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a b s t r a c t

Piezoelectric nanostructures can transduce mechanical energy into electrical energy for powering
implantable microsystems for in-vivo biomedical applications (smart systems for drug delivery, �TAS,
microsensors for diagnostic and therapeutic applications . . .) and sensors networks for high-density,
low cost environment control. Zinc oxide nanowires and microwires have been recently used to con-
vert vibrations into electrical energy. Here, we explain some previously reported experimental results
eywords:
iezoelectric nanowires
iezoelectric nanogenerators
inc oxide nanowires
nergy harvesting

and provide insight for the design of high-efficiency piezoelectric nanogenerators. Additionally, since the
dimension and position of the electrical contacts, as well as the direction of the input force, can be very
important, we define and systematically compare the most important configurations for 2-contacts piezo-
electric nanowires; finally, we suggest that piezoelectric nanowalls can effectively increase the output
currents. Our results are consistently confirmed by FEM simulations and can be a guidance for the design

harve
mplantable microsystem
ensors network

of high-efficiency energy

. Introduction

In principle, self-powered implantable microsystems might
ffer revolutionary opportunities in medicine; moreover, battery-
ree nodes of wireless sensors networks may enable high-density,
ow cost environment control (air quality, water quality; security in
uildings, hospitals, bridges, roads, trains, airplanes . . .). Though
onventional power supplies are restrictive for integration with
icrosystems, in principle, autonomous microsystems may har-

est energy from the environment. Although the best “harvesting”
trategy will always depend on the application, the mechanical to
lectric conversion by means of piezoelectric transducers is cer-
ainly one of the most promising options [1]. In particular, within
he human body there are various mechanical energy sources which

ay, in principle, power implantable microsystems for in-vivo
edical applications (e.g., heart beat, movements, blood flow . . .);

s especially important examples, these in-body mechanical energy

ources may power smart systems for drug delivery, implantable
TAS, and microsensors for facilitating diagnosis as well as for

losed loop therapies.
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sting devices and for the development of novel fabrication procedures.
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Recently, zinc oxide nanowires have been used for transducing
vibrations into electric energy [2]; interestingly, it is possible to
integrate an enormous number (e.g., billions per square centimeter)
of piezoelectric nonotransducers on a single substrate.

In order to effectively harvest mechanical energy, many prac-
tical issues must be considered: how the piezoelectric potential
can be simultaneously generated in a large number of nanowires;
how the electric energy can be extracted and applied to an external
load; how the nanostructures and the microsystem can be fabri-
cated, assembled, and packaged. A first solution [3–5] to all these
practical problems has taken advantage of a zig-zag, Pt-coated, sil-
icon top electrode and of Schottky barriers between nanowires
and the top electrode; afterwards, the microfibre-nanowire hybrid
structure [6] and, more recently, laterally stretched microwires
have been reported [7]; the physics for nanogenerators has been
reviewed elsewhere [8–9]. However, key issues have not yet been
satisfactorily addressed, namely the way the force is applied and
the importance of the contacts.

Obviously, the critical challenge for energy harvesting is high-
efficiency. As we mentioned, various issues must be solved in order
to power a microsystem by means of piezoelectric nanostructures;
moreover, the overall efficiency of the complete system will, in gen-
eral, depend on many parameters. However, in this paper, without

regard to technological or practical issues, we exclusively focus on
the conversion of a given static force into a voltage based on theo-
retical calculation. With this approach, we consider both previously
reported and novel piezoelectric nanostructures for energy har-
vesting and systematically compare their output potentials when

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:falconi@eln.uniroma2.it
mailto:zhong.wang@mse.gatech.edu
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given static force is applied; both theoretical considerations and
EM (finite element method) simulations allow the identification
f the optimal nanostructures (from the point of view of the output
oltage for a given input force). In particular, in case of a lateral force
pplied to the free tip of a nanowire, the presence of continuous
onductive films at the base of the nanowire (i.e. in the high-strain
egion) can significantly reduce the output potential; by contrast, in
ase of vertical compression or lateral stretching, since the strain is
ore uniformly distributed, the presence of continuous conductive

lms at the base and/or tip does not significantly reduce the output
otential; this observation explains the practical advantages of lat-
rally stretched microwires, in agreement with the experimental
esults in [7].

