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Molecular dynamics simulations are performed on monolayer gallium nitride to study their
mechanical behavior at various temperatures in the range of 10 to 1700 K. The transition from
brittle to ductile nature has been illustrated from the evolution of fracture at two different
temperatures of 700 and 1300 K. Brittle to ductile transition temperatures TBDT are obtained from
the plots of logarithm of yield stress and inverse temperature at different strain rates and compared
qualitatively with the same system in the presence of single and diatomic vacancies. Logarithm of
strain rate against inverse of TBDT thus obtained represents an Arrhenius plot, the slope of which
corresponds to the activation energy of dislocation glide that is found to be approximately
2.0 6 0.05 eV for the present case. This suggests that the brittle to ductile transition is controlled by
the dislocation mobility as in the case of other semiconductors like silicon and germanium. This
behavior is found to be consistent with the presented underlying models. In addition, thermal
conductivities are obtained over a temperature range of 300 to 2000 K from the equilibrium
Green-Kubo formulations and compared with the (25,0) nanotube that is generated from the same
system of monolayer GaN. The values are found to be decreased in both the cases as compared to
the bulk gallium nitride, and the reduction in the values of thermal conductivity can be attributed to
the finite size effects, increased surface inelastic scattering, and change of phonon spectrum at low
C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812328]
dimensions, respectively. V

I. INTRODUCTION

Monolayer inorganic nanostructures such as boron
nitride (BN),1–3 zinc oxide (ZnO),4,5 and transition metal
oxides6,7 are showing upcoming interests in the research
community in recent years as that of graphene monolayers,8
mainly due to their special characteristic properties at the
nanoscale and amazing functionalities for wide applications
in the nanoelectronics and sensor industry.9–12 The successful synthesis of single walled nanotubes of gallium nitride
(GaN) by “epitaxial casting”13 and also the formation of
monolayers of BN and ZnO strongly suggests the possibility
of experimental existence of monolayer GaN (GaN-ML) in
the very near future. Recently, Yeh et al.14 have reported the
application of monolayer GaN as growth templates for light
emitting diodes. GaN nanostructures of low thermal conductivity j could be advantageous in nanoscale energy harvesting devices,15 due to their increased figure of merit. Wang
et al.16 have calculated the brittle to ductile transition temperatures for GaN nanotubes under different applied strain
rates. They later applied nonequilibrium molecular dynamics
(MD) simulations to obtain the j of GaN nanotubes along
the tube axis and found the value to be in the order of few
tens of W/mK at 600 K.17 Single crystalline GaN nanotubes
were also studied for their transport properties using aba)
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initio techniques.18 Based on the first-principle calculations,
Chen et al.19 studied the band gap engineering in GaN-ML
by chemical modification and under external electric field.
By using analytical formulations, the effective mechanical
properties of hexagonal-BN monolayers were predicted by
Boldrin et al.,20 which agreed well with the other simulation
and experimental approaches. Sarma et al.21 have recently
obtained the mechanical behavior of GaN-ML under uniaxial
tension using molecular dynamics. Although some reports
exist on the thermal properties of GaN nanotubes, especially
the thermomechanical behavior of GaN-ML has been rarely
investigated, in spite of its important applications.
In this paper, MD simulations are performed using
Stillinger-Weber (SW) potential on a system of GaN-ML,
which resembles graphene monolayer with carbon atoms
replaced by alternating gallium (Ga) and nitrogen (N) atoms.
More details on the structure of GaN-ML can be found elsewhere.19,21 The SW form of potentials has been successfully
employed in recent years on GaN nanostructures.16,17,21,22
We investigated the mechanical behavior of such a system at
different initial temperatures and obtained the brittle to ductile transition temperatures as a function of applied tensile
strain rate. Evolution of fracture at selected temperatures has
been illustrated to confirm this transition. Equilibrium
Green-Kubo (GK) formulations are employed to obtain thermal conductivity at the simulated temperatures and compared with (25,0) nanotube that is generated from the same
GaN-ML.
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II. MODELING AND SIMULATION

