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The piezoelectric constant e33 is calculated using molecular dynamic simulations for square gallium nitride (GaN) nanowires
(NWs). Its magnitude is found to decrease significantly with increasing cross-section and temperature. An attempt is made to under-
stand the physics behind the size- and temperature dependence of e33. Specifically, a constant surface piezoelectric coefficient
es

33 ¼ 0:52� 10�9C=m is achieved for square GaN NWs independent of the geometric size of their cross-sections.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Ambient sources of power, such as thermal,
wind and biomechanical energy, are readily available.
One advantageous approach towards harvesting energy
from alternative sources is the utilization of semicon-
ducting piezoelectric materials [1], which facilitate the
conversion of mechanical energy into electrical energy.
In this regard [2], the use of piezoelectric energy harvest-
ers is emerging as an effective strategy to power wireless
sensor nodes [3] and personal electronics alongside the
more extensively studied thermoelectric and solar-based
methods. In fact, for conditions of indoor lighting or
where long operational lifetime is required, piezoelectric
energy harvesting yields a greater power density (power
generated per volume of the system) than other strate-
gies where energy is also scavenged from motion. Re-
cently this strategy has been employed on the
nanoscale by using zinc oxide (ZnO) and gallium nitride
(GaN) nanocrystals. These nanomaterials are achieved
in various configurations, among which quasi-one-
dimensional (1-D) nanowires (NWs) and nanobelts
(NBs) are the most frequently synthesized and are prom-
ising materials for the structural and functional elements
in various smart nanodevices and nanoelectronics [4–6].
Thus, considerable effort has been invested in character-
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izing the elastic [7], piezoelectric and semiconducting
properties of piezoelectric NWs and NBs [8–12].

It has been noted in previous studies [13–16] that the
high surface-to-volume ratio at the nanoscale could dra-
matically enhance the surface effect and could ultimately
lead to distinct elastic and piezoelectric properties that
are significantly different from their macroscopic coun-
terparts. The elastic and piezoelectric properties have al-
ready been studied extensively for ZnO NWs [8–12].
Both experimental techniques [17–20] and simulation
methods, e.g. first-principle calculations [21,22] and
molecular dynamic simulations (MDS) [17,23–27], have
been employed. The results show that the elastic and
piezoelectric properties of the ZnO nanocrystals are size
dependent. In particular, the piezoelectric constants
could be up to orders of magnitude greater than their
bulk counterparts. It is also observed that the material
properties, e.g. the Young’s modulus, of ZnO NWs vary
significantly when the shapes of their cross-sections
change [23,26].

Similar to ZnO, crystalline GaN is characterized by
the wurtzite structure. To date, nanoscale GaN has re-
ceived little attention, although it exhibits much better
chemical stability than ZnO and sometimes stronger pie-
zoelectric responses [28]. Here the chemical stability is
crucial for the performance of smart nanodevices run-
ning under severe environmental conditions. Very re-
cently, initial investigations have been carried out on
the elastic [29–32] and piezoelectric [22] properties of
sevier Ltd. All rights reserved.
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Figure 2. Stress–electric field strength curves for bulk GaN and GaN
NWs with different cross-section sizes.
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hexagonal GaN NWs. The piezoelectric properties of
square GaN NWs, however, still remain an open topic.
Specifically, the observation on ZnO NWs suggests that
these properties should be significantly different from
those obtained for hexagonal GaN NWs.

In this letter, the piezoelectric properties of square
GaN NWs and their dependence on the size and temper-
ature are studied based on MDS, which is more efficient
than the frequently used ab initio method and thus en-
ables us to deal with a larger computational system. Sub-
sequently, a piezoelectric core–surface (CS) composite
beam model was employed to reveal the physical origin
of the size dependency of the piezoelectric properties.

In this study, we focused our attention on the most
common square GaN NW [28], the growth direction
of which is along the c-axis [00 01], with the transverse
side surfaces being ½2�1�10� and ½01�10� (Fig. 1). The
length L of the NWs is fixed at15 nm, whereas the size
b of the square cross-section varies from 1 nm to 4 nm.
In the present MDS, the interactions between Ga–Ga,
N–N and Ga–N were described by the Stillinger–Weber
(SW) potential [33], which was employed to evaluate the
elastic properties of GaN NWs in Refs. [30,31]. Its ana-
lytical form is available in the Supplementary material,
where the optimized lattice parameters for the SW po-
tential of GaN can also be found. The NVT ensemble
(constant number of particles, volume and temperature)
was employed to update the positions and velocities of
the atoms after each time step using a Nosé–Hoover
temperature thermostat [34]. At the beginning of all sim-
ulations, the equilibrium of the initialized structure was
achieved, corresponding to the lowest energy of the
NWs. After full relaxation, certain treatments were ap-
plied to calculate the piezoelectric properties. Here all
MDS were conducted using a large-scale atomic/molec-
ular massively parallel simulator [35] without periodic
boundary conditions.

