
HAL Id: hal-00770998
https://hal.science/hal-00770998

Submitted on 7 Jan 2013

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

First-principles based multiscale model of piezoelectric
nanowires with surface effects

M.T. Hoang, Julien Yvonnet, Alexander Mitrushchenkov, Gilberte Chambaud

To cite this version:
M.T. Hoang, Julien Yvonnet, Alexander Mitrushchenkov, Gilberte Chambaud. First-principles based
multiscale model of piezoelectric nanowires with surface effects. Journal of Applied Physics, 2013, 113
(1), pp.014309. �10.1063/1.4773333�. �hal-00770998�

https://hal.science/hal-00770998
https://hal.archives-ouvertes.fr


APS/123-QED

First-principles based multiscale model of piezoelectric nanowires with surface effects

M.-T.Hoang, J.Yvonnet,∗ A. Mitrushchenkov, and G. Chambaud
Université Paris-Est, MSME UMR 8208 CNRS,

5 Bd Descartes 77454 Marne-la-Vallée CEDEX 2, France
(Dated: December 2, 2012)

A continuum model of nanowires incorporating surface piezoelectricity is proposed which extends
the electric enthalpy energy with surface terms. The corresponding equations are solved by a
numerical method using finite elements technique. A methodology is introduced to compute the
surface piezoelectric coefficients by first-principles calculations through the Berry phase theory.
We provide the es33, e

s
31 and es15 piezoelectric coefficients of (1010) surfaces for hexagonal wurtzite

nanowires made of GaN, ZnO and AlN. The effective piezoelectric coefficient along the axis of the
nanowire is found to increase when the diameter decreases, for the three studied materials. Finally,
the solution of the continuum model is compared with large-size first-principles calculations on
piezoelectric nanowires.

PACS numbers: Valid PACS appear here

I. INTRODUCTION

Recent experimental studies have evidenced higher
performances of piezoelectric nanostructures as com-
pared to bulk materials.1–10 Very recently, Qi and M.
C. McAlpine have developed Pb-Zr-Ti (PZT) ceramics
nanowires on a polymer and have reported the highest
piezoelectric performance.11 These structures have then
attracted a tremendous attention due to potential appli-
cations in energy harvesting,12–16 sensors,17 piezoelectric
output voltage scale18 and self-powered nanodevices,2

among many others.

Piezoelectric coefficients e33 and e31 of nanowires can
be measured by PFM (Piezoresponse Force Microscopy)
and AFM tip1–4 (Atomic Force Microscope). Espinosa
et al.9,10 showed that a giant piezoelectric constant is
observed in GaN and ZnO nanowires with very small
diameters (about 2.5 nm for GaN nanowires). Another
important aspect is the wide band gap of semi-conducting
nanowires, which is influenced by surface effects for small
diameters.19,20

In addition, numerical investigations involving first-
principles calculations confirm these effects.19,21–26 Fol-
lowing Li et al.,27 Dai et al.28 evaluated the effects of
surface piezoelectricity on ZnO, SrTiO3 and BaTiO3 sys-
tems by using first-principles and core-shell interatomic
simulations.

In this paper, we propose a continuum model of piezo-
electric nanowires with surface effects. We extend to
piezoelectricity an approach previously proposed29–31 for
modeling mechanical surface effects in nanowires. A pro-
cedure based on first-principles calculations is developed
to compute the surface piezoelectric coefficients using
slab surface models. A finite element methodology is
used to solve the equations of the continuum model for a
geometry involving a hexagonal section, corresponding to
wurtzite monocrystal nanowires made of GaN, AlN and
ZnO. We then compare the values of the effective e33 co-
efficient obtained by our model with full first-principles
calculations on several nanowires with different diameters

to assess the accuracy of the model.

II. CONTINUUM MODEL FOR SURFACE
PIEZOELECTRICITY

Piezoelectricity is due to the atomic scale polarization
(see a review of electromechanical phenomena in semi-
conductor nanostructures in reference).32 It is caused by
the non centrosymmetric crystal structure of certain ma-
terials, which results in an effective change of polarization
in response to an applied mechanical strain.