Molecular dynamics code LAMMPS23 has been used in
this work. The parameters provided by Bere and Serra24 for
the SW potential25 to describe the force fields between gallium and nitrogen atoms were employed on a system of
square shaped GaN-ML of nearly 8.5 nm in length that
accommodates 1450 atoms. This form of empirical potentials
was proven to be robust even in the presence of point and
line defects for the GaN system. The system was considered
to be canonical and the constant temperature was maintained
by applying Nose’-Hoover thermostat.26 With a time step of
Dt ¼ 0:5 fs, the equations of motion through time were
solved using the Velocity-Verlet integration algorithm. The
system was initially brought to equilibrium configuration by
a relaxation process for s ¼ 2  104 steps.
To investigate the effect of temperature on the mechanical behavior of GaN-ML, the temperature was varied from
10 to 1700 K at a constant strain rate of 0.89%/ps. Uniaxial
tensile loading was applied at this strain rate at one of the
ends, keeping the other end fixed. The axial stress ry ðtÞ was
taken to be the arithmetic average of the local stresses on all
atoms, normalized to actual volume from that of the simulation cell volume. If ey is the strain, the strain rate is given by:
e_ ¼ ey =sDt. As the lifetime s of a loaded solid, defined as the
time taken before its breakdown, is mainly determined by
the stress and temperature, it is essential to study the variation of fracture strength ry with temperature T. Fracture is
initiated when Bailey’s integral,27 i.e., the principle of linear
summation of partial fracture is satisfied
ðtf

dt
¼ 1;
s½ry ðtÞ; T

(1)

0

where tf is the fracture time. The lifetime s½ry ðtÞ; T was
shown to follow the universal Arrhenius relation28


U0  cry
;
(2)
s ¼ s0 exp
kB T
where s0 is natural vibration period of atoms, U0 is the
atomic binding energy, which is the activation energy for
fracture, c ¼ qry V, where q is the coefficient of local over
stresses and V is the activation volume, which is related to
molecular structural disorientation, and kB is the Boltzmann
constant. This Maxwell-Boltzmann distribution shows that
the energy barrier ðU0  cry Þ and the temperature T determine the life time s. Substituting Eq. (1) into Eq. (2), we
have


U 0 kB
cE_e s0
þ ln
rf ðTÞ ¼
T;
(3)
c
c
kB T
where E ¼ ry =ey is the Young’s modulus and rf ¼ E_e tf , for
a linear elastic solid. Since the logarithmic multiplier slightly
depends on the fluctuations in c, e_ and T, it can be assumed
to be constant.29 Thus, Eq. (3) may be simplified as
rf ðTÞ ¼ A þ B  T;

(4)

where A  Uc0 ; B  kcB ln



cE_e s0
kB T



. Equation (4) predicts that

the fracture stress changes linearly with the temperature with
an intercept on the stress axis, provided c ¼ constant and
U0 ¼ constant. To further understand the effect of temperature on crack propagation, we apply quantized fracture
mechanics (QFM)30 which assumes that fracture of small
systems with a given geometry and type of loading occurs at
“quantized” stresses, in contrast to classical continuum methods like Griffith’s criterion and stress-intensity factor based
methods. QFM considers the quantum nature of solid at
atomic scale and takes into account the underlying crystal
structure by substituting the differentials in the Griffith’s criterion with finite differences. Considering mode I loading
and blunt crack, i.e., chains of removed atoms in the case of
nanostructures, on a finite width (2w) plate, if 2l is the crack
length and q is the tip radius of the crack, the failure strength
can be predicted as31
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 1=2
1 þ q=2a 2w
pl
tan
rf ðl; qÞ ¼ rc ð_e ; TÞ
; (5)
1 þ 2l=a pl
2w
where rc is the ideal strength of the defect-free material and
a is the fracture quantum which is the minimum extension of
the crack per one interatomic bond breaking along the crack
propagation direction. In the case of a defect-free structure,
rf ¼ rc since, 2L ¼ 0, and q ¼ 0. Such a dependence of
fracture strength on thermal activation energy and temperature suggests the transition from brittle to ductile nature of
GaN-ML at some particular temperature for a given strain
rate. At a constant strain rate, the yielding of a crystal is a
thermally activated process that mainly occurs by the generation and glide of dislocations.32 The activation enthalpy for
such a process is expressed by
 