Finally, we suggest that nanowalls [10] can replace nanowires in
rder to increase the maximum output current.

For all the FEM simulations, for simplicity, without loss of
enerality, we consider zinc oxide as the piezoelectric material;
oreover, we neglect its electrical conductivity and we restrict

ur attention to static simulations. Our focus will be the estima-
ion of the output potential and stored electrostatic energy under
arious deformation configurations and with different positions of
he contacts. These assumptions can be tolerated as our goal is to
ualitatively compare the potentialities of different nanostructures
nd provide insight for the design of high-efficiency piezoelectric
anostructures, rather than quantitatively predict the piezoelectric
otential output; besides, our results can be a good start for the
evelopment of more sophisticated models.

It is important to observe that, though efficiency is the key per-
ormance of energy harvesting devices, it is currently impossible to
ompute the efficiency of nanogenerators and, for this reason, sim-
lified criteria must be adopted. In fact, current methodologies for
he analysis of nanogenerators [8] are limited to static parameters;
owever, dynamic parameters (capacitances and, more in general,

mpedances) are certainly significant; even more important, nano-
enerators are non-linear devices (because of the Schottky barriers
etween nanowires and contacts); finally, the output power of
anogenerators can only be calculated for a given external circuit.
or these reasons, in order to classify and compare different struc-
ures, we compute the static output potential, electrostatic and
train energies for all the relevant structures; then, if we consider a
ertain input force, structures with high static output potential and
igh electrostatic energy seem good candidates for energy harvest-

ng and vice versa. The results obtained with this obvious criterion
re consistent with experimental results in [7], as discussed in the
aper.

Clearly, after the identification of the nanostructures with good
roperties for energy harvesting, practical methods for fabricat-

ng the correspondent arrays of nanogenerators must be found.
ntil now a variety of methods for fabricating arrays of aligned
nO nanowires has been reported, including vapor phase transport,
etal-organic chemical vapor deposition (MOCVD), hydrothermal

ynthesis and wet chemical method. In particular, the wet chemi-
al method allows to obtain a density-controlled growth of aligned
nO nanowires; in practice, a Si substrate is covered with gold on
ne face and immersed (face down) in a proper nutrient solution at
desired temperature in order to promote the nanowires growth.

n the solid vapor process, condensed or powder source materials
re vaporized at high temperatures and then the resultant vapor
hases condense under certain conditions to form the desired prod-
cts (this process is usually carried out in a horizontal tube furnace).
bviously, such simple methods do not allow the simultaneous fab-
ication of appropriate contacts and more elaborate methodologies
ay be necessary. It may therefore be difficult to build practical

anogenerators based on an arbitrary theoretical configuration. For
his reason FEM simulations can be very important. In fact, the goal
f this paper is to offer insight for the design of nanogenerators
ators B 139 (2009) 511–519

and to guide the development of procedures for the fabrication of
improved nanogenerators.

It is also important to observe that piezoelectric nanogenerators
are “wireless nanotransducers” [11–13], a broad class of nano-sized
transducers which can be especially important for in-vivo medical
applications (e.g., see gold nanoshells [14–15]); in particular, nano-
generators could wirelessly transduce mechanical vibrations into
electric energy for powering implantable microsystems.

This paper is organized as follows. In Section 2 we classify
the most important positions of the contacts and piezoelectric
nanostructures for lateral bending, vertical compression and lateral
stretching and, as an important example, we apply these classifica-
tions to nanowires. In Section 3 we use FEM simulations in order to
systematically compare the output potential, electrostatic energy
and strain energy of the most important nanowires for energy har-
vesting. In Section 4 we propose piezoelectric nanowalls for energy
harvesting and extend to nanowalls the results obtained in Sections
2 and 3. The conclusions are drawn in Section 5.