We first study the piezoelectric responses of GaN
NWs. For such 1-D nanostructures, the piezoelectric
property in the axial direction (c-axis) is of major con-
cern, and can be characterized by the piezoelectric con-
stant e33, defined as [36] e33 ¼ �@r3=@E3. Here r3 and E3

denote the stress and electric field strength along the ax-
ial direction, respectively. Before calculating e33, we
fixed the two ends of the NWs after the initial relaxa-
tion. The purpose of doing this was to avoid any pre-
strains in the structure. An electric field in the axial
direction was then applied to the NWs at room temper-
ature T = 300 K (see the inset of Fig. 2). The external
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Figure 1. Molecular representation of a square GaN NW assembled in
the [0001] growth orientation.
force on ion i due to the electric field can be expressed
as F i ¼ qiE3, where qi is the charge on ion i (+3e for
Ga3+ and �3e for N3�). Finally, the stress r3 in the axial
direction was calculated by dividing the resultant force
by the area of the cross-section. These results are shown
in Figure 2 as a function of E3 for NWs with different
cross-sectional sizes b. Similar results are also plotted
in Figure 2 for bulk GaN with a simulation cell size of
10 � 10 � 10 unit cells and periodic boundary condi-
tions along three coordinate directions. From the defini-
tion given above, the piezoelectric constant e33 is equal
to the negative slope of the r3 � E3 curves. As seen from
Figure 2, r3 rises almost linearly with increasing electric
field strength E3. This leads to an almost constant e33 of
GaN NWs, which, as noted in Figure 2, decreases with
growing cross-sectional size b. Specifically, the value of
e33 obtained for bulk GaN is 0.69C m�2, which is very
close to the 0.73C m�2 obtained in an ab initio study
[37].

The size dependence of e33 obtained in Figure 2 is
plotted in Figure 3, in comparison with that of square
ZnO NWs achieved in an MDS study [25] and hexago-
nal GaN and ZnO NWs calculated based on the density
functional theory (DFT) [38]. It is noted that, while
square cross-sections could be measured by the thick-
Figure 3. The piezoelectric constant of GaN and ZnO NWs as a
function of the cross-section size, which were obtained based on DFT,
MDS and the CS model.



Figure 4. The piezoelectric constant of the bulk GaN and the GaN
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ness b in the present study and Ref. [25], the hexagonal
cross-sections are characterized by an effective diameter
d in Ref. [38]. In Figure 3, the present MDS show that
e33 of square GaN NWs increases by 120% as b de-
creases from 4 nm to 1 nm. This tendency is analogous
to the size dependence of e33 obtained for square ZnO
NWs in the MDS [25]. However, the slope of the GaN
curve is always greater than that of the ZnO curve, indi-
cating that the size effect is more pronounced for the
GaN NWs. For example, although at b = 1 nm the e33

of the GaN NW is larger than that of the ZnO NW,
the former is only half of the latter when b increases
to 4 nm.

It can also be seen from Figure 3 that the MDS re-
sults for square GaN and ZnO NWs are qualitatively
similar to the DFT results for hexagonal GaN and
ZnO [38]. However, the MDS predicts values of e33 that
are much smaller than those given by the DFT [38]. The
discrepancy between MDS and DFT was also observed
for nanofilms in Ref. [39]. Indeed, further study needs to
be conducted to examine the accuracy of these tech-
niques based on experimental data and provide a theo-
retical explanation for the discrepancy in their
numerical calculations. Another factor that could con-
tribute to the discrepancy is the shapes of the cross-sec-
tions considered, i.e. square or hexagonal. This is
because, even for the same nanocrystalline material,
the different shape of the cross-section suggests that
the growth direction and the corresponding facets could
be different for the nanostructures considered. In addi-
tion, the surface-to-volume ratio may also change due
to the variation of the shape of cross-section. This could
exert a significant influence on the surface effect, which,
as will be shown below, plays a key role in determining
the overall piezoelectric properties of nanomaterials.

