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Fracture and buckling are major failure modes of thin and long nanowires (NWs), which could be

affected significantly by an electric field when piezoelectricity is involved in the NWs. This paper

aims to examine the issue based on the molecular dynamics simulations, where the gallium nitride

(GaN) NWs are taken as an example. The results show that the influence of the electric field is

strong for the fracture and the critical buckling strains, detectable for the fracture strength but

almost negligible for the critical buckling stress. In addition, the reversed effects are achieved for

the fracture and the critical buckling strains. Subsequently, the Timoshenko beam model is utilized

to account for the effect of the electric field on the axial buckling of the GaN NWs, where nonlocal

effect is observed and characterized by the nonlocal coefficient e0a ¼ 1:1 nm. The results show

that the fracture and buckling of piezoelectric NWs can be controlled by applying an electric

field. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4829277]

I. INTRODUCTION

In the past decade, one-dimensional (1D) nanomaterials

have offered an excellent platform for basic scientific

research in a nanoscale world and potential applications in

the nanoelectromechanical systems (NEMS). Among these

nanomaterials, the wurtzite family materials, especially the

zinc oxide (ZnO) and gallium nitride (GaN), have received

considerable attention primarily due to the synergy of their

piezoelectric and semiconducting properties. The 1D ZnO

and GaN nanostructures, e.g., nanowires (NWs) and nano-

belts (NBs), have been used as building blocks of innovative

nanodevices, such as nanosensors (actuators),1,2 nanoresona-

tors,3 and nanodiodes.4 In these applications, NWs are usu-

ally subjected to tension or compression when being in

operation or due to thermal or lattice mismatch between

NWs and the materials in environment. It is well known that

for thin and long NWs compression may induce the buckling

while tension may cause the fracture of the nanostructures.

As a result, fracture and buckling are major failure modes of

the NWs, which would substantially affect the performance

of NW-based nanodevices and nanoelectronics. It is thus of

great interest to study the fracture and bulking of the NWs.

Up till now, the buckling and fracture have been studied

extensively for piezoelectric GaN and ZnO NWs and

NBs,5–9 where the experimental techniques5,6,9 and simula-

tion methods, e.g., molecular dynamics simulations

(MDS)7,8 were employed. We noted that the existing studies

were mainly focused on the fundamental behaviour of the

buckling and fracture but little has been done to investigate

the coupling effect of piezoelectric and mechanical proper-

ties. On the other hand, our recent study10 revealed that the

stresses and critical buckling strain of carbon nanotube-ZnO

composite NWs depends sensitively on the applied electric

voltage due to the piezoelectric effect of ZnO. The results

suggest that an electric field may significantly affect the frac-

ture and buckling behaviour of piezoelectric NWs.

Inspired by this idea, we are interested in quantifying the

influence exerted by an electric field on the fracture and buck-

ling of piezoelectric NWs and capturing the physics behind the

obtained electric field effect. To this end, we have performed

the MDS, where the fracture and critical buckling stresses and

strains are measured for the GaN NWs as a function of the

electric field strength. In addition, effort is invested to account

for the physics of the observed phenomena by using the con-

tinuum mechanics models. The results suggest that piezoelec-

tricity can be employed to maintain the structural integrity and

stability of the 1D building blocks in a nanoworld.

II. SIMULATION METHOD

In this paper we consider the most common GaN NW

whose growth direction is along the ½0001� crystalline direc-

tion. Initially, Ga and N atoms are arrayed in a single crystal-

line wurtzite structure with the lattice constants a¼ 3.19 Å

and c¼ 5.20 Å.11 The NWs have hexagonal cross sections

with a six-fold symmetry and f01�10g lateral surfaces. Such

shapes have been observed in GaN NWs grown by metalor-

ganic chemical vapor deposition.8 The NWs studied here

have a length L0¼ 25 nm, which is sufficient to avoid image

effects, and radius R¼ 1.5 nm as shown in Fig. 1.