When considering surface effects in nanostructures, the
total energy (enthalpy) of the system can be written as
bulk and surface contributions:

W =

∫
V

ωb(εij , Ei)dV +

∫
S

ωs(εsij , E
s
i )dS (1)

where ωb and ωs are the bulk enthalpy density and sur-
face enthalpy density, respectively, while ε and Ei de-
note the strain second order tensor and the electric field
vector. We assume the following forms for the energy
(enthalpy) density functions:

ωb(εij , Ei) =
1

2
Cijklεijεkl − eijkEiεjk − 1

2
αijEiEj (2)

and

ωs(εsij , E
s
i ) =

1

2
Cs

ijklε
s
ijε

s
kl − esijkE

s
i ε

s
jk − 1

2
αs
ijE

s
iE

s
j

+τsijε
s
ij (3)

where Cijkl, eijk, αij are the bulk elastic fourth-order
tensor, the bulk piezoelectric third-order tensor and the
bulk second-order dielectric tensor, respectively, while
Cs

ijkl, e
s
ijk, α

s
ij are their surface counterparts and τ sij is

the surface residual stress. These tensors have the fol-
lowing symmetries
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Cijkl = Cklij = Cijlk = Cjikl, (4)

ekij = ekji; αik = αki. (5)

In Eq. (3), εs and Es are the surface strain tensor and
surface electric field vector. In this work, the surface
vectors vs and second-order tensors As

ij are defined from
their bulk definition through the use of an orthogonal
projector operator Tij = δij − ninj , describing the pro-
jection on the plane tangent to the surface S at x ∈ S,
where ni is the unit vector normal to S at x. Then, we
have vs = Tijvj and As

ij = TikAklTlj . The constitutive
equations for bulk and surface can be established from
(2)-(3) as

σij =
∂ωb

∂εij
= Cijklεkl − ekijEk, (6)

Di = −∂ωb

∂Ei
= eiklεkl + αikEk, (7)

σs
ij =

∂ωs

∂εsij
= Cijklε

s
kl − eskijE

s
k + τsij , (8)

and

Ds
i = − ∂ωs

∂Es
i

= esiklε
s
kl + αs

ikE
s
k (9)

where σ is the stress tensor and D the electric displace-
ment. The polarization vector for bulk and surface, de-
noted by P and P s respectively, are related to the electric
displacement vectors by

Di = Pi + ϵ0Ei, Ds
i = P s

i + ϵ0E
s
i , (10)

where ϵ0 is the permittivity of vacuum. We can finally
express the bulk and surface piezoelectric coefficients as

eijk =
∂Di

∂εjk
=

∂Pi

∂εjk
, esijk =

∂Ds
i

∂εsjk
=

∂P s
i

∂εsjk
. (11)

The effective polarization can be defined as

Pi
eff =

1

V

∂W

∂Eeff
i

(12)

where Eeff
i denotes an effective electric field such that

Eeff
i =

1

V

∫
V

EidV. (13)

Then we have, using (1):

Pi
eff =

1

V

∫
V

∂ωb

∂Eeff
i

dV +
1

V

∫
S

∂ωs

∂Eeff
i

dS (14)

=
1

V

∫
V

∂ωb

∂Ej

∂Ej

∂Eeff
i

dV +
1

V

∫
S

∂ωs

∂Es
j

∂Es
j

∂Eeff
i

dS. (15)

From (13) we obtain

∂Eeff
i

∂Ej
=

1

V

∫
V

δijdV = δij . (16)

Furthermore, by noting that Es
i = TijEj , it yields

∂Es
i

∂Eeff
j

= Tik
∂Ek

∂Eeff
j

= Tikδkj = Tij (17)

and

∂ωs

∂Es
j

∂Es
j

∂Eeff
i

= P s
j Tij = P s

i . (18)