2. Classification of piezoelectric nanostructures for energy
harvesting

Since we will consider nanostructures vertically grown on a sub-
strate, we can unambiguously refer to their “bottom” and “top”
parts (i.e., the bottom part is the one in contact with the substrate);
accordingly, we will also refer to their “base” and “tip” (e.g., the
“base” is the interface between the nanostructure and the sub-
strate). We observe that even in case of vertical compression and
lateral stretching, it is still possible to distinguish between top and
bottom (i.e., tip and base) depending on the nanostructure growth
process.

A piezoelectric nanostructure for energy harvesting must nec-
essarily include two electrical contacts to be connected to the load;
in the rest of this section we classify the most important con-
tacts positions for lateral bending, vertical compression, and lateral
stretching.

We stress that, in practice, differences between the two contacts
may be critical for proper operation; as an example, in nanogener-
ators, the nanowire and one of the two contacts must behave as
a Schottky barrier, while the nanowire and the other contact must
behave as an ohmic contact [9]. However, even if the unsymmetrical
nature of the two contacts may be crucial, we will simply consider
two identical metal contacts, as our goal is simply to estimate the
piezoelectric potential generated by mechanical forces.

2.1. Lateral bending

In case of lateral bending with a force applied at the free tip
of the nanowire, the position of the contacts critically affects the
output potential and, therefore, it is convenient to classify different
structures depending on the positions of their electrical contacts.
For this reason, we will refer to c1–c2 nanostructures if the elec-
trical contacts are in the c1 (top or bottom) and c2 (top or bottom)
position; as an example, a top-bottom nanowire has one electrical
contact at the top and the other one at the bottom. For practical
reasons we restrict to the top and bottom positions of contacts
(bottom contacts can be located on the substrate or can even be
the substrate itself; top contacts can be added as, e.g., in [2,7]);
beside these practical reasons, top-bottom configurations are also
the most convenient for vertical compression and lateral stretch-

ing (almost uniform strain), while top-bottom and bottom-bottom
configurations are sufficient for investigating lateral bending (as the
strain is maximum at the bottom); moreover, our results can allow
a qualitative prediction of the results for other possible configura-
tions.
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ig. 1. (A) Definition of top-total (TT), bottom left (BL), bottom right (BR), and bottom
otal (BT) contacts. (B) Definition of bottom center (BC) and top-center (TC) contacts.

For nanostructures vertically aligned on a substrate, for practical
easons, at least one of the two contacts should be at the bottom,
o that the possible contacts configurations are top-bottom and
ottom-bottom. With reference to Fig. 1, in principle, both at the
op and at the bottom, left, right, total, or center contacts are possi-
le. As additional important possibilities, electrical contacts can be
o small that they do not significantly perturb the potential distribu-
ion inside the nanowire; in these cases, for simplicity, we will refer
o “negligible” contacts; for instance, a “top-negligible” contact in
“top-bottom nanowire” is a top contact so small that its presence
oes not significantly affect the potential distribution (clearly, this
o called “negligible contact” is actually “essential” for connecting
o the load). This qualitative definition is preferred because a quan-
itative definition would be unnecessarily complex and confusing
in fact the effects of a contact depend on both its dimensions and
ts position).

In case of lateral bending with force applied at the free tip of
he nanowire, since the high-strain regions are at the bottom, it is
ecessary to explicitly consider all of the possibilities for the bot-
om contacts. As to the top contacts, if we explicitly consider only
he top-total, the top-center, and the top-negligible configurations,

ther possibilities can be easily (qualitatively) evaluated. As a result,
or lateral bending, it is convenient to explicitly consider the six
ontacts shown in Fig. 1A (bottom-left, BL; bottom-right, BR; top-
otal, TT; bottom-total, BT) and 1B (top-center, TC; bottom-center,
ators B 139 (2009) 511–519 513

BC) and the two additional “negligible” top and bottom contacts
(bottom-negligible, BN; top-negligible, TN).

Beside the “true contacts” necessary for connecting to the load,
other conductive films can be deliberately (e.g., a conductive film on
the substrate) or not (e.g., non-ideal fabrication steps) deposited on
the nanostructure or on the substrate; for simplicity it is convenient
to refer to such conductive films as additional “contacts”. In general,
additional contacts in the middle of the nanostructure (i.e., far away
from both the base and the tip) are relatively unimportant as they
would be far from both high-strain regions and the “true contacts”.
However, it can be important to consider the possible presence of
these additional contacts at the tip or at the base of the nanowire.