The classical MDS was employed in this work and 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 by using the

Nos�e-Hoover temperature thermostat.12 The interactions

between Ga-Ga, N-N, and Ga-N were described by the

Stillinger-Weber (SW) potential,13 which is obtained based

on a two-body term u2 and a three-body term u3:
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Here, subscripts i, j, and k represent the different atoms

in the system. d is the cohesive energy of the bond. d is the

length unit. a represents the cutoff distance. rij is the length

of the bond ij. hijk is the angle formed by the ji and the jk
bonds. Other parameters, A, B, and c are dimensionless fit-

ting parameters adjusted to match the material properties.

The values used in this study were taken from Ref. 11. The

SW potentials have been used to reproduce bulk structures

and mechanical properties; they have been successfully

employed to evaluate the elastic properties, piezoelectric

properties, fracture, and buckling of single-crystal GaN

NWs.7,8,14,15 These calculations have demonstrated that the

empirical SW potentials for GaN can be employed to study

the mechanical properties of single-crystal GaN structures.

In addition, the potentials can handle dangling bonds, wrong

bonds, and excess bonds in bulk GaN very well. Therefore,

these potentials are proven to be reliable in characterizing

the mechanical responses of GaN NWs.

The simulation process is done in the following proce-

dure: first relaxed the initial configuration to reach the equi-

librium state (100 ps was used in this work); after the initial

relaxation we fixed the two ends of the NWs; then applied

the external displacements or/and an electric field along the

axial direction (measured by E3) as shown in Fig. 1(a), and

this electric field can produce an external force fi ¼ qiE3 on

ion i with qi being the charge on ion i (þ3e for Ga3þ and

�3e for N3�); finally relaxed the NW to reach a new equilib-

rium state and accordingly, a new configuration. Here all

MDS were conducted using the large-scale atomic/molecular

massively parallel simulator (LAMMPS)16 under the room

temperature (T¼ 300 K) and without periodic boundary con-

ditions. The axial stress r on the GaN NW was taken as the

arithmetic mean of the local stresses on all atoms, as

follows:

r ¼ 1

N
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where mi is the mass of atom i, vi
z is the velocity component

in the axial direction of atom i, Fij
z refers to the axial compo-

nent of the interatomic force between atoms i and j, rij
z is the

interatomic distance in the axial direction between atoms i
and j, Vi refers to the volume of atom i, which is assumed as

a hard sphere in a closely packed undeformed crystal struc-

ture, and N is the number of atoms.

III. FRACTURE OF PIEZOELECTRIC NWs

In this section, let us first study the fracture of piezoelec-

tric NWs subjected to an electric field. The emphasis will be

placed on the effect of piezoelectricity on the fracture behav-

iour, i.e., how an electric field affects the fracture behaviour

of piezoelectric NWs. To reach this goal, the axial stress-

strain relation for GaN NWs is plotted in Fig. 2 where the

electric field strength varies from �0:4� 105 kV=cm to

0:4� 105kV=cm. In Fig. 2, the axial strain e for the NWs are

calculated by e ¼ ðL� L0Þ=L0, where L and L0 are the

lengths of an NW after and before the deformation, respec-

tively. The images of the NW at different stages are shown

in Fig. 3, which correspond to points A, B, and C on the

stress-strain curve in Fig. 2.

It can be seen from Fig. 2 that at low strain (e � 0:05),

the stress-strain relationship follows Hooke’s law, i.e., the

stress increases linearly with increasing strain. Here, it is

also noted that when an electric field is applied the stress-

strain curve starts from (r0, 0), where the initial strain is zero

while the initial stress r0 is nonzero as the NW is pre-

stressed by an electric field due to the piezoelectric effect.

Beyond this linear region (e > 0:05) the stress continues to

FIG. 1. (a) Molecular representation of the GaN NW studied here, which is

subject to an electric field E3 and strain e applied in the axial direction of the

GaN NW. (b) Cross-section of the GaN NW.

FIG. 2. Stress-strain curves for GaN NWs under a tension and different elec-

tric field strengths.