Thus, we finally obtain

P eff
i =

1

V

∫
V

PidV +
1

V

∫
S

P s
i dS. (19)

The domain is subjected to Dirichlet boundary con-
ditions, i.e. displacements and potential are prescribed
over respective portions of the external boundary of the
domain. To solve the problem, the total energy (1) of
the system submitted to an applied external force F i

and external electric displacement Di, is expressed, in
the absence of body forces by

W −
∫
SF

F iuidS −
∫
SD

DiniϕdS, (20)

where SF and SD denote respectively the traction and
electric displacement surfaces and ϕ is the electric poten-
tial. The total energy expressed in (20) is optimized with
respect to the nodal displacements and nodal electric po-
tentials associated to a finite element mesh discretizing
the domain Ω.

III. FIRST-PRINCIPLES PIEZOELECTRIC
CALCULATIONS

The calculations of the piezoelectric coefficients in the
framework of periodic Density Functional Theory (DFT)
were done using the Berry phase approach.33,34 In this
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method, the piezoelectric coefficients eik are obtained
as35

eik = − 1

2πV

∑
α

∂ϕα

∂εk
aαi, (21)

where V is the unit cell volume, the sum runs over unit
cell directions, aα being the corresponding unit cell vec-
tors, and ϕα the Berry phase in the direction α, which is
a sum of nuclear and electronic components,

ϕα = ϕnuc
α + ϕelec

α (22)

with nuclear part as a simple geometric sum

ϕnuc
α =

∑
iA

BαiRAiZA, (23)

with the sum running over atoms in the unit cell A and
Cartesian components i, Bαi being reciprocal unit cell
vectors, RAi and ZA the coordinates and charges of the
nuclei, respectively. The electronic part is evaluated by
integrating over the Brillouin zone,

ϕelec
α =

1

Ω

∑
n

∫
BZ

⟨unk| − iBα∇k|unk⟩dk, (24)

where Ω = (2π)3/V is the Brillouin zone volume and the
sum runs over all occupied orbitals in DFT wave function
with unk being the corresponding Bloch functions.
These total (nuclear and electronic) Berry phases are

calculated by CRYSTAL09 code for a set of deformations
(we used a total of 11 calculations for each distortion
with the deformation parameter ε running from -0.005 to
0.005 with a step of 0.001) and then the derivative of the
Berry phase with respect to ε is calculated numerically
(actually, we have fitted ϕ as a third order polynomials of
ε). This allows calculating the piezoelectric parameters
for bulk (3D), slabs (2D) and nanowires (1D) using the
same approach.

IV. BULK CALCULATIONS

The three semiconductor systems, GaN, ZnO and AlN,
studied here, have wurtzite structure and are tetrahe-
drally coordinated. This structure has a hexagonal Bra-
vais lattice with four atoms per unit cell (see Fig. 1).
The geometry is fully defined by the length of hexagonal
edge a, the height c of the prism, and by the relative
distance u between the two atoms of different type.
For a wurtzite crystal, the piezoelectric tensor has

three independent components in Voigt’s notation e33,
e31 and e15 = e24: the first two components e33, e31
measure the variation of polarization along the axis 3 by
a uniform strain in the plane normal to the 3-direction.
The third constant e15 describes the polarization induced

FIG. 1: Wurtzite structure and unit cell (dashed lines) for
GaN

by a shear strain perpendicularly to the axis 3. The ma-
trix of bulk piezoelectric coefficients is then defined as
follows

e =

 0 0 0 0 e15 0
0 0 0 e15 0 0
e31 e31 e33 0 0 0

 . (25)

