhibit completely different tensile behavior at dif-
ferent temperatures, i.e. ductility at higher temperatures
and brittleness at lower temperatures, leading to a brittle
to ductile transition (BDT) [15]. The recent experiment
shows that GaNNTs consist of (100) planes is more stable
than that with side surfaces of (110) planes. In the present
study, we employs classical molecular dynamics methods
based on the Stillinger-Weber potential to perform a com-
prehensive investigation into the tensile behavior of single-
crystalline GaNNTs with side surfaces of (100) planes.
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Fig. 1. (Color online) Top view of [001]-oriented GaNNTs
with [100] oriented lateral facets. The axial direction of the
nanotubes is along [001] direction. And initial configuration of
GaNNTs for tensile test. Label “A” denotes the free motion
region and “B” indicates the tension region.

2 Simulation details

A classical MD method was employed in this work and
the NVT ensemble (constant volume and temperature)
was employed. Atomic interactions of GaN are described
by a Stillinger-Weber (SW) form [16], where the potential
parameters used in the present study were developed by
Kioseoglou et al. [17]. The potentials reproduce the correct
binding energy, lattice constants, and elastic properties of
wurtzite GaN, and achieve a realistic description of the
microscopic structure and the energetic of different pla-
nar defects and their interactions in the wurtzite GaN.
Furthermore, these potentials have been applied success-
fully to evaluate the Young’s modulus of defect-free and
defected single-crystal GaNNTs [18,19], and the melting
behavior of GaNNTs [20]. Therefore, these potentials are
considered suitable to study the tensile behavior of GaN-
NTs. In this work, the GaNNTs are generated by cutting
the outside and inside parts of a large hexagonal GaN,
as described previously [20]. To investigate the atomic
structures of single crystalline GaNNTs as observed in ex-
periments [7], GaNNTs with [100]-oriented lateral facets,
and with an inner radius of 11.97 Å, are used in the
present study. The wall thicknesses of these nanotubes
are 3.68, 6.45 and 9.21 Å, and the corresponding numbers
of atoms are 2880, 4752, and 6912, respectively. Length
(L) of 61.2 Å is used for all the GaNNTs considered. The
top view of GaNNTs with [100]-oriented lateral facets is
shown in Figure 1b. Strain-stress simulations have been
performed using the following procedure: the three atomic
layers at the top and bottom of GaNNTs are fixed during
simulations, forming two rigid borders that are marked
as ‘A’ regions in Figure 1a. The initial structures of the
GaNNTs were equilibrated for 100 ps at a given tempera-
ture, which allows the GaNNTs to have stable configura-
tions. The strain was then applied along the tube direc-

tion to study the mechanical properties of the GaNNTs,
with a displacement of ∆z. The atoms in the rigid borders
were displaced by ∆z/2, and the coordinates of remaining
atoms were scaled by a factor (L + ∆z)/L along the z di-
rection. This deformed tube was relaxed for 20 000 steps
(10 ps), and then the relaxed tube was used as an initial
configuration for the next MD simulation. The procedure
was repeated until the tube failed (ruptured).

The following scaling method is adopted to ensure that
the temperature of the system remains constant during
simulation [21]:

vnew
i = vi

√
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TR
, (1)

where vnew
i 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 simulation for specific equilibrium temperature.

The localized axial stress state for atom i is defined as
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where mi is the mass of atom i. vi
z is the velocity along

the [001] direction. F ij
z refers to the [001] component of

the interatomic force between atoms i and j. rij
z is the

interatomic distance in the [001] direction between atoms
i and j. Vi refers to the volume of atom i, which was
assumed as a hard sphere in a closely packed undeformed
crystal structure. The axial stress on the GaNNTs is taken
as the arithmetic mean of the local stresses on all atoms,
as follows:

σz =
1
N

N∑
i=1

ηi
z . (3)

The normal strain in the axial direction ε is calculated as

εz =
lz(t) − lz(0)

lz(0)
(4)

where lz(t) is the average length in the axial direction and
lz(0) is the average initial length. The strain rate is calcu-
lated as

ε̇ =
εz

s∆t
(5)

where s is the number of relaxation steps after each strain
increment and ∆t is the simulation time step. In this sim-
ulation, the simulation time step was fixed at 0.5 fs. The
number of relaxation steps was fixed at 20 000 steps, while
the strain increment was varied, using εz = 0.0005, i.e.
simulating strain rate of 0.005% ps−1 was used in this
work. The stress during each strain increment was com-
puted by averaging over the final 2000 relaxation steps.
The stress-strain relationship of the GaNNTs can be ob-
tained by using equations (3) and (4).
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Fig. 2. (Color online) Tensile stress-strain curves of GaNNTs
with thickness of 3.68 Å with a strain rate of 0.005%/ps at
various temperatures.