174306-2 Zhang, Wang, and Adhikari J. Appl. Phys. 114, 174306 (2013)



increase with growing strain until the stress and strain

approach their threshold values, i.e., fracture strength and

fracture strain, respectively. After this critical point, a sud-

den jump of the stress (to zero) is observed with almost no

further increase in strain. This indicates the brittle fracture of

the GaN NWs, which is also observed in an experiment,9

and the brittle fracture was also observed in another impor-

tant semiconductor and piezoelectric NWs, ZnO NWs.17,18

From Fig. 2, the applied electric field is found to have no

influence on the fracture mode of GaN NWs. However,

many other factors, e.g., temperature, strain rate and sample

dimension may affect the fracture mode of NWs. At the low

temperature the semiconductor NWs, e.g., silicon (Si), ZnO,

and GaN NWs fail through brittle fracture, but under a high

temperature they tend to be ductile.8,19,20 The fracture mode

of semiconductor NWs also depends on the strain rate, e.g.,

Zheng et al.21 showed the ductile plastic dislocation in Si

NWs and pointed out that brittle characters of Si NWs should

happen in a fast strain rate. This point was also made by

Wang et al.8 in their MDS of GaN NWs. According to their

results, the failure of GaN NWs can transfer from the brittle

fracture to the ductile fracture as the strain rate decreases.

Recently, the size-dependence of fracture mode has been

observed not only in the metallic NWs but also in the semi-

conductor NWs. For example, the fracture of the metallic

NWs (e.g., copper and gold NWs) were found to transfer

from ductile type to brittle type when their length-to-diame-

ter ratio is larger than �100.22 According to the MDS by

Kang and Cai, the [110] Si NWs with diameters smaller than

4 nm were found to fail by a ductile fracture at the room tem-

perature, while those with diameters larger than 4 nm then

experience a brittle fracture.19 In addition, through tensile

experiments, Han et al. reported brittle to ductile transition

occurs around 60 nm diameter for [110] Si NWs.23

Consistent with previous studies of Si NWs, a most recent

MDS study20 showed that under a high temperature the fail-

ure of the ZnO NWs transfers from the brittle fracture to the

ductile fracture as their diameters decrease.

The evolutions of the molecular structures of GaN NWs

in the tensile test are shown in Fig. 3 when there is no elec-

tric field. Below the fracture strain, the atomic bonds of the

NWs are stretched but still preserve their fourfold coordina-

tion. At this stage, no structural defects are found in the NW.

With further elongation, the bond breakage occurs in the

outmost layer and then propagates rapidly towards the centre

as the strain increases. The shearing and necking phenom-

enon, however, has not been observed for GaN NWs in the

MDS. This is in accordance with the aforementioned brittle

rapture shown in Fig. 2. Further, the fracture strength and the

fracture strain of the GaN NW under tension are plotted in

Fig. 4 as a function of the applied electric field. It can be

seen from Fig. 4 that the fracture strain increases by around

42% as the applied electric field increases from �0:4�
105kV=cm to 0:4� 105kV=cm, meanwhile the fracture

strength increases only by about 10%. This observation

shows that an electric field has strong influence on the frac-

ture strain. In particular, a negative electric field will

decrease the fracture strain, while a positive one will

increase it. The effect of electric field on the fracture strain

can be possibly explained by the initial stress r0 generated

by the electric field via the piezoelectric effect. The fracture

strength and the absorption energy of a crystal are mainly

determined by its molecular structure and atom-atom poten-

tial. Therefore, their magnitudes remain nearly constant in-

dependent of the electric field. However, in the process of

elongation extra work has to be done to resist the negative

initial stress due to the electric field. This leads to the

increased energy absorption that is proportional to the prod-

uct of fracture strength and strain. Naturally, the increased

energy absorption gives larger fracture strains if the fracture

strength is nearly constant. The reverse effect of the positive

initial stress can be understood based on the same theory.

