APPLIED PHYSICS LETTERS 98, 041909 共2011兲

Strain dependence of thermal conductivity of †0001‡-oriented GaN
nanowires
Kwangsub Jung,1 Maenghyo Cho,1 and Min Zhou1,2,a兲
1

School of Mechanical and Aerospace Engineering, Seoul National University, Seoul 151-742,
Republic of Korea
2
George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332, USA

共Received 16 September 2010; accepted 8 January 2011; published online 28 January 2011兲
The thermomechanical behavior of 关0001兴-oriented GaN nanowires with 2.26 and 3.55 nm in
diameter under tensile loading is analyzed using molecular dynamics simulations with the Green–
Kubo method and quantum correction. A phase transformation from wurtzite to a tetragonal
structure is observed. The thermal conductivity is found to decrease as the wires undergo tensile
deformation and phase transformation, except for the smallest diameter and temperatures above
1495 K at which it remains largely constant as the axial strain increases. The different trends appear
to result from phonon behavior changes primarily associated with the surface structures of the
nanowires at the different conditions. © 2011 American Institute of Physics.
关doi:10.1063/1.3549691兴
The coupling between the thermal and mechanical behaviors of nanostructures is important because it provides a
mechanism for designing nanoscale devices and for enhancing the performance of devices. The variation with loading or
deformation of thermal conductivity of nanowires and nanofilms of a range of materials is of particular interest and has
been extensively studied.1–6 For example, it has been reported that a structural transformation from wurtzite 共WZ兲 to
a graphitelike 共HX兲 structure in 关011̄0兴-oriented ZnO nanowires under tensile loading causes significant changes in the
thermal conductivity of the nanowires.2,7 The dominant effects that cause the conductivity change come from differences in density of the crystalline structures.
In related studies, a tetragonal structure 共TS兲 with fouratom rings is observed in 关0001兴-oriented ZnO 共Refs. 8 and
9兲 and GaN 共Ref. 10兲 nanowires. This structure results from
a phase transformation from WZ under uniaxial tensile loading. So far, thermal response changes of the nanowires associated with this structural transform have not been studied.
Here, we report the results of molecular dynamics 共MD兲 calculations that relate to the response changes. The focus is on
the thermal conductivity of wires of different sizes at different temperatures. To obtain a more accurate quantification of
the conductivity and temperature, the empirical approach of
Lee et al.11 for quantum correction of MD data and temperature is used.
In this analysis, GaN nanowires with the WZ structure
and a hexagonal cross section like that in Fig. 1 of Ref. 10
are considered. The axis of the nanowires is in the 关0001兴
crystalline direction. Periodic boundary conditions are specified in the axial direction and the lateral surfaces of the wires
are traction-free. The length of the wires is 14.45 nm and the
diameters considered are 2.26 and 3.55 nm. The calculations
are carried out using the LAMMPS code.12 The Buckingham
potential13 is used to describe the short range interactions
between atoms and the Wolf summation14,15 is used to evalua兲
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ate the long-range Coulombic forces. This potential reproduces the structural, elastic, and dielectric constants of the
WZ, zinc-blende, and rocksalt structures.13 Native-defect
formation and surface relaxation are also effectively
predicted.13 The results obtained by using this potential are
quite consistent with data obtained from density functional
theory calculations.8 In particular, this potential correctly
predicts the WZ-to-TS transformation. In contrast, the
Stillinger–Weber potential and the Tersoff potential do not
predict these transformations of GaN. The wires are equilibrated for 100 ps by using a one-direction NPT algorithm
before the thermomechanical analysis. Tensile deformation is
carried out at a strain rate of 0.05 ns−1. The Green–Kubo
method for equilibrium MD calculations16 is used and the
heat flux at each strain is calculated over period of 8 ns in
NVE ensemble. Thermal conductivity in the wire axis direction is calculated using the heat current autocorrelation function. The thermal conductivity values reported are averages
of three simulations which are different only in initial random realization of atomic velocities.
The thermal conductivity and temperature calculated
from MD simulations, especially at temperatures below the
Debye temperature, are only approximate because quantum
effects are neglected. Quantum corrections11 are applied to
both quantities. The quantum-corrected thermal conductivity
is