In summary, for the top-bottom configurations, we will consider
for the top contact all the possibilities TN, TC, TT; for the bottom
contact, we can restrict our attention to BN (from this case the BL
and BR configurations can be easily deduced), BC, and BT contacts,
resulting in nine top-bottom configurations. For the bottom-bottom
configurations, the best positions for the two contacts are, obvi-
ously, bottom-left (BL) and bottom-right (BR); with this choice,
additional top contacts (TN, TC, TT) and/or bottom contacts (BN,
BC, BT) are possible, resulting in nine bottom-bottom configura-
tions. The 18 configurations which will be explicitly discussed are
then as follows:

TN–BT piezoelectric nanowires
TT–BT piezoelectric nanowires
TC–BT piezoelectric nanowires
TN–BC piezoelectric nanowires
TT–BC piezoelectric nanowires
TC–BC piezoelectric nanowires
TN–BN piezoelectric nanowires
TT–BN piezoelectric nanowires
TC–BN piezoelectric nanowires
BL–BR piezoelectric nanowires
BL–BR piezoelectric nanowires with TT contact
BL–BR piezoelectric nanowires with TC contact
BL–BR piezoelectric nanowires with BC contact
BL–BR piezoelectric nanowires with BC contact and TT contact
BL–BR piezoelectric nanowires with BC contact and TC contact
BL–BR piezoelectric nanowires with BT contact
BL–BR piezoelectric nanowires with BT contact and TT contact
BL–BR piezoelectric nanowires with BT contact and TC contact

Though other types of contacts are possible (i.e., a top-left
contact), these 18 configurations are, in practice, sufficient for a
qualitative understanding of what would happen with arbitrary
positions of the contacts.

Among the 18 configurations listed above, all of the bottom-
bottom configurations with additional BT contacts are, clearly,
useless, as the voltage between the two “true contacts” (BR and
BL) would, obviously, be zero (see Fig. 1A); as a result the analysis
of the remaining 15 configurations is sufficient for lateral bending.

According to the proposed classification, piezoelectric nanogen-
erators [3–5] are likely to behave as top-bottom ZnO nanowires
with a BT contact [2] made of the continuous conductive film
underlying all the nanowires; this continuous conductive film is,
obviously, necessary as it implements the bottom electrode of nano-
generators. The tips of different nanowires in the array can present
TN, TT, or TC contacts; the nanowires with TT contact did not allow
the detection of an output voltage [2], in agreement with the theo-
retical analysis given in Section 3.5.
2.2. Vertical compression

In case of vertical compression the position of the contacts is
obvious as the simplest choice (one “total contact” at the base and
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nother “total contact” at the tip) is also the most convenient; with
eference to Fig. 1A, it is therefore sufficient to consider “total” bot-
om and top contacts (TT–BT) and the input force are parallel to the
xis z.

.3. Lateral stretching

As in the case of vertical compression, in case of lateral stretching
7] the position of the contacts is obvious as the simplest choice (one
total contact” at the base and another “total contact” at the tip) is
lso the most convenient; with reference to Fig. 1A, it is therefore
ufficient to consider “total” bottom and top contacts (TT–BT) and
he input force is parallel to the axis y.

. FEM calculations

In this section we consider the most important piezoelectric
anostructures for energy harvesting, as described in Section 2; for
ll of the cases of lateral bending, vertical compression, and lateral
tretching we give the results of 3D FEM simulations performed on
nO nanowires. Top-bottom ZnO nanowires with BT contact and
ateral bending will be considered first, as these results (consistent

ith [8]) will be useful for comparison.
The electrostatic energy U has been calculated according to the

ormula:

electrostatic =
∫

volume˝

1
2

εE2d˝ (1)

here ε is the dielectric constant, E is the intensity of the elec-
ric field and ˝ is the volume of the structure. The strain energy
reported in Table 1 for all the structures) has been calculated
ccording to the formula:

strain =
∫

volume˝

1
2

(�xεx + �yεy + �zεz + �xy�xy

+ �yz�yz + �xz�xz)d˝ (2)

here �i and � ij are the normal and shear stress, respectively and
i and �ij are the normal and shear strain.