From above results, the elastic and piezoelectric proper-

ties can also be obtained for the GaN NWs. For example, the

axial stress is plotted as a function of strain (at e � 0:02 and

E3¼ 0) in Fig. 5(a), where the Young’s modulus E is repre-

sented by the slope of the curve r� e and is calculated as

209 GPa. The value is found to be 30% lower than 311 GPa

of bulk GaN due to the effect of the surface elasticity.24 The

piezoelectric constant e33 is also of major concerns for quasi

1D piezoelectric NWs and is defined by e33 ¼ �@r=@E3.25

Thus, e33 of GaN NWS is represented by the negative slope

of the r� E3 curve in Fig. 5(b). The value measured for

GaN NWs is 1.8 C/m2, which is more than two times as

much as 0.73 C/m2 achieved for bulk GaN. The effect of the

surface piezoelectricity should be responsible for the dis-

crepancy.15,26 These fundamental material properties in the

constitutive relations of the materials will be utilized latter in

FIG. 3. Structures of GaN NWs under

a tension from points A to C in Fig. 2.
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the continuum mechanics modelling of the buckling of GaN

NWs.

IV. BUCKLING OF GaN NWs

In this section, we will focus our attention on the axial

buckling of GaN NWs. Fig. 6 shows the axial compression-

strain relation for NWs with the electric field strength vary-

ing from �0:2� 105kV=cm to 0:2� 105kV=cm. In this

section, the compressive axial stress and the compressive

axial strain are taken as positive values. The images of the

tested NW at different stages are shown in Fig. 7, which are

associated with points A, B, and C on the stress-strain curve

in Fig. 6. Initially, the axial stress monotonically increases

with rising axial strain. When the strain reaches a certain

critical value at point B the axial stress decreases rapidly

with rising strain, indicating the onset of buckling in the

NW. Thus, we define the strain at point B as the critical

buckling strain and the associated stress is referred to as criti-

cal buckling stress. If the average axial strain is smaller than

the critical value the NW is in stable equilibrium and retains

a straight configuration; when the axial strain approaches the

critical value (at point B), the NW is in a neutral equilibrium

and the buckling is about to occur due to infinitesimal pertur-

bation; at the axial strain larger than the critical value the

NW becomes unstable.

FIG. 5. (a) The stress-strain curve and

(b) the stress-electric field strength

curve for the GaN NW studied.

FIG. 4. (a) The fracture strength and

(b) the fracture strain as a function of

the electric field strength E3.
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The critical buckling stress and strain of the GaN NW

under a compression are plotted in Fig. 8 as a function of the

applied electric field. We can see from Fig. 8(a) that when the

applied electric field increases from �0:2� 105kV=cm to

0:2� 105kV=cm the critical buckling stress is around 6.2 GPa

with a variation less than 63%. In sharp contrast, as shown in

Fig. 8(b), the critical buckling strain decreases almost linearly

by 80% in the same process. To understand the observation in

the MDS, we have resorted to the classical continuum

mechanics theory. Based on the Timoshenko beam model, the

governing equation for the buckling of the GaN NW reads27

EI 1� rS

kGS

� �
d4w

dx4
þ rS

d2w

dx2
¼ 0; (3)

where w and x are the transverse displacement and the axial

coordinate; G and k are the shear modulus and the shear cor-

rection coefficient; S and I are the area of cross-section and

the second moment of the area. From the theory of piezoelec-

tricity, the pre-buckling stress r in Eq. (3) can be expressed as

r ¼ Eeþ E3e33: (4)

For a fixed-fixed NW, the critical buckling stress rcr given

by Eq. (3) is as follows:

rcr ¼
4ðp2=L2ÞEI

Sþ 4ðp2=L2ÞðEI=kGÞ ; (5)

which is found to be independent of the electric field E3.

Substituting Eq. (5) into Eq. (4) leads to the critical buckling

strain ecr as

ecr ¼
4ðp2=L2ÞI

Sþ 4ðp2=L2ÞðEI=kGÞ �
e33

E
E3: (6)FIG. 7. Structures of GaN NWs under a compression from points A to C in

Fig. 6.

FIG. 8. (a) The critical buckling stress

and (b) the critical buckling strain as a

function of the electric field strength.

FIG. 6. Stress-strain curves for GaN NWs under a compression and different

electric field strengths.
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Equation (6) shows that the critical buckling strain of the

GaN NW decreases linearly with rising electric field as a

result of the equivalent pre-buckling strain �e33E3 =E due to

the pre-buckling stress e33E3 and the fixed ends of the NW.