The strain tensor is characterized in Voigt’s nota-
tion by the components ε = [ε1, ε2, ε3, ε4, ε5, ε6]. For
wurtzite, the bulk elastic tensor can be expressed by five
independent constants: C11, C12, C13, C33, and C44 (see
more details in).29–31 Bulk elastic parameters have been
characterized in many other studies, including our pre-
vious papers.29,31 In this work, we have also computed
the bulk piezoelectric coefficients for GaN, ZnO, and AlN
by first-principles calculations in Table I for comparison
with other studies. The bulk piezoelectric constants are
given by:

eabik =
1

Vcell

∂P ab
i

∂εk
, i = 1, 2, 3; k = 1, 2, ..., 6, (26)

where P ab
i is the total polarization per unit cell computed

by first-principles calculations and Vcell is the unit cell
volume defined as:

Vcell = a2c

√
3

2
. (27)

The elastic constants have been evaluated at the atom-
istic level by first-principles calculations, through the
CRYSTAL code,36 using the PBESOL and PWGGA
DFT functionals. For GaN and AlN, the calculations
with hybrid PBE0 were also performed. For bulk materi-
als, we also give the B3LYP results. In the present work,
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TABLE I: Bulk geometric (in Å) and elastic parameters (in
GPa) for wurtzite GaN, ZnO and AlN.

Method a c C11 C33 C13 C12 C55

GaN
PWGGA 3.200 5.207 361.1 397.2 94.6 130.6 93.3
PBESOL 3.171 5.160 378.0 419.4 107.1 144.3 94.2
PBE0 3.178 5.158 396.6 432.3 108.0 146.4 103.8
B3LYP 3.206 5.211 381.3 413.3 91.6 129.3 104.2
Expt.41 361.2 390.3 93.1 130.9 98.0

ZnO
PWGGA 3.276 5.278 203.3 215.1 103.3 117.8 34.0
PBESOL 3.237 5.220 215.9 229.6 119.2 132.3 32.0
PBE030 3.195 5.165 224.9 219.3 112.4 128.5 41.3
B3LYP30 3.261 5.216 217.2 229.0 98.8 116.1 43.1
HF45 246.2 241.3 104.3 127.5 56.4
Expt.43 3.247 5.203
Expt.44 206 211 118 117 44.3

AlN
PWGGA 3.125 5.008 393.5 377.9 104.6 136.3 116.4
PBESOL 3.111 4.980 397.0 376.9 114.2 145.6 114.4
PBE0 3.105 4.966 424.0 401.9 115.0 148.6 127.0
B3LYP 3.118 5.003 420.9 407.3 99.3 134.3 129.8
HF47 3.117 4.982 464 409 116 149 128
Expt.48 3.1111 4.9788
Expt.46 410.5 388.5 98.9 148.5 124.6

the following Gaussian basis sets have been employed
with CRYSTAL: 86-411d31G for Zn,36 86-21G for Al,37

86-4111d41G for Ga,38,39 8-411G for O and 6-31d1G for
N.40 Note that the total polarization is calculated using
DFT method described above for several values of strains
εk. The derivatives have been evaluated by a polynomial
fitting.

For comparison purposes, we present complete results
for all three species in Table II, together with previously
calculated values and experimental results when avail-
able. Nakamura et al.41 provided experimental results
which differ strongly from the other available values re-
ported in Table II. A discussion on this discrepancy is
provided by the author in the mentioned paper.

The standard units for piezoelectric constants (per-
volume) are C/m2. To convert these to per-atom units of
10−16µ C×Å/atom,21 the following relationship is used:

eik(C/m
2
) = eik(10

−16µC× Å/atom) Natoms/Vcell.
(28)

TABLE II: Bulk piezoelectric parameters (in C/m2) for
wurtzite GaN, ZnO and AlN.