Fig. 3. Dependence of critical stress on the thickness of the
GaNNTs. The critical stress increases with the increasing of
the thickness of GaNNTs.

3 Results and discussion

Figure 2 shows some representative stress-strain relation-
ship of the GaNNTs with thickness of 3.68 Å, simulated
at various temperatures with strain rates of 0.005% ps−1.
It is evident that the stress-strain relationship follows the
Hooke’s law firstly. Then as the strain increases, the stress-
strain curves behave non-linearly with a decreasing gradi-
ent until a critical strain. Upon reaching the critical strain,
the stress experiences an abrupt decrease to about 0 GPa
at low temperature and the stress decreases gradually with
increasing strain at high temperature; the GaNNTs thus
exhibit a brittle behavior at lower temperature and a duc-
tile behavior at high temperature. It was observed that
the GaNNTs have lower critical stress and corresponding
smaller strain at high temperature than at low tempera-
ture. For example the critical stress decreases from 48.66
to 19.11 GPa at temperature increases from 300 to 1500 K.
At higher temperature, the atomic structure has high en-
tropy, and its constituent atoms vibrate about their equi-
librium position at much larger amplitude, as compared
to the low temperature, and hence plastic deformation oc-
curs easily at high temperature.

Figure 3 shows the dependence of critical stress on the
thickness of the GaNNTs. As can be seen from the fig-
ure that the critical strain increases with the increasing
of the thickness of GaNNTs, i.e. the critical stress of the
thin one is lower than that of the thick one, which can

Fig. 4. (Color online) Atomic configuration in selected stages
of GaNNTs with thickness of 3.68 Å at temperature of (a)
300 K and (b) 1200 K.

be regard as resulting from the smallness of the GaNNTs.
The critical stress increases from 48.66 to 53.38 GPa and
18.74 to 33.21 GPa with the increase of thickness from
3.68 to 9.21 Å at 300 K and 1500 K, respectively. Gener-
ally speaking, the ratio of numbers of surface atoms to the
total number of atoms increases as the radius of the GaN-
NTs reduces. The surface atoms have much more energies
than the core ones. So GaNNTs with bigger thickness need
more tensile stress to overcome the interaction between
atoms. Therefore, the critical stress of large thickness is
higher than that of the thin one.

Figures 4a and 4b show the top and side views of
the atomic configuration at various stages of the stretch-
ing of GaNNTs with thickness of 3.68 Å with strain
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Fig. 5. (Color online) Atomic configuration of GaNNTs with
diameter of 6.45 Å as the strain increase to the critical strain
at temperature of 300 K, 1200 K, 1800 K and 2100 K.

rate of 0.005%/ps at simulation temperatures 300 K and
1200 K, respectively. Red and blue atoms indicate Ga and
N atoms. At 300 K and up to 16.50% elongation, the Ga-N
bond lengths increase uniformly and no defects appear in
the structures. Upon reaching the critical strain of 16.55%,
the crystal structure experiences an abrupt dislocation.
And the GaNNTs rupture with a clean cut, no necking
is observed. Obviously, at 300 K the tube shows brittle
properties. At 1200 K, the extension of the GaNNTs also
begins with an elastic deformation from its initial state to
the critical strain 8.95%. Necking can be clearly seen with
further extension. The necking process develops into sev-
eral atom thick chains before rupture. The atomic struc-
tures near the ‘tips’ appear much highly disordered. So
the GaNNTs show a ductile behavior at 1200 K.

Figure 5 shows the atomic configuration of GaNNTs
with diameter of 6.45 Å as the strain increase to the crit-
ical strain at temperature of 300 K, 1200 K, 1800 K and
2100 K. The GaNNTs fracture with a clean cut at 300 K
and 1200 K and with a necking at 1800 K and 2100 K
can be clearly seen. The atomic structures near the ‘tips’
appear amorphous, which means that plastic deformation
takes place through a phase transformation from crystal
to amorphous structures. From Figures 4 – 5, we can find
that the GaNNTs breaks on a particular side and not in
the middle once the strain is applied. It should be noticed
that the simulated strain rates in the present work are sev-
eral orders of magnitude higher than those encountered in
experiments. With high strain rate, the interaction among
the atoms in the deformed zones has not enough time to
transfer to the middle part.