This indeed reveals the physics of the linear E3 dependency

of ecr achieved in the MDS.

The critical buckling stress rcr given by Eq. (5) is 7 GPa

and critical buckling strain ecr given by Eq. (6) as a function

of E3 is shown in Fig. 8(b). It is found that rcr given by the

classical Timoshenko beam theory is 13% greater than

6.2 GPa obtained in the MDS. The relative difference

between the two methods in predicting ecr , however,

increases from 3.2% to 14.6% when E3 rises form �0:2�
105kV=cm to 0:2� 105kV=cm. We believe that the nonlocal

elasticity should be responsible for this discrepancy,28,29 as

the atomic theory of lattice dynamics and experimental

observations on phonon dispersion showed that the stress at

one reference point depends not only on the strain at that

point but also on the strain at other points inside the domain.

The buckling equation of the GaN NW derived by incorpo-

rating the nonlocal theory into the classical Timoshenko

beam model is30

EI
ðe0aÞ2rS

kGS

d6w

dx6
þ EI 1� rS

kGS
� ðe0aÞ2 rS

EI

� �
d4w

dx4
þ rS

d2w

dx2

¼ 0;

(7)

where e0a is the nonlocal coefficient characterizing the non-

local effect on the response of the GaN NWs. The general

solution to this singular equation takes the form31

w ¼ C1 coshðbxÞ þ C2 sinhðbxÞ þ C3 cosðgxÞ þ C4 sinðgxÞ;
(8)

where b and g are the functions of E, G, S, I, k, e0a; and C1 to

C4 are some real numbers. For fixed-fixed GaN NWs consid-

ered in this paper we have w ¼ 0 and / ¼ 0 at x ¼ 0 and L,

here / is the rotation angle and can be expressed in terms of

w, i.e., / ¼ /ðwÞ. Substituting Eq. (8) into the boundary con-

ditions yields M � ½C1;C2;C3;C4�T ¼ 0. Here, M is the coef-

ficient matrix. The condition for nonzero solution of C1 to C4

is detM ¼ 0, which gives the critical buckling stress of GaN

NWs as well as the critical buckling strain. For more details

on the method the reader may refer to Refs. 30 and 31.

The critical buckling stress of the GaN NW obtained

from the nonlocal beam model is 6.4 GPa with the relative

difference from the MDS result less than 3%. The value of

e0a associated with this good agreement is 1.1 nm. The criti-

cal buckling strain associated with e0a ¼ 1:1nm is also plot-

ted in Fig. 8(b) in comparison with the results of the MDS. A

good agreement has been achieved throughout the length of

the electric filed E3 considered in the present study. The

results show that the nonlocal effect is substantial for the

GaN NWs and thus has to be considered in the analyses of

their structural responses. In addition, it is noted that the

value of the nonlocal coefficient e0a ¼ 1:1nm is independent

of the electric field applied although the nonlocal effect on

ecr increases with rising E3 (Fig. 8).

V. CONCLUSIONS

The effect of the electric field on the fracture and buck-

ling of the GaN NWs has been investigated in the present

study based on the MDS. The results show that the electric

field has strong influence on the fracture strain and critical

buckling strain. When the electric field changes from �0:4�
105kV=cm to 0:4� 105kV=cm the fracture strain increases

by 47%. On the other hand, the increase of the electric field

from �0:2� 105kV=cm to 0:2� 105kV=cm leads to the

decrease of the critical buckling strain decrease by 72%. The

effect of the electric field is found to be less pronounced for

the fracture strength and almost negligible for the critical

buckling stress. In addition, substantial nonlocal effect is

achieved for the buckling responses of piezoelectric NWs

studied here. In particular, e0a ¼ 1:1nm is obtained for the

GaN NWs. Accordingly, the nonlocal mechanics theory

should be employed in studying the structural responses of

the NWs. The obtained results suggest that applying an elec-

tric field can facilitate to maintain the structural integrity and

stability of piezoelectric NWs via their piezoelectric effect.
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