Method e33 e31 e15

GaN
PWGGA 0.769 -0.377 -0.314
PBESOL 0.904 -0.520 -0.373
PBE0 0.944 -0.513 -0.378
LDA26 0.73 -0.49
LDA25 0.63 -0.32
Expt.49 1 -0.36 -0.3
Expt.41 0.28 0.07 0.12

ZnO
PWGGA 1.276 -0.561 -0.535
PBESOL 1.389 -0.706 -0.591
LDA26 0.89 -0.51
HF22 1.19 -0.55 -0.46
DFT28 1.22 -0.59
Expt.49 1.55 -0.58 -0.48

AlN
PWGGA 1.489 -0.551 -0.336
PBESOL 1.647 -0.618 -0.374
PBE0 1.598 -0.570 -0.369
B3LYP 1.341 -0.457 -0.309
LDA26 1.46 -0.60
LDA25 1.29 -0.38
Expt.49 1.32 -0.57 -0.48

V. SURFACE PIEZOELECTRIC PROPERTIES
PARAMETERS CALCULATIONS

For wurtzite, the full matrix of surface piezoelectric
constants for GaN, ZnO and AlN nanowire is defined as

es =

[
0 0 es15
es31 es33 0

]
. (29)

We have proposed in our previous papers29–31 a
methodology to identify surface elastic parameters as-
sociated to an infinitely thin surface from atomistic slab
models. In this work, we extend this procedure to com-
pute the surface piezoelectric parameters. As the iso-
lated surface does not exist in nature, we have to proceed
via a series of slab calculations with (1010) free surfaces,
varying the number of atomic layers (n) in the slab, see
Figure 2. The number of atoms in the slab unit cell is
N = 4n. To avoid the ambiguity of defining slab and
surface widths, and assuming that surface corresponds
to 1 atomic layer (including atoms of both types), we
plot the per-atom properties (energy of polarization) as
a function of surface atomic weight, w = 2

n where factor
2 comes from free surfaces on both sides of the slab. As-
suming additive model, the dependence should be linear,
e.g.

P slab
i (w) = wP surf

i + (1− w)P slab
i (w → 0), (30)
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FIG. 2: Slab system of a wurtzite structure with (1010) sur-
face and n = 7 layers.

leading to a similar relation for slab per-atom piezoelec-
tric coefficient

ea,slabij (w) = wea,surfij + (1− w)ea,slabij (w → 0). (31)

The limiting values ea,slabij (w → 0) are related to bulk
parameters as:

ea,slab33 (w → 0) = ea,bulk33 − Cbulk
13

Cbulk
11

ea,bulk31 (32)

ea,slab31 (w → 0) = ea,bulk31

Cbulk
11 − Cbulk

12

Cbulk
11

(33)

and ea,slab15 (w → 0) = ea,bulk15 .

Thus, by fitting ea,slabij (w) to a linear function, we
can obtain the surface per-atom piezoelectric coefficients
which can be further converted to per-surface units, to
be used in continuous model, via

esik(nC/m) =
4

ac
esik(10

−32Cm/atom). (34)

using the fact that surface unit cell contains 4 atoms and
has an area of S = ac with a and c being bulk unit cell
parameters.
In figures 3, 4 and 5, we show the plots of the e33, e31

and e15 coefficients as a function of w, for GaN, ZnO and
AlN materials. We note that the linear model is gener-
ally very good with one exception of e33 coefficient for
ZnO. For the latter case, the coefficient e33 varies very
little with slab size and stays close to bulk value. This,
most probably, indicates that surface and bulk parame-
ters are practically identical and the variation is caused
by numerical errors.
Finally, the computed values of the surface coefficients,

using different DFT functionals, are summarized in Table
IV. Note that the values differ significantly from the re-
sults obtained by Li et al.27 and Dai et al.28 The main rea-
son is the difference between the studied systems. In the
mentioned papers the free surfaces considered in the slab

FIG. 3: Plots of ea,slab33 (in 10−32 Cm/atom) as a function of
surface weight w, used for computing the surface piezoelectric
parameter es33 for GaN, ZnO and AlN.

model were (0001) surfaces and the sample was stretched
in the direction normal to this surface.