@sy
DH ¼ T  V
e_ ;
(6)
@T
where the activation volume V can be written as
!
@ðln e_ Þ
:
V ¼ kB T
@sy

(7)

T

The yield stress sy can be related to the activation enthalpy as


DH
;
(8)
sy ¼ A_e 1=n exp
kB T
where A and n are constants such that nDH ¼ DHd is approximately the activation energy for the dislocation glide. Then,
the temperature independent fracture strength rf ¼ sf =S, S
being the geometrical parameter, and the brittle to ductile
transition temperature TBDT are related through activation enthalpy, using Eq. (8) as
TBDT ¼

DH

;
Sr
kB ln A_e 1=nf

(9)

which can be rearranged as
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(10)

This represents a straight line for lnð_e Þ versus 1=TBDT plot
with a slope of DHd =kB and an intercept of nlnðSrf =AÞ. We
obtained the values of TBDT for different strain rates:
e_ ¼ 0:1; 0:4; 0:89; 1:6, and 2.5%/ps that are calculated as
described above.
Thermal conductivity can be obtained from equilibrium
molecular dynamics using GK equations, steady state nonequilibrium simulations, and nonequilibrium molecular dynamics simulations. The latter two formulations are based on
the nonequilibrium thermodynamics, while the GK method
relies on the calculations of per atom potential and kinetic
energies and per-atom stress tensor in a steady-state equilibrated simulation. We choose to employ GK approach, as it
is believed to give fairly accurate results, although at the
expense of longer simulation times. The GK formulas relate
the ensemble average of the auto-correlation of the heat flux
J to the thermal conductivity j


X
1 X
Si~
vi
ei~
vi 
J¼
V i
i


X
1 X
~
~
¼
ei~
ðf ij :~
v j ÞX ij
vi þ
V i
i<j
"
#
1 X
1X ~
~
ei~
ðf :ð~
vi þ ~
v j ÞÞX ij
vi þ
(11)
¼
V i
2 i<j ij
which indicates the energy conservation with ei being the per
atom energy (kinetic and potential) and Si being the per-atom
stress tensor. The thermal conductivity is then obtained by
1
ð
V
hJx ð0ÞJx ðtÞidt
j¼
kB T 2
0

1
ð
V
~ JðtÞidt
~
¼
hJð0Þ:
:
3kB T 2

(12)

0

Initial temperatures on the GaN-ML are taken from 300 to
2000 K in steps and the corresponding thermal conductivities
are obtained through simulation. The procedure is repeated
with a single walled nanotube generated from the same
GaN-ML, for comparison.

III. RESULTS AND DISCUSSION

Fig. 1 illustrates the variation of tensile stress versus
strain at different temperatures from 10 K to 1700 K, at a
constant strain rate of 0.89%/ps. A linear elastic behavior
that follows Hooke’s law can be seen at all simulated temperatures except at higher temperatures. At room temperature, the critical stress and strain of the GaN-ML are found
to be 19.08 GPa and 4.8%, respectively, giving rise to a tensile strength of 0.411 TPa. Thus, the initial brittleness of
monolayer GaN is observed to be smaller than the graphene
sheet, which could be due to the decreased bond strength
among the Ga-Ga, N-N, and Ga-N bonds as compared to the

FIG. 1. Stress-strain response of GaN-ML at different temperatures in the
range of 10 to 1700 K at a strain rate of 0.89%/ps. The linear behavior indicates the elastic nature, except for the higher temperatures. A zig-zag type of
variation of the response at higher temperatures is shown in the inset. This
indicates the transition to ductile nature at higher temperatures.