Q = MD

dTMD
,
dTQ

共1兲

where MD is the conductivity from MD calculations and the
scaling factor dTMD / dTQ is obtained by dividing the heat
capacity from first-principles calculations17 by that from
MD, i.e.,
dTMD CV共T兲
⬇
.
dTQ
3NkB

共2兲

Here, CV共T兲 is a function of temperature T, N is the number
of atoms in the system, and kB is the Boltzmann constant.
CV共T兲 is close to zero near 0 K and increases with tempera-
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FIG. 1. 共Color online兲 MD temperature 共TMD兲 and the scaling factor
dTMD / dTQ as functions of quantum temperature 共TQ兲.

ture, converging to the MD value of 3NkB at temperatures
well above the Debye temperature 共⬇800 K for GaN兲. The
scaling factor dTMD / dTQ increases from 0 and approaches 1
as temperature increases from 0 K to above the Debye temperature. The mapping from the temperature calculated using
MD 共TMD兲 to the quantum-corrected temperature 共TQ兲 and
the scaling factor defined in Eq. 共2兲 are given in Fig. 1. When
TMD = 500 K, the corresponding quantum temperature is TQ
= 334 K and scaling factor is 0.697. In contrast, when TMD
= 1500 K, TQ = 1495 K and the scaling factor is 0.918. The
heat capacity of WZ GaN is used in evaluating the scaling
factor for TS GaN because changes in heat capacity during
the phase transformation are negligible.18–20
Figure 2 shows the thermal conductivity and stress21 as
functions of strain for a nanowire with diameter d
= 2.26 nm at TQ = 334 K 共TMD = 500 K兲. When the strain
reaches 0.06, the stress drops precipitously. This drop is associated with the phase transformation from the WZ structure to the TS structure similar to that reported for ZnO by
Wang et al.8 After the completion of the transformation, the
wire deforms elastically in the TS structure 共as indicated by
the steady increase in stress following the precipitous drop兲
and eventually breaks into two pieces at a strain of 0.17 共as
indicated by the second precipitous drop in stress兲. The phase
transformation is also observed for strain rates as low as
0.005 ns−1.
The mechanical deformation and structural change induce changes in the thermal response of the nanowire as
well. The thermal conductivity decreases from its initial
value of 12.5 W/mK by 45% as the strain increases to 0.15.
Overall, the decrease is gradual and steady. Thermal conductivity does not show a significant or abrupt change during the

FIG. 2. 共Color online兲 Stress and uncorrected MD and quantum-corrected
thermal conductivities as functions of strain for a nanowire with diameter
d = 2.26 nm at 334 K. Error bars denote standard deviation of conductivity.
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FIG. 3. 共Color online兲 Arrangement of atoms in the interior and on the
surfaces of a nanowire with d = 2.26 nm: 共a兲 WZ-structured wire at zero
strain; 共b兲 TS-structured wire at strains of 0.08 and 334 K, this wire has a
surface layer whose structure is very different from that in the interior; and
共c兲 TS-structured wire at strains of 0.08 and 1495 K, this wire has the same
structure on the surface and in the interior.

onset, progression, and completion of the WZ-to-TS transformation, although the stiffness of the nanowire decreases
by 21% 共394–310 GPa兲 and the phonon group velocity,
which is related to thermal conductivity,22 decreases by 12%.
The phonon group velocity may not be the dominant factor
affecting the conductivity of semiconducting nanowires.2 For
关011̄0兴-oriented ZnO nanowires, the conductivity shows a
significant change during the WZ-to-HX transformation, as
shown in Fig. 1 of Ref. 2. The conductivity decreases as the
strain increases before the transformation but begins to increase when the fraction of HX exceeds that of WZ. Dominant effects that cause the conductivity of the HX-structured
wires to be higher than that of the WZ-structured wires come
from the higher density of HX than that of WZ. The efficient
packing of the HX structure and its higher density lead to a
lower anharmonicity in lattices and in turn the higher thermal
conductivity. However, the density of the TS structure reported here is almost the same as that of WZ. This results in
a different trend in conductivity during the WZ-to-TS transformation from that during the WZ-to-HX transformation.
The result is very little change in conductivity during the
WZ-to-TS transformation in terms of bulk contribution.
On the other hand, the differences in surface configurations between the two cases contribute to the change in conductivity. As shown in Fig. 5 of Ref. 2, the atomic arrangement on the surfaces of the WZ-structured ZnO wires shows
surface reconstruction, but the atomic arrangement of HXstructured ZnO wires is similar to that in the core. The surface disorder is significantly lower for HX-structured wires
than that of WZ-structured wires. This difference significantly increases the conductivity of 关011̄0兴-oriented wires
during the WZ-to-HX transformation. Because the surface of
the TS-structured wires in Fig. 3共b兲 has a higher disorder
than that of the WZ-structured wires in Fig. 3共a兲, surface
scatter of phonons is more pronounced for the TS-structured
wires, causing the conductivity to be lower.23,24
The mechanical and thermal behaviors of the same nanowire at T = 1495 K 共54% of the melting point of GaN兲 are
also analyzed. As shown in Fig. 4, the stress-strain curve
shows a similar trend as that for T = 334 K in Fig. 2, indicating that the overall mechanical response and structure
transformation are essentially the same. However, the thermal conductivity remains essentially constant for strains up
to 0.12. This is in contrast to what is seen for the lower
temperature case in Fig. 2. The different trends at the low
and high temperatures come primarily from the different
atomic arrangements on the wires’ surfaces in the two cases.
The atomic arrangement on the surfaces of the unstrained