Elastic surface properties for ZnO and AlN have
been computed in our previous papers.29,31 In this
work, we also calculated elastic surface constants for
GaN. For wurtzite, there are four elastic surface
constants Cs

11, Cs
13, Cs

33, and Cs
55 and two resid-

ual stress components τs1 , τs3 (see Table III). Con-
version from Hartree/atom to N/m is done through
C(N/m)= 4

SC(Hartree/atom).
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FIG. 4: Plots of ea,slab31 (in 10−32 Cm/atom) as a function of
surface weight w, used for computing the surface piezoelectric
parameter es31for GaN, ZnO and AlN.

The surface parameters obtained in this way from slab
calculations, are then used to model the nanowire param-
eters. Clearly, for small nanowires, the surface structure
can be different from slab affecting the wire properties.
However, for nanowires of bigger diameters which are
the objects of present continuum model, the difference
will show up only at nanowire corners, which represent a
small portion of total atoms and can be thus safely ne-
glected. The good agreement between ab initio results
and continuum model, as described in next sections, is

FIG. 5: Plots of ea,slab15 (in 10−32 Cm/atom) as a function of
surface weight w, used for computing the surface piezoelectric
parameter es15for GaN, ZnO and AlN.

an indirect proof of the validity of such an assumption.
Still, the structure of surface and the corners of nanowire
may certainly be of interest and we plan to publish a de-
tailed study elsewhere. Briefly, we found that while the
outmost surface atoms of metal are diving into the bulk,
the corner atoms are more relaxed and less shifted.29 To
give a brief example: for ZnO surface and using PWGGA
functional, the Zn atoms go in by about 0.32 Å in slabs
(compared to experimental values of 0.45 (LEED), 0.06
(GIXD) and 0.37 (HRTEM)),42 the central Zn atom on
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TABLE III: Surface elastic parameters (in N/m).

Method Cs
11 Cs

33 Cs
13 Cs

55 τs
1 τs

3

GaN

PWGGA 99.0 78.7 18.2 33.8 -1.59 -1.00
PBESOL 99.6 79.9 18.3 33.8 -1.82 -1.07
PBE0 107.3 86.5 21.4 37.2 -1.97 -1.18

ZnO
PWGGA 44.2 35.0 14.2 11.7 -1.80 -1.30
PBESOL 42.3 32.8 13.4 10.0 -1.92 -1.25
PBE030 49.1 34.9 15.1 13.7 -2.13 -1.36

AlN
PWGGA 101.7 68.0 21.2 39.9 -2.20 -0.78
PBESOL 99.2 64.6 21.0 39.2 -2.33 -0.71
PBE0 109.6 72.7 23.0 43.4 -2.49 -0.87

B3LYP31 114.1 78.0 22.3 44.3 -2.33 -0.87

TABLE IV: Surface piezoelectric parameters (in nC/m) of
GaN, ZnO and AlN obtained by first-principles calculations.

Method es33 es31 es15

GaN
PWGGA 0.375 -0.143 -0.153
PBESOL 0.408 -0.153 -0.166
PBE0 0.402 -0.174 -0.173

ZnO
PWGGA 0.451 -0.216 -0.253
PBESOL 0.470 -0.229 -0.274
DFT∗28 0.496 -0.263

AlN
PWGGA 0.586 -0.188 -0.170
PBESOL 0.628 -0.195 -0.173
PBE0 0.597 -0.199 -0.177

the surface of n = 6 wire goes in by 0.31 Å. We also must
note that some care should be taken when comparing
slab and wire surfaces, as the slab is usually calculated
at bulk periodicity while in nanowires the bulk core is
somewhat relaxed, see31 .

VI. COMPARISON BETWEEN CONTINUUM
MODEL AND FIRST-PRINCIPLES

CALCULATIONS

To compute the effective piezoelectric coefficients, we
prescribe a strain along the axis of the nanowire. The
problem is solved by the finite element procedure de-
scribed in section II. The associated bulk and surface
polarizations are deduced from Eqs. (7)-(9) and (10).