C-C bond. At higher temperatures, a zig-zag type of variation could be observed as represented in the inset, which
indicates that the monolayer fails in a brittle manner at low
temperatures and in a ductile manner at higher temperatures.
The critical stress can be observed to be much lower at
higher temperatures than at low temperatures, which confirms the role of thermally activated process in the elastic
behavior of monolayer GaN, because with increase in the
temperature, large number of atoms gain sufficient energies
to overcome the energy barrier ðU0  cry Þ.
The fracture evolution as captured at the simulation temperatures of 700 K and 1300 K for a given strain rate of
0.89%/ps is given in Fig. 2. The blue and red atoms indicate
N and Ga atoms, respectively. The corresponding values of
fracture stress and strain are also shown at different rupture
incidents during fracture. It can be seen that, at lower temperatures before fracture, the crack propagates with a clean
cut by the formation of atomic vacancies, which indicates
the failure in brittle manner. At the temperature close to
TBDT, initiation of the formation of a group of chain of atoms
with a clear necking that link two separated portions before
fracture could be observed. The reason for such a necking of
atoms being, at some temperature around this particular temperature, the brittle to ductile transition has occurred for a
given strain rate and the applied tensile loading no longer
suffices for the propagation of the crack tip. The emitted dislocations from the tip make it blunt, thereby shielding the tip
from the applied loading, resulting in the necking of atoms.
The negative values of corresponding stresses further confirm this shielding by compressing the group of atoms due to
higher temperature.
The initial location of the crack depends on several parameters, such as the direction of applied loading, the strain
rate, geometry of the structure, and most importantly the
boundary conditions. Too low strain rate has an effect of
making the tensile behavior quasi-static at the same time at
the expense of computational cost, while too high strain rate
alters the accuracy of the tensile behavior itself. The nature
of boundary conditions dramatically changes the location of
the crack. With the applied periodic boundary conditions in
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FIG. 3. The variation of critical stress with temperature is shown. The critical stress decreases linearly with increasing temperature, in confirmation
with the prediction of Eq. (4). For comparison, the curves are obtained with
the GaN-ML having single and double vacancies. All the three cases exhibit
the similar qualitative behavior, although there are quantitative differences.
A reduction in the critical stress of the GaN-ML in the presence of atomic
vacancies is also evident. In all the three cases, a kink can be observed at
higher temperatures, indicating the brittle to ductile transition.

FIG. 2. The fracture process at 700 K and 1300 K. The values in the parentheses are the critical stress (in GPa) and strain (in%), respectively, at that
particular instant of fracture time. At 700 K, the fracture occurs with a clear
cut, indicating the brittle nature while at 1300 K which is close to TBDT for
this strain rate, the formation of a group of atoms as a chain that links the
separated portions can be seen. The negative values of corresponding
stresses represent the compression of the group of atoms due to higher
temperature.

the present work, a slight deviation in the initial origin of
crack from the location of half the length of the sheet, as is
normally expected for a mode I Griffith’s crack, could be
observed in Fig. 2. However, the criterion that the propagation of the crack plane is normal to the plane of the direction
of applied stress is fulfilled very well in the case of brittle
failure as observed at 700 K, and thus could be still regarded
as mode I Griffith’s crack, irrespective of where the actual
origin of the crack location on the longitudinal axis.
However, in the case of a ductile failure as observed in the
case of 1300 K, a mixed mode I and mode II failure, i.e.,
crack plane growing at an angle of 60 to the applied stress
direction and also a much blunt crack tip can be noticed, further confirming the transition to ductile behavior at some
higher temperature. Such observations of slight deviation
from the expected location of crack were also noticed earlier
for graphene and BN monolayers.33,34
The values of critical stress for the pristine GaN-ML are
obtained from Fig. 1. The variation of critical stress thus
obtained can be seen in Fig. 3 as a function of temperature.
In the simulated range of initial temperatures, the critical
stress decreases linearly with increasing temperatures. This
indicates the transition from brittle to ductile nature at higher
temperatures. This behavior is also in accordance with the
prediction of Eq. (4). The stress versus strain simulations in