The parameter � has been defined as
= Uelectrostatic

Ustrain
(3)

does not simply coincide with the efficiency of the nano-
ransduction process as it only refers to static simulations (once

able 1
esults for all configurations presented: contact position, output potential, electrostatic
resented.

Electrodes Tip Base Vo

1 Top-bottom TN BT −
2 Top-bottom TT BT 0
3 Top-bottom TC BT 0
4 Bottom-bottom TN BL + BR ∼
5 Bottom-bottom TT BL + BR ∼
6 Bottom-bottom TC BL + BR ∼
7 Bottom-bottom TN BL + BR + BC ∼
8 Bottom-bottom TT BL + BR + BC ∼
9 Bottom-bottom TC BL + BR + BC ∼

10 Top-bottom TN BC −
11 Top-bottom TT BC 0
12 Top-bottom TC BC 0
13 Top-bottom TN BN
14 Top-bottom TT BN
15 Top-bottom TC BN
16 Top-bottom z-compression TN or TT BT −
17 Top-bottom lateral stretch TT BT 3.

* The output potential is the one obtained between the electrodes listed in column 2.
ators B 139 (2009) 511–519

a nanowire is deflected by an external force and then left free to
move, it will experience many cycles of vibrations at its resonance
frequency before it totally stops, and in each cycle of the vibration,
electricity will be generated); besides, only a fraction of the stored
electrostatic energy can effectively be extracted (as an extreme
example, the output potential of a bottom-bottom nanowire with
a BT contact will always be zero and no energy can be delivered
to an external load, no matter how much energy is stored in the
nanowire).

For the FEM simulations of TN–BT nanowires we have consid-
ered a cylindrical nanowire, in accordance with [8]. For simplicity,
for all the other nanowires, we have considered a “square base”
nanowire, as this choice is more convenient for configurations
requiring lateral contacts (clearly, the simulation of a top-bottom
ZnO nanowire with a “square base” BT contact would give,
practically, the same results as the simulation with “circular
base”).

In all the simulations of laterally bent nanowires, we have used
the same lateral surface force (40 × 106 N/m2); the results will be
summarized in Table 1. Similar to [8], the FEM calculations have
been carried out considering the fully coupled electromechanical
system; the parameters for the anisotropic elastic modulus tensor,
relative dielectric constants and piezoelectric constants have been
taken from [8] (considering the C 6v symmetry of the ZnO crystal
with wurtzite structure); all the calculations have been carried out
for c-axis vertically aligned ZnO nanowires.

FEM calculations have been performed with the COMSOL Mul-
tiphysics software.

3.1. Top-bottom piezoelectric nanowires with BT contact

3.1.1. TN–BT piezoelectric nanowire
Similar to [8], a nanowire with cylindrical geometry (50 nm

diameter and 600 nm length) has been laterally deflected by a lat-
eral bending force of 80 nN; the force has been applied to the top
surface of the nanowire in order to avoid punctual deformations [8],
which result, in practice, in the application of a surface force approx-
imately equal to 40 × 106 N/m2. The bottom surface was affixed and
entirely grounded (BT contact). The nanowire has been considered
as an ideal dielectric medium (i.e., its electrical conductivity is zero).

Fig. 2a shows the potential distribution viewed from side (this sim-
ulation is in excellent agreement with [8] and, in particular, shows
the parallel plate capacitor model of piezoelectric potential [8]).
The electrostatic energy is about 7.02 × 10−18 J; the strain energy is
about 5.13 × 10−15 J.

and strain energy, � parameter and paragraph where the configuration has been

ut
* (V) Uelectrostatic [J] Ustrain [J] � Par.