The effective piezoelectric constant is then computed nu-
merically from (19). In addition, full first-principles cal-
culations are conducted on nanowires with 48, 108, 192,
300, 432 and 588 atoms per unit cell, corresponding to
diameter d = 0.6, d = 1.3, d = 1.9, d = 2.5, d = 3.2 and
d = 3.9 nm. The effective piezoelectric constant for the
nanowires is defined as:

eeffik (C/m
2
) = ewire

ik (10−32Cm/atom)Natoms/V
b. (35)

where ewire
ik are the per-atom piezoelectric coefficients for

a given nanowire, Natoms = 12n2 is the number of atoms
in the unit cell corresponding to the periodic lattice defin-
ing the nanowire model, and V b is the volume of the
nanowire defined as

V b =
3
√
3

8
d2c, (36)

where d is the nanowire diameter, given by d = 2(n−1)a.

The values of the effective coefficient eeff33 of nanowires of
different diameters for GaN, ZnO and AlN are reported in
Tables V, VI and VII, respectively. Increased piezoelec-
tric effect is observed for nanowires below 2-3 nm, which
confirms the results obtained in.10 We note, however,
that a direct comparison with other theoretical results
is not easy as it relies on the same definition of nanowire
diameter and thus its volume, which is often not the case.
Here we remind that our definition, d = 2(n − 1)a, cor-
responds to the volume of internal core part of nanowire
(12(n−1)2 atoms) assuming bulk density. This definition
is required for consistency with continuum model that
considers surface as having zero width but with nonzero
elastic and piezoelectric parameters, such as only core
atoms contribute to volume. The diameter defined this
way is somewhat smaller than ’true’ nanowire diameter
as surface atoms have nonzero size. This ’true’ diameter
is however quite difficult to define correctly, because it
is unclear what is the atom ’size’, and as the electronic
density is not uniform. For example, anion oxygen or
nitrogen atoms which are less shifted when surface is re-
laxed, have somewhat bigger size compared to their metal
cation counterparts. So, taking diameter as the largest
in-plane distance between nuclei is also not quite cor-
rect as electrons give important contribution to nanowire
structure. In fact, the correct way to compare would be
to use the per-atom properties (which though are not de-
fined within continuum model) or, even better, to model
the results of real experiments made with nanowires.

In fact, the effective diameter which is somewhat
smaller compared to ’true’ one (or due to diameter relax-
ation as concluded in Ref.)10 is the main responsible for
the fast growth of effective nanowire properties for small

d. It also explains why for ZnO nanowires eeff33 grows
for small nanowires while the e33 parameter of surface is
nearly the same (or even smaller) than that of bulk. We
must note however that the surface e31 parameter con-

tributes as well to the value of eeff33 for nanowires such
as per-atom values do grow (slowly) for small d, even for
ZnO.
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TABLE V: Effective first-principles piezoelectric parameter
eeff33 (in C/m2) of GaN nanowire for different diameters d
(in nm). Bulk value from10 is a bulk parameter which is

somewhat smaller than limiting eeff33 value that also includes
contribution from bulk e31.

n 2 3 4 5 6 7 ∞
N 48 108 192 300 432 588

PBESOL
d 0.634 1.268 1.902 2.536 3.171 Bulk

eeff33 5.909 3.067 2.309 1.971 1.778 1.12
PBE0
d 0.636 1.271 1.907 Bulk

eeff33 6.003 3.127 2.358 1.15
PWGGA
d 0.64 1.280 1.920 2.560 3.200 3.840 Bulk

eeff33 5.299 2.699 2.025 1.715 1.541 1.428 0.94

Reference.10

d 1.2 Bulk
e33 7.6 0.554

TABLE VI: Effective first-principles piezoelectric parameter
eeff33 (in C/m2) of ZnO nanowire, with different diameters d
(in nm). See also caption of Table.V

n 2 3 4 5 6 7 ∞
N 48 108 192 300 432 588

PBESOL
d 0.647 1.295 1.942 2.589 3.237 3.884 Bulk

eeff33 7.995 4.376 3.422 2.992 2.749 2.593 1.88
PWGGA
d 0.656 1.311 1.966 2.622 3.277 3.933 Bulk

eeff33 7.324 3.956 3.125 2.817 2.495 2.357 1.70

Reference.21

d 0.932 1.561 2.197 2.833 Bulk
e33 6.52 3.75 3.13 2.72 1.29
Reference.10

d 1.2 Bulk
e33 18.1 1.18

TABLE VII: Effective first-principles piezoelectric parameter
eeff33 (in C/m2) of AlN nanowire, with different diameters d
(in nm).