Figure 6a shows the variation in critical stress with the
temperature for the GaNNTs. The results clearly show
that the critical stress decrease at higher temperatures.
Consequently, the mechanical properties of GaNNTs are
sensitive to the temperature. As the temperature is in-
creased, a greater number of atoms gain sufficient en-

Fig. 6. (Color online) (a) Temperature dependence of the crit-
ical stress of GaNNTs. A break appears at a temperature Tc.
(b) Evolution of ln (τc) as a function of the inverse of temper-
ature. The break in each of the plots at a point corresponds
to the BDT temperature. BDT temperature increases with in-
creasing the thickness of the GaNNTs.

ergy to overcome the activation energy barrier, and hence
plastic deformation occurs. This result suggests that a
thermally activated process plays an activating role in the
complete elongation of GaNNTs. We also can see a break
appears at a critical temperatures Tc in the τc (T ) curves.
Similar experimental results have been found in GaAs [22],
InSe [23], SiC [24,25], with breaks in their τc (T ) curve at
Tc. And Tc closes to the brittle to ductile transition (BDT)
temperature of these materials. The results are consistent
with the above observations of changes from GaNNTs rup-
tured with a clean cut at low temperatures to GaNNTs
ruptured with necking at higher temperatures under ten-
sile loading.

One way to represent the variations of the yield stress
of semiconductor with respect to temperature is to plot
ln (τc) versus 1/T , as suggested by the kink-diffusion
model [26]. In this model, Orowan’s equation for the plas-
tic strain rate gives a linear plot with slope that is pro-
portional to the stress-independent activation enthalpy,
H , for the glide of the dislocations responsible for crystal
deformation. Specifically:

ln τc =
H

nkT
+

1
n

[ln ε̇ − ln A], (6)

where n is related to the stress exponent of the dislo-
cation velocity and A is a constant (see, Ref. [27]). The
changes of ln (τc) as a function of 1/T are shown in Fig-
ure 6b. There are changes of the slope in the ln (τc) ver-
sus 1/T curves at the same temperature, Tc, at which
there are breaks in the τc (T ) curves. The different slopes
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Fig. 7. Young’s modulus of the [001]-oriented GaNNTs with
{100} side planes at various simulation temperatures.

of the ln τc (1/T ) curves on the two sides of the transi-
tion thus correspond to tow different activation enthalpies,
Ht and Hl, for dislocation glide in the high temperature
(T > Tc) and low-temperature (T < Tc) regimes, respec-
tively, which indicates different tensile behavior at low and
high temperatures.

Figure 6 also shows that the BDT transition tem-
perature increases with the increasing the thickness of
the GaNNTs. The BDT temperatures increase from 900
to 1450 K for the GaNNTs with [100]-oriented lateral
facet. The thickness dependence of BDT temperature of
GaNNTs maybe associated with large surface to volume
ratio of the GaNNTs. The ratio of the numbers of sur-
face atoms to the total number of atoms increases as the
thickness of the GaNNTs decreases. The surface atoms
have larger energy than the core atoms. So atoms gain
sufficient energy to overcome the activation energy bar-
rier, and hence plastic deformation occurs easily in thin
GaNNTs.

The Young’s modulus can be directly obtained from
the ratio of the stress to the strain. The Young’s mod-
ulus is determined from the results of the tension tests
for the strain <2.5 % using linear regression. We get the
Young’s modulus of the GaNNWs are shown in Figure 7.
The Young’s modulus of GaNNTs s is distributed within
the range 345–230 GPa at the temperature range between
300 K and 2100 K. The values agree well with the ex-
perimental result of 227–305 GPa of GaN nanowires [28].
It is shown that the Young’s modulus decrease with in-
creasing temperature. The results show that the GaNNTs
become softened at higher temperature, since higher tem-
perature corresponds to higher kinetic energy of each atom
in average, which will result in easier slipping and elon-
gation of GaNNTs. From Figure 7 we also can see that
the Young’s modulus decrease with decreasing the thick-
ness of the GaNNTs which is somewhat unexpected. For
single-crystal materials, Young’s modulus is expected to
rather increase with decreasing crystal size [29,30]. The
reason to explanation for this behavior is atomic coordi-
nation and cohesion near the surface are ‘poor’ relative
to the bulk, and the increasing dominance of the surface
would decrease the rigidity of the structure [31].

4 Conclusions

This paper presents the MD simulation of single-
crystalline GaNNTs subject to uniaxial tension in the
[001] direction. GaNNTs behave different tensile behav-
ior at low temperature and high temperature. The stress-
strain curves show that the stresses increase with strain,
and decrease abruptly to about 0 GPa at temperature
lower than BDT temperature, while decrease gradually
with increasing the strain at temperature higher than
BDT temperature. The GaNNTs exhibit ductility at high
deformation temperatures and brittleness at lower tem-
perature. The BDT temperature depends on the thick-
ness of the GaNNTs, which increased with increasing the
thickness of GaNNTs. The BDT temperatures increase
from 900 to 1450 K for the GaNNTs. The GaNNTs have
lower critical stress and corresponding smaller strain at
high temperature than at low temperature, and the criti-
cal stress increases with the increasing of the thickness of
GaNNTs. Plastic deformation takes place through a phase
transformation from crystal to amorphous structures.
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