the same range of initial temperatures are repeated with the
GaN-ML in the presence of single and double atomic vacancies. For comparison, the values of critical stress thus
obtained against the temperature are also plotted in Fig. 3 for
both the cases. Qualitatively, all the three cases exhibit the
similar linear behavior, although there are quantitative differences. The reduction in the values of initial critical stress
due to the presence of atomic vacancies is also evident. This
reduction in the strength of the GaN-ML may be due to the
fact that the vacancies act as centers for the initiation of the
crack and the atoms around the vacancy experiences reduced
atomic coordination, giving rise to the fracture at a much earlier time step than the one with pristine GaN-ML. In all the
three cases, a kink can be observed at higher temperatures
that corresponds to a critical temperature Tc and a critical
stress rc , indicating the brittle to ductile transition around
that particular temperature. Kink-diffusion model35 suggests
that the variation of yield stress with temperature can be
represented by plotting lnðsy Þ versus 1/T. This is shown in
Fig. 4(a), where lnðsy Þ increases with increase in temperature. However, an abrupt change in the slope can be observed
at a critical temperature Tc . The occurrence of changes in the
slope is represented in the inset. The different slopes at high
temperature T > TC and low temperature T < TC regimes,
respectively, correspond to two different activation enthalpies H1 and H2 for dislocation glide. Such features of formation of a kink in the critical stress versus temperature plots
and the change of slopes at low and high temperature regime
are qualitatively very similar to the experimental observations for bulk GaN crystal.36 The interesting advantage of
such a plot is the direct prediction of fracture stress and TBDT
without any fracture measurements. The simulations are
repeated for GaN-ML in the presence of single and diatomic
vacancies under the same strain rate. It can be seen that TBDT
falls nearly at the same point in all the three cases. This is as
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FIG. 4. (a) The variation of lnðsy Þ as a function of inverse temperature at a
strain rate of 0.89%/ps. The temperature at which an abrupt change in the
slope of the curve occurs corresponds to TBDT. The occurrence of change of
slopes at high temperatures is shown in the inset. The results are compared
for GaN-ML with single and diatomic vacancies. It can also be seen that
TBDT falls nearly at the same point in all the three cases, as the fraction of
vacant atoms in the GaN-ML is much lesser as compared to the total number
of atoms in the GaN-ML; (b) the variation of lnðsy Þ as a function of inverse
temperature at strain rates of 0.1, 0.4, 0.89, 1.6, and 2.5%/ps. The corresponding values of TBDT are obtained, as shown in Table I; (c) variation of
ln e_ vs. 1=TBDT . The value of TBDT shifts to the higher values with the
increase in rate of applied tensile loading. The linear dependency is consistent with the prediction of Eq. (10).

