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a b s t r a c t

ZnO nanotubes have the potential to be used widely in variety of nano electromechanical devices. We

calculate the elastic and piezoelectric properties of single wall ZnO nanotubes using molecular

simulations. A Buckingham type interatomic potential has been used for numerical calculations. Prior to

estimate the properties of tubular system, we have calculated the ZnO crystal of wurtzite structure and

validated our results with other available results. The results are in good agreement with literature,

using present computational approach. Finally, we studied the properties of ZnO nanotubes. Our results

indicate that the elastic properties (e.g., the elements of the elastic tensor) of ZnO nanotubes decrease

with the increase in tube diameter. The piezoelectric property of ZnO NTs is also found to be dependent

on the tube diameter.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (ZnO) [1] materials have attracted extensive
attention due of their excellent performance in electronic, ferro-
electric, piezoelectric [2,3] and optical applications [4,5]. With a
band gap in the (� 3:37 eV) range [6,7] and a large exciton
binding energy (� 60 meV) at room temperature, ZnO [8] has
many potential advantages in ultraviolet optoelectronic devices. It
can be used in the fields of blue and ultraviolet lasers, light-
emitting diodes, and solar cells [9,4,10]. Nano-scale ZnO is also an
important material [11,12] for the nanoscale energy harvesting
and scavenging [13–16]. In recent years, a great variety of ZnO
nanostructures [11,17,18] are being synthesized [17,19], and the
structural [20,21], mechanical [22,23], optical and electrical
[24,25] properties are investigated experimentally [26,27]. With
regards to the mechanical properties [28,29], it is found that the
bending moduli of ZnO nanobelts are dependent on the aspect
ratio in the growth direction [30,31], whereas it is independent on
their surface-to-volume ratio [23]. For ZnO nanowires, it is found
that the Young’s moduli [32] increased as the diameter decreased,
and the values of these Young’s moduli were all larger than the
bulk value. On the theoretical side, the surface stress induced
internal compressive stress played an important role in the
change of the Young’s modulus [33,34]. Investigation and under-
standing of the mechanical as well piezoelectric properties of ZnO

nanostructure are valuable for their potential application. For
example, ZnO nanotubes are bend by rubbing against each other
for energy scavenging [13–16]. In this study, we present the
results of elastic tensors and piezoelectric coefficients of ZnO
crystals as well ZnO nanotubes grown from wurtzite crystal and
arrive at nanotube structure. We also compare our results with
the experimental results and previous theoretical results available
in the literature.

2. The computational approach

A Buckingham type interatomic potential [35]

UðrijÞ ¼
qiqj

rij
þAexp �

rij

r

� �
�

C

r6
ij

ð1Þ

is used in this study. Here U is the pair potential energy
contributed by the interaction between the ith and jth ions with
a distance of rij, qi is the charge of the ith ion and the parameters
of A, r and C for ZnO are given in [33]. The first term in Eq. (1)
describes the long-range Coulomb interactions between two ions,
and the second and the third terms represent their short-range
interactions. To handle the long-range Coulomb interactions, we
utilize the corrected Ewald summation [36,37] to reduce the
computational demand as well as to enhance the computational
efficiency.

Using the optimized structure, we can calculate the elements
of the elastic tensor and piezoelectric coefficients. The elements of
the elastic tensor reflect the stress–strain relation of materials. In
terms of the symmetry of ZnO, this relation can be expressed in
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the matrix form
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ð2Þ

where si and ei (i¼1,y,6) represent the stresses and strains,
respectively. Similarly, the piezoelectricity can be expressed (ref
(3)) in the matrix form [2,3,38] as

P1

P2

P3�P0
3

0
B@

1
CA¼

0 0 0 0 e15 0

0 0 0 e15 0 0

e31 e31 e33 0 0 0

0
B@

1
CA

e1
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e5

e6

0
BBBBBBBBB@

1
CCCCCCCCCA

ð3Þ

where P1, P3, and P2 are three polarization components along the a

direction, the c direction, the direction perpendicular to a and c,
respectively. P3

0 is the spontaneous polarization along the c

direction. There are only three independent piezoelectric coeffi-
cients: e31, e33, and e15.

The elastic tensor of a system can be represented by elastic
constants (Cij, (i, j¼1,y,6)), Young’s modulus (Ei, (i¼1,2,3)), bulk
(K) and shear (G) modulus, Poisson’s ratio (n). The elastic
constants represent the second derivatives of the energy density
with respect to strain:

Cij ¼
1

V

@2U

@ei@ej

� �
ð4Þ

thereby describing the mechanical hardness of the material with
respect to deformation. Since there are 6 possible strains within
the notation scheme employed here, the elastic constant tensor is
a 6�6 symmetric matrix. However, in ZnO-like symmetry
system, there are only five independent constants (C11, C12, C13,
C33, C44). In calculating the second derivatives of the energy with
respect to strain, it is important to allow for the response of all
internal degrees of freedom of the crystal to the perturbation. If
the following notation for the second-derivative matrices is
introduced:

Dee ¼
@2U

@e@e

� �
internal

, Dei ¼
@2U

@e@ai

� �
e
, Dij ¼

@2U

@ai@bj

 !
e

ð5Þ

then the full expression for the elastic constant tensor can be
written as [39]

Cij ¼
1

V
ðDee�DeiD

�1
ij DjeÞ ð6Þ

The elastic compliances, S, can be readily calculated from the
above expression by inverting the matrix (i.e. S¼C�1). Like the
elastic constant tensor, the bulk (K) and shear (G) moduli contain
information regarding the hardness of a material with respect to
various types of deformation. Experimentally a bulk modulus is
much more facile to determine than the elastic constant tensor. If
the structure of a material is studied as a function of applied
isotropic pressure, then a plot of pressure versus volume can be
fitted to an equation of state where the bulk modulus is one of
the curve parameters. Typically a third or fourth order Birch–
Murgnahan equation of state is utilized [40]. The bulk and shear
moduli are clearly related to the elements of the elastic constant.
However, there is no unique definition of this transformation [40].
In this study, we calculated bulk and shear moduli definitions
due to Voight [38,41]. Below are the equations for the Voight

definition [40,41]:

KVoight ¼
1
9ðC11þC22þC33þ2ðC12þC13þC23ÞÞ

GVoight ¼
1

15ðC11þC22þC33þ3ðC44þC55þC66Þ�C12�C13�C23Þ ð7Þ

When an uniaxial tension is applied to a material then the
lengthening of the material is measured according to the strain.
The ratio of stress to strain defines the value of the Young’s
modulus for that axis Ea ¼ saa=eaa. Since a thermodynamically
correct material will always increase in length under tension, the
value of this quantity should always be positive. The Young’s
moduli in each of the Cartesian directions can be calculated from
the elastic compliances as Ex ¼ S�1

11 , Ey ¼ S�1
22 and Ez ¼ S�1

33 .
Complementary to Young’s modulus is the Poisson ratio, which
measures the change in a material at right angles to the uniaxial
stress. Formally it is defined as the ratio of lateral to longitudinal
strain under a uniform, uniaxial stress. The expression used to
calculate this property, assuming an isotropic medium, is given
below [38]:

saðbÞ ¼�SaabbEb ð8Þ

Because most materials naturally shrink orthogonal to an applied
tension this leads to positive values for Poisson’s ratio, with a
theoretical maximum of 0.5. Typical values for many materials lie
in the range 0.2–0.3, though negative values are also known. For
an isotropic material this quantity can also be related to the bulk
modulus as [40,41] K ¼ ð1=3ÞE=ð1�2sÞ.

The piezoelectric constants are key quantities in many
technological applications such as energy scavenging [13–16],
since they govern the correlation between the strain and applied
electric field for non-centrosymmetric materials (centrosym-
metric materials necessarily have zero for all piezoelectric
constants). In this study, the piezoelectric strain constants, e, are
calculated as [40]

eai ¼
@Pa
@ei

ð9Þ

The above piezoelectric strain constants can be readily trans-
formed into piezoelectric stress constants by the multiplication
with the elastic compliance tensor.

3. Properties of ZnO crystal and validation of the results

The ground state of a ZnO crystal has a wurtzite structure
(polar hexagonal space group P 63mc) two formula-units with
two zinc and two oxygen atoms per unit cell as shown in Fig. 1.
The lattice constants and internal parameter obtained from
experiments are as follows: a¼ b¼ 3:250 Å, c¼ 5:204 Å, and
u¼0.382, respectively [3]. Using the potential model adopted in
this study, the optimal lattice constants of wurtzite ZnO are

Fig. 1. Unit cell of wurtzite ZnO. Red and light gray colour represents Oxygen and

Zinc atoms, respectively. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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evaluated and compared with other results [2,3,42,43]. It is easy
to see from Table 1 that our results are quite close to those of
other theoretical results and agree well with the experimental
results [44] (errors are around 1%). Using the optimized structure
of wurtzite ZnO, we can calculate the elements of the elastic
tensor and piezoelectric coefficients. The values of elastic con-
stants computed in the present work are listed in Table 2 along
with other reference works.

Note that for c66 a value of about 45 GPa is obtained by using
c66 ¼ 1=2ðc11�c12Þ as must hold for hexagonal systems. Similarly,
the piezoelectric coefficients (ref Eq. (3)) computed in the present
work are listed in Table 3 along with other reference works.

Good agreements have been achieved between the present
results and those in the literature (presented in Tables 2 and 3).
Confirming that our computational procedure can give reasonable
results for bulk ZnO systems, we proceed to analyze ZnO single
wall nanotubes.