n 2 3 4 5 6 7 ∞
N 48 108 192 300 432 588

PBESOL
d 0.622 1.247 1.867 2.489 3.115 Bulk

eeff33 9.402 5.048 3.870 3.337 3.032 1.95
PBE0
d 0.621 1.242 1.863 Bulk

eeff33 9.145 4.873 3.733 1.86
PWGGA
d 0.624 1.249 1.873 2.497 3.121 3.746 Bulk

eeff33 8.687 4.620 3.534 3.029 2.753 2.571 1.73
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FIG. 6: Effective piezoelectric coefficients eeff33 of GaN
nanowire as a function of the diameter; comparison between
continuum FEM model and first-principles calculations using
PBESOL, PBE0, PWGGA functionals.
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FIG. 7: Effective piezoelectric coefficients eeff33 of ZnO
nanowire as a function of the diameter; comparison between
continuum FEM model and first-principles calculations using
PBESOL, PBE0, PWGGA functionals.

Plots of the results comparing the values of the effec-

tive piezoelectric coefficients eeff33 obtained by the full
first-principles and the continuum model are presented
in figures 6, 7 and 8 for GaN, ZnO and AlN, respectively.
For each DFT calculation, PWGGA, PBESOL and PBE0
functionals have been used. We can notice a very good
agreement between continuous and first-principles results
for all materials.

The continuum model allows for computing the non-
uniform strain, stress and polarization fields in the
nanowire submitted to an arbitrary load, and for arbi-
trary sizes of nanowires. In figure 9, we show the polar-
ization field and the distorted surface of a GaN nanowire
in absence of load and without electrical field for diam-
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FIG. 8: Effective piezoelectric coefficients eeff33 of AlN
nanowire as a function of the diameter; comparison between
continuum FEM model and first-principles calculations using
PBESOL,PBE, PWGGA functionals.

eters d = 1 nm, 3 nm and 100 nm. We can observe the
size effects on both strain and polarization field: for very

small nanowires, the residual stress induces a deforma-
tion of the surface, while this effect vanishes for larger
nanowires. We can also clearly observe a dependence of
the local polarization fields on the size of the nanowire.

VII. CONCLUSIONS

We have proposed a methodology for computation of
the surface piezoelectric coefficients for

(
1010

)
surfaces

and provide the numerical values for wurtzite AlN, GaN
and ZnO nanowires. The coefficients can be used within
a continuum piezoelectric model extended with a sur-
face energy. We have solved the equations of the con-
tinuum model with a finite element technique and com-
pared the results with full first-principles calculations of
nanowires with diameters ranging from 0.6 nm to 3.9 nm.
A good agreement is found between the continuum and
first-principles results for the effective piezoelectric coef-
ficient along the axial direction of the nanowire. For all
materials, an increase of the effective piezoelectric coef-
ficients is found when the diameter of the nanowire de-
creases.

∗ Electronic address: julien.yvonnet@univ-paris-est.fr
1 Z.L. Wang, Appl. Phys. A 88, 7-15 (2007)
2 Z.L. Wang, X. Wang, J. Song, J. Liu and Y. Gao, IEEE
CS. 7, 49-55 (2008).

3 Z.L. Wang, Mater. Sci. Eng. R-Rep. 64, 33-71 (2009)
4 J. Song, J. Zhou, and Z. L. Wang, Nano Lett. 6(8), 1656-
1662 (2006).
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