0.3 to 0.3 7.02 × 10−18 5.13 × 10−15 0.00137 3.1.1
7.02 × 10−18 4.78 × 10−15 0.00147 3.1.2
6.97 × 10−18 4.61 × 10−15 0.00151 3.1.3

6 4.47 × 10−17 4.45 × 10−15 0.0100 3.2.1
6 4.59 × 10−17 4.68 × 10−15 0.0098 3.2.2
6 4.50 × 10−17 4.51 × 10−15 0.0099 3.2.3
4 3.07 × 10−17 4.47 × 10−15 0.0069 3.4.1
4 3.08 × 10−17 4.7 × 10−15 0.0065 3.4.2
4 3.05 × 10−17 4.53 × 10−15 0.0067 3.4.2
0.3 to +0.3 3.32 × 10−17 4.55 × 10−15 0.0073 3.5

3.34 × 10−17 4.78 × 10−15 0.0070 3.5
3.32 × 10−17 4.6 × 10−15 0.0072 3.5
Same as #4 3.3
Same as #5 3.3
Same as #6 3.3

2.5 9.24 × 10−19 6.69 × 10−18 0.138 3.6
7 2.65 × 10−18 4.48 × 10−17 0.059 3.7
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Fig. 2. Piezoelectric potential distribution (side view) in

We did not explicitly add the metal contact at the tip (i.e.,
e used a TN contact); the tip potential varies from −0.3 to

0.3 V and can drive a discharge process when a Schottky bar-
ier is created between the nanowire and the metal tip of an
FM, as described in [2]. Clearly, if a small metal contact (TN) is
sed at the tip in order to deliver electrical energy to an external

oad, it may not significantly change the electric potential dis-
ribution illustrated in Fig. 2a; on the contrary, if a very large

etal contact (e.g., TT contact) is added at the tip, the electri-
al potential distribution can be significantly perturbed (e.g., see
ig. 2b).

Apart the simulation shown in Fig. 2a (which, coherently with
8] takes into account a cylindrical nanowire), all other simula-
ions refer to “square base” nanowires (50 nm side, 600 nm height)
ecause the square geometry is more convenient for lateral con-
acts simulations. The lateral bending force is the same as for the
rst simulation (40 × 106 N/m2); the results for a top-bottom ZnO
anowire with a “square” BT contact would be almost identical to
hose shown in Fig. 2a.

.1.2. TT–BT piezoelectric nanowires
Fig. 2b shows the potential in the bent nanowire when both a

T contact and a TT contact are present (the metal contact dimen-
ions are 50 nm × 50 nm and 10 nm height) and the BT contact
s grounded. The electrostatic energy is 7.02 × 10−18 J; the strain
nergy is 4.78 × 10−15 J. The output potential between the top
nd bottom contacts is 0 V. This result is consistent with exper-
mental results reported in [2] (the nanowires with a large Au
article at the top did not produce a measurable output volt-
ge) and can be easily explained. In fact, the base voltage is
onstant and equal to zero because the BT contact is grounded;
he tip voltage is also constant as the tip also contains a TT

ontact; moreover, the electric potential along the axis of the
anowire is constant (symmetry); the voltage difference between
he tip and the base is therefore zero. This result, obviously, only
olds for lateral bending with force applied at the free tip of the
anowire.
bottom ZnO nanowire: TN–BT (a), TT–BT (b), TC–BT (c).

3.1.3. TC–BT piezoelectric nanowires
Fig. 2c shows the potential in the bent nanowire when a BT con-

tact and a TC contact are present (the dimensions of the TC metal
contact are 25 nm × 25 nm and 10 nm height) and the BT contact
is grounded. The electrostatic energy is 6.97 × 10−18 J; the strain
energy is 4.61 × 10−15 J. Similar to the previous configuration, the
output potential between the top and bottom contacts is 0 V (see
discussion in Section 3.1.2). However, if the top contact is smaller
and not at the center of the tip, it becomes possible to obtain a
discharge process, due to the forward biased Schottky diode, as
described in [2].

3.2. Bottom-bottom piezoelectric nanowires without additional
base contacts

3.2.1. BL–BR piezoelectric nanowires
A bottom-bottom square base nanowire has been considered

and bent by the same force as before. The two identical gold contacts
have been placed laterally at the base of the NW; the BL contact has
been grounded. All the other parameters were the same as in the
previous calculations.