4. Simulation details for ZnO nanotubes

Recently, ZnO nanostructures, specifically nanowires and
nanobelts, have been extensively studied because of their
potential applications. In contrast, limited works on ZnO nano-
tubes are reported [47]. Particularly, it seems hard to obtain the
tubular structure of the ZnO material as no layered ZnO exists
[47]. The hollow 1D ZnO structure could provide more prominent
advantages than other 1D ZnO materials like nanowires and
nanobelts. Several groups have synthesized hexagonal ZnO
nanotubes [48,49], though single-walled ZnO nanotubes with a
round wall have not been realized. A recent study [2] indicated

Table 1
Comparison of the optimized results of the ZnO with other results.

a ðÅÞ c ðÅÞ c/a

Computed value 3.268 5.192 1.588

DFPT [2] 3.199 5.167 1.615

DFT [43] 3.197 5.166 1.616

Hartree-Fock [42] 3.286 5.241 1.595

Experiment [3] 3.250 5.204 1.602

Experiment [44] 3.250 5.207 1.602

Error (%) 0.55 0.29 0.87

Table 2
Elastic constants relaxed state of ZnO crystals in units of GPa.

c11 c12 c13 c44 c33

Computed value 184 93 77 56 206

DFPT [2] 218 137 121 38 229

DFT [43] 226 139 123 40 242

Hartree–Fock [42] 246 127 105 56 246

DFT [21] 246 127 104 56 242

Experiment [45] 207 118 106 45 210

Experiment [46] 190 110 90 39 196

Table 3
Piezoelectric strain matrix of ZnO crystals in units of C/m2.

e31 e33 e15

Computed value �0.74 1.01 �0.44

DFPT [2] �0.65 1.24 �0.54

DFT [43] �0.67 1.28 �0.53

Hartree–Fock [42] �0.55 1.19 �0.46

Experiment [45] �0.62 0.96 �0.37

5 10 15 20 25
0

50

100

150

200

250

Diameter of NT (Å)

E
la

st
ic

 c
on

st
an

t (
G

Pa
)

C11
C12
C13
C33
C44

5 10 15 20 25
100

120

140

160

180

200

220

240

E
la

st
ic

 m
od

ul
us

 (
G

Pa
)

Ez

Diameter of NT(Å)

Fig. 3. Elastic properties of ZnO NTs as a function of tube diameter (Å). The elastic tensor components and axial Young’s modulus are decreasing monotonically with

increase in tube diameter. (a) Elastic constants of ZnO NTs. (b) Axial Young’s modulus of ZnO NTs.
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the possibility of synthesizing single-walled ZnO nanotubes [50].
The geometry optimizations were performed with nanotubes
rolled up from a graphitic ZnO single layer. The optimized bond
length of Zn–O is found to be 1:877 Å [51], which is shorter than
the bond length of 1:992 Å in wurtzite ZnO crystal. The average
bond angle of + Zn–O–Zn and + O–Zn–O of the optimized tube is
found 118.57. The variation of bond length and bond angle, of a
typical ZnO nanotube, during the optimization process is shown
in Fig. 2. The periodic boundary condition is applied in the axial
direction.

5. Properties of ZnO nanotubes

Carbon nanotubes [52] are perhaps the most studied nanotube
structures. Unlike the carbon nanotube, the synthesized ZnO
nanotube [53] not only has a periodic structure along its axial
direction, but also characterizes the feature of a finite crystal
[12,17], which is the so-called single crystal nanotube. The ZnO
NTs considered are also fully relaxed. The elastic constants as well
Young’s moduli of these ZnO NTs are calculated; they are plotted
in Fig. 3. The elastic tensor components are useful to estimate the
Poisson’s ratio using the formula given in [54]. From Fig. 3, we can
observe several aspects exhibited in the curves: (1) the values of
the elastic constants decrease monotonically with the increase in
the tube diameter; (2) the values of Young’s moduli decreases as
the tube diameter increases; and (3) Young’s moduli values of the
tubes exhibit higher than the single crystal (163.51 GPa) for
Dr14 Å. However, bulk and shear moduli values Fig. 4(a) of the
tubes exhibit lower value than single crystal (119.34 GPa). The
variation of piezoelectric properties are presented in Fig. 4(b). We
observe a strong increase of the piezoelectric constant e33 with
the increasing diameter, which is supported by other studies for
nanowires [54]. The absolute value of the effective piezoelectric
constant e31 also increases with increasing NTs diameter, but the
value is approximately half of the corresponding e33, supported by
other studies [55].

6. Conclusions

The elasticity and piezoelectric properties of single crystalline
ZnO nanotubes are investigated using molecular simulations. A
Buckingham type interatomic potential has been used for
numerical calculations. Good agreements have been achieved
between the present results and available results in the literature
for wurtzite ZnO. Complete information of the elements of elastic

tensors are necessary to derive other mechanical properties
(e.g., Young’s moduli, shear moduli, etc.). Therefore, the objective
of the present study is to provide complete information about
elastic and piezoelectric tensors of ZnO nanotubes. The elastic
properties of ZnO nanotubes decreases with the increase in
nanotubes diameters. The piezoelectric property of ZnO NTs is
found to be also dependent on tube diameter. The effective
piezoelectric constant e33 increases monotonically with the
increasing diameter of the nanotubes. The absolute value of
the effective piezoelectric constant e31 also increases with the
increasing NTs diameter, and the value is around half of the
corresponding e33. The results derived in the paper can be useful
for the design analysis of nano electromechanical devices
involving ZnO nanotubes. The elastic and piezoelectric properties
of ZnO nanotubes can be used as equivalent properties for
simplified computational approaches, such as continuum models
for ZnO nanotubes.
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