J. Appl. Phys. 113, 243504 (2013)

expected, because the fraction of vacancy atoms present is
much lesser as compared to the total number of atoms. TBDT
can be deduced from such plots and the values of TBDT thus
obtained for pristine GaN-ML by means of Fig. 4(b) for different strain rates of e_ ¼ 0:1; 0:4; 0:89; 1:6, and 2.5%/ps are
tabulated in Table I. An abrupt increase of TBDT can be seen
with the increase in the strain rate e_ indicating an exponential
variation. The values of TBDT obtained from this work are in
the consistent range of values as predicted for bulk GaN.37
TBDT is observed to increase with increase in the strain rate,
which indicates that, as the rate of applied tensile loading is
increased, the brittle nature is maintained till the higher temperatures in order to keep the enthalpy constant. The corresponding logarithmic variation of ln_e with inverse of TBDT is
shown in Fig. 4(c) which represents that the value of TBDT
shifts to the higher values with the increase in rate of applied
tensile loading. The linear dependency is consistent with the
prediction of Eq. (10). Further, the slope of this Arrhenius
plot corresponds to the activation energy for the dislocation
glide DHd , as predicted first for silicon by John38 by applying the theory of mobility of dislocations. The value of DHd
thus obtained is approximately 2.0 6 0.05 eV for the present
case, suggesting that the brittle to ductile transition is controlled by the dislocation mobility as in the case of other
semiconductors like silicon and germanium.39,40 The phenomenological quantity TBDT depends on the initial test conditions, such as the geometry of the specimen, the method of
applying the force, the strain rate, and also the environmental
conditions. Below TBDT, the material is brittle and above
which plastic deformation takes place for a given strain rate.
Thermal conductivity as a function of temperature for
both pristine GaN-ML and the (25,0) nanotube is shown in
Fig. 5. The results indicate that the thermal conductivity
decreases with the increase in temperature for both the structures. A rapid reduction can also be seen at the initial temperatures and then saturating at higher temperatures.
Compared to the thermal conductivity of bulk GaN, the values are observed to be decreased for the (25,0) nanotubes.
This observation is consistent with the results observed previously by Wang et al.17 by using non-equilibrium molecular
dynamics. The results are in close agreement with that of
Wang et al. for the nanotube of thickness 0.37 nm at 600 K.
Such a reduction of j as compared to the bulk values has
also been reported previously for GaN nanowires by means
of experiments.41 Moreover, a similar characteristic reduction of j at the higher temperatures was observed experimentally for bulk GaN.42 The values of j are further reduced in
the case of pristine GaN-ML, which could be understood due
to the difference in surface-to-volume ratio. The reduction of
j as compared to the bulk GaN may be attributed to the fact
that, due to the small size effects, increased phonon-phonon
interactions result in the increased thermal resistance,
thereby decreasing the conductivity.43 The reduction in j at
TABLE I. TBDT (in K) at various strain rates (in%/ps).
e_
TBDT

0.10

0.40

0.89

1.6

2.5

833.33

1176.47

1250.00

1333.33

1666.67
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conductivity was observed to reduce rapidly at higher temperatures. High frequency phonon interaction spectrum and
the surface inelastic scattering could be the cause of reduction in the thermal conductivity at high temperatures,
whereas the small size effects may be attributed to be responsible for the reduction of j as compared to that of bulk
GaN case. Studies on thermomechanical behavior of a single
layer semiconducting system would be of interest particularly while designing the nanoenergy conversion devices that
benefit from the increased figure of merit.
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FIG. 5. The variation of thermal conductivity of GaN-ML in the temperature
range of 300 to 2000 K. A rapid reduction in thermal conductivity that saturates at higher temperatures can be seen. At higher temperatures, the
increased phonon-phonon interactions and the inelastic boundary scattering
reduce the mean free paths. The results are compared with the (25,0) nanotube generated from the same GaN-ML.
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higher temperatures could be the result of surface inelastic
scattering and the reduced mean free path due to the dominant high frequency acoustic and optical phonon interactions. It was shown recently by theoretical investigation that,
phonon confinement effect plays the major role in changing
the phonon dispersion spectrum from that of bulk, resulting
in much reduced phonon group velocity, leading to a significant reduction in thermal conductivity.44 It was also shown
there that, in the longitudinal acoustic phonon dispersion
modes, the phonon confinement effect enhances the spacing
between the adjacent branches, as the thickness of the nanotube is decreased. This accounts for the much more reduction
in j for monolayer.
IV. CONCLUSIONS

MD simulations on a system of GaN-ML are performed
to study the mechanical behavior under tensile loading as a
function of temperature. The fracture stress decreases with
increasing temperature and finally a zig-zag type of variation
in the behavior was observed at higher temperatures that
indicate the onset of ductile failure. The temperatures at
which brittle to ductile transition occur are obtained from the
lnðsy Þ versus 1/T plots for different strain rates and also compared for the GaN-ML in the presence of single and diatomic
vacancies. The values of TBDT thus obtained are used to plot
ln e_ as a function of 1=TBDT and the linear behavior observed
from such an Arrhenius characteristic qualitatively agree
well as predicted from the presented models. The value of
activation energy of dislocation glide that is equivalent to the
slope of such a plot is approximately 2.0 6 0.05 eV for the
present case, suggesting that the brittle to ductile transition is
controlled by the dislocation mobility as in the case of other
semiconductors like silicon and germanium. GK formulations have been employed to study the variation of thermal
conductivity as a function of temperature. Thermal
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