To understand the observed size dependence of the
piezoelectric constant, a widely accepted CS model was
employed, in which an NW is modelled as a composite
beam consisting of the core section of the bulk material
and the surface layers (inset of Fig. 3). The CS model
was first employed to explain the size-dependent elastic
properties and mechanical behaviour of nanostructures
[17,19,20,40–42], and was later extended by Huang
and Yu [43] to evaluate the surface effect on the piezo-
electric responses of nanostructures. In this refined CS
model, a piezoelectric surface was introduced with a pie-
zoelectric constant that could be calculated by fitting the
CS model to MDS [39]. Based on the CS model, the
effective piezoelectric constant of NWs is calculated by
[39] e33 ¼ eb

33 þ 4es
33=b (square NWs), where eb

33 is the
bulk piezoelectric constant and es

33 is the surface piezo-
electric constant. In Figure 3 the CS model with prop-
erly selected values of eb

33 and eb
33 is found to be in

excellent agreement with the MDS in predicting the e33

of square GaN and ZnO NWs. For the core section,
the eb

33 used in the CS model is 0.76C m�2 for GaN
NWs, which is in accordance with both the 0.69C m�2

obtained in the present MDS and the 0.73C m�2 given
by the ab initio study [37]. In addition, eb

33 ¼ 1:5C=m2

for ZnO NWs is also close to the 1.4C m�2 predicted
by the MDS [25]. For the surface layers,
es

33 ¼ 0:52� 10�9C=m is obtained for the GaN NWs,
which is greater than the es
33 ¼ 0:2� 10�9C=m used for

the ZnO NWs in the CS model.
GaN is also a pyroelectric crystal, the polarization of

which strongly depends on its environmental tempera-
ture. It is thus of interest to examine the thermal effect
on the piezoelectric properties of GaN NWs, which is
also related to the polarization of the crystal. Conceptu-
ally, temperature reflects the kinetic energy of atoms. At
non-zero temperatures, the atoms of GaN crystals vi-
brate due to thermal oscillations around their equilib-
rium positions. MDS is considered to be a valuable
tool for investigating such dynamical processes at non-
zero temperatures.

Following the procedure demonstrated previously
(see Page 2), we measured the piezoelectric constant
e33 of GaN NWs at different temperatures. Figure 4
shows the results obtained for GaN NWs of various
thicknesses and bulk GaN at a temperature T rising
from 100 to 500 K. It can be seen from Figure 4 that
the epiezoelectric effect of the GaN NWs and bulk
GaN is sensitive to temperature change, i.e. it decreases
significantly as the temperature increases. For example,
T rising from 100 to 500 K leads to a decrease in e33 of
about 20% for NWs with b = 2 nm and approximately
16% for the bulk GaN crystal. In other words, the pie-
zoelectric effect becomes less significant at higher tem-
perature for both GaN nanocrystal and bulk GaN.
This tendency is also found in bulk ZnO [44]. It is thus
reasonable to expect that, when the temperature rises to
a critical value, the e33 of GaN NWs would tend to zero.
It is well known that for bulk piezoelectric materials the
polarization generally decreases as the environmental
temperature increases. Specifically, when the tempera-
ture increases to the so-called Curie temperature, their
polarization is lost [45]. Thus the thermal effect on piezo-
electricity predicted by the present MDS for GaN NWs
is significant and reasonable, and therefore should be ta-
ken into consideration in designing piezoelectronics and
other smart nanodevices operating in a wide tempera-
ture range.

In summary, molecular dynamics simulations were
performed to study the piezoelectric properties of square
GaN NWs and bulk GaN crystal. The piezoelectric con-
stant e33 of the GaN NWs is found to increase with
NWs as a function of temperature.
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decreasing cross-sectional size and is greater than the
corresponding bulk value. The size dependence of the
piezoelectric constant is observed, and is explained well
in terms of surface piezoelectricity using a core–surface
composite beam model. The values of surface piezoelec-
tricity were obtained, which could then be employed in
the theoretical analysis based on equivalent continuum
mechanics theory. Finally, it is demonstrated that the
piezoelectric constants of the GaN NWs and bulk
GaN decrease with increasing temperature as a result
of the temperature dependence of material polarization.
These results obtained based on MDS could provide
important guidance in the design, fabrication and appli-
cation of GaN NW-based optoelectronic and electronic
devices.
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