Fig. 3a shows the potential distribution; the output potential
between the BL and BR contacts is about 6 V; the electrostatic
energy is 4.47 × 10−17 J and the strain energy is 4.45 × 10−15 J. Both
the voltage and the electrostatic energy are significantly higher than
the correspondent values of the top-bottom ZnO nanowire with
BT contact. In fact, in this configuration, the regions subject to the
highest strain (i.e., the bottom part of the nanowire) are not covered
by conductive films. In fact, FEM simulations consistently confirm
(see later) that nanowires with BT contact are not optimal from the
point of view of the output potential generated by lateral bending;
clearly, in some cases, technological issues might favor the use of

sub-optimal nanostructures.

3.2.2. BL–BR piezoelectric nanowires with TT contact
Fig. 3b shows the same simulation when a top Au TT con-

tact is added at the tip of the nanowire (the boundary conditions
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ig. 3. Piezoelectric potential distribution (side view) in a bent bottom-bottom n
ontact (b); BL–BR with TC (grounded) contact (c).

re the same as in the calculation without the top electrode).
he piezoelectric potential is 6 V, as in the configuration with-
ut top electrode. The electrostatic energy for this configuration

s 4.59 × 10−17 J, very similar to that obtained without the top
lectrode. The strain energy is 4.68 × 10−15 J. Fig. 4a and b shows
he same simulations when, respectively, only the BL contact is
onsidered and when an additional metal film is positioned at

ig. 4. Piezoelectric potential distribution (side view) in a bent bottom-bottom
anowire: BL (grounded)–TT (a); BL (grounded)–BC with TT and middle contact
b).
re with various configurations: BL (grounded)–BR (a); BL (grounded)–BR with TT

the middle of the nanowire. With reference to the simulation in
Fig. 4a, the output potential between the BL and the TT contacts
is about 3 V. All these simulations also demonstrate that spuri-
ous metal films, which are far from the high-strain regions, do
not significantly reduce the piezoelectric potential; this can be an
important result for the determination of practical fabrication pro-
cedures.

3.2.3. BL–BR piezoelectric nanowires with TC contact
With the BL contact grounded, simulation results are almost

identical to those described in Sections 3.2.1 and 3.2.2.

3.3. Top-bottom piezoelectric nanowires without bottom contact

This section includes three top-bottom configurations with BN
contact and with TN, TT or TC contact. The results are almost
the same as the correspondent bottom-bottom simulations (i.e.,
bottom-bottom ZnO nanowires with BN contact) and are therefore
not separately shown. In particular, the simulation of a TT–BN ZnO
nanowire gives, obviously, the same results as shown in Fig. 3b and
therefore also confirms that when a nanowire is bent, if the base
of the nanowire is not totally in contact with conductive materi-
als, the piezoelectric potential of the nanowire can be significantly
higher.

3.4. Bottom-bottom piezoelectric nanowires with BC contact

3.4.1. BL–BR piezoelectric nanowire with BC contact
Fig. 3c shows the simulation of the bent nanowire when the

BC contact is present (the metal contact 25 nm × 25 nm and 10 nm

height) and grounded; the piezoelectric potential between the BL
and BR contacts is about 4 V, which is lower if compared with a
correspondent structure without the BC contact, but is not zero
(as it would happen with a BT contact). The electrostatic energy is
3.07 × 10−17 J and the strain energy is 4.47 × 10−15 J.
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wires can produce high output potentials even if both their ends
have total metal contacts, a striking advantage from the point of
view of practical implementations, in excellent agreement with
recently reported experimental results [7].
ig. 5. Piezoelectric potential distribution (side view) in a compressed top-bottom
anowire (base totally short-circuited and base grounded).

.4.2. BL–BR piezoelectric nanowire with BC contact and with TT
r TC contact (two configurations)

With the same boundary conditions, both these simulations give
esults almost identical to those shown in Fig. 3c for the bottom-
ottom ZnO nanowire with BC contact and without tip contact.

.5. Top-Bottom piezoelectric nanowires with BC contact

With the same boundary conditions, for all these three configu-
ations (with TN, TC or TT contact), the results are almost the same
s those of the bottom-bottom ZnO nanowires with BC contact and
re, therefore, not explicitly shown here.