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

041909-3

Appl. Phys. Lett. 98, 041909 共2011兲

Jung, Cho, and Zhou

FIG. 4. 共Color online兲 Stress and uncorrected MD and quantum-corrected
thermal conductivities as functions of strain for a nanowire with diameter
d = 2.26 nm at 1495 K. Error bars denote standard deviation of conductivity.

wire is similar to that in the interior of the wire, as shown in
Fig. 3共a兲. The surface structure of the stretched wire varies
with temperature. At 334 K, the structure on the surfaces is
different from the TS structure in the interior, as shown in
Fig. 3共b兲. At 1495 K, the atomic arrangement on the surfaces
of the stretched wire is similar to that in the interior, as
shown in Fig. 3共c兲. Moreover, the atomic alignment along
the 关0001兴 direction of TS-structured wire is similar to that of
the initial WZ-structured wire. Consequently, the conductivity remains essentially constant as strain increases and the
structure transformation occurs at this temperature. The decrease in conductivity at 334 K is mainly due to the surface
reconstruction induced by the tensile deformation.
Figure 5 shows the dependence of thermal conductivity
on temperature for bulk WZ GaN and wires 2.26 and 3.55
nm in diameter. Over the range of 334–1495 K, the conductivity values at two typical strain levels decrease as temperature increases. At 1495 K, the conductivity of the wire with
d = 3.55 nm decreases 33% as strain increases from 0.0 to
0.08. The conductivity of bulk WZ GaN reflects the effect
of phonon-phonon scattering without the influence of
surfaces.25 The contribution of the surface scattering to the
conductivity of the wires is dominant but decreases with
temperature. When temperature increases from 334 to 1495
K, the conductivity of bulk decreases by 74%. In contrast,
the conductivity of the wires decreases by 59% 共d
= 2.26 nm兲 and 43% 共d = 3.55 nm兲. The phonon mean free

FIG. 5. 共Color online兲 Thermal conductivity as a function of temperature for
bulk WZ GaN and nanowires with diameters of 2.26 and 3.55 nm at strains
of 0.0 and 0.08. Error bars denote standard deviation.

paths for bulk GaN are approximately 50 nm at 334 K and
10 nm at 1495 K, much larger than the diameter of the wires
considered. We note that the conductivity of the wire with
d = 3.55 nm is lower than that of the wire with d = 2.26 nm
at temperatures between 334 and 941 K. The results are
within the error bars of the respective curves, indicating that
the conductivity does not change significantly between these
two sizes over the temperature range and that the surface
effect dominates.
In summary, the thermal conductivity of 关0001兴-oriented
GaN nanowires under uniaxial tensile loading is analyzed.
Overall, the conductivity decreases as strain increases primarily due to the formation of a surface layer. One exception is
the nanowire with the small diameter of d = 2.26 nm at temperatures above T = 1495 K. In such cases, the wire does not
show a surface layer and the atomic arrangements on the
surface and in the interior are similar. As a result, the thermal
conductivity remains essentially constant as strain increases,
even after a phase transformation occurs. Another contributing factor is that the atomic alignments in the 关0001兴 wire
axial direction for the original wurtzite structure and resulting tetragonal structure are similar.
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