.6. Top-Bottom piezoelectric nanowire with vertical compression

All the previous simulations assume a lateral bending with force
pplied at the free tip of the nanowire; it is, however, possible to
pply a vertical compressive force (i.e., parallel to the axis of the
anowire). Contrary to lateral bending forces (see discussion in Sec-
ion 3.1.2), in this case, obviously, the electric potential along the
entral axis of the nanowire is not constant; for this reason, a high
utput potential can be generated even when both the base and the

ip are totally covered by conductive materials, a potentially critical
dvantage for practical implementations.

Fig. 5 shows the potential in a ZnO nanowire when a force is
pplied in the z direction; the NW is compressed and a negative
otential of about 2.5 V is generated between the top surface of
ators B 139 (2009) 511–519 517

the NW and the grounded base. The electrostatic and strain energy
for this configuration are 9.24 × 10−19 and 6.69 × 10−18 J, respec-
tively; though the strain energy is significantly lower than the
correspondent energy related to lateral bending, the parameter �
is significantly higher.

3.7. Laterally packaged top-bottom piezoelectric nanowire

As presented in [7], a laterally packaged piezoelectric wire has
been developed as power generator. This configuration presents
two “total” metal contacts at both ends, and it is indeed similar
to the top-bottom nanowires presented in the previous sections;
however, in this configuration, a bending force is applied in order to
stretch the whole piezoelectric wire (instead of fixing one end and
applying a lateral bending force to the free end). In this manner, the
strain is more uniformly distributed along the structure and, there-
fore, using “total contacts” at the two ends does not significantly
reduce the output piezoelectric potential, a striking advantage for
practical implementations.

Fig. 6 shows the piezoelectric potential distribution of a laterally
stretched ZnO nanowire with the left, total contact of the nanowire
grounded. For the sake of comparison, the dimensions of the wire
are the same as that in the previous sections. The applied surface
force on the lateral face is 3.33 × 106 N/m2 and has been chosen
in order to obtain the same punctual force of the lateral bending
configurations.

The electric potential generated between the top and bottom
(grounded) metal contact is about 3.7 V. The electrostatic and strain
energy for this configuration are 2.65 × 10−18 and 4.48 × 10−17 J,
respectively.

3.8. Comments on nanowires piezoelectric nanogenerators

The results for all of the 15 meaningful configurations with
lateral bending are summarized in the first 15 rows of Table 1
(bottom-bottom configurations with BT contact are not included
as their output voltage would be zero); the results for the verti-
cal compression and lateral stretch are summarized in the last two
rows of Table 1.

In a case of a lateral bending with force applied at the free tip
of the nanowire, since the highest strain is located in the bottom,
nanowires with BT contact are not optimal from the point of view of
the piezoelectric potential generated by a given force. This conclu-
sion is consistently confirmed by all our FEM simulations. However,
in a case of vertical compression, even if both the BT and TT con-
tacts are present, a relatively large potential can still be generated;
besides, though the strain mechanical energy is much smaller, the
parameter � is significantly higher. Moreover, laterally stretched
Fig. 6. Piezoelectric potential distribution (side view) of a laterally stretched piezo-
electric nanowire.
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ig. 7. Schematic representation of the equivalence between many nanowires con-
ected in parallel and a single nanowall.

When the nanowire is laterally bent, the differential potential
etween the compressed and stretched sides is almost indepen-
ent on the height of the nanowire. On the other hand, when
he nanowire is vertically compressed, the potential generated
etween the top and bottom surfaces is directly proportional to
he height of the nanowire and is independent on the cross-
ection dimensions of the nanowire itself. Instead, in the lateral
tretch case, the potential between top and bottom contact is
nversely proportional to the cross-section dimensions of the
anowire.

It must be pointed out that the � parameter defined here is only
parameter for characterizing the ratio of electrostatic energy to

otal input mechanical energy. It is not the efficiency of the nano-
enerator, because the nanowires will experience many cycles of
ibrations after the force action, and in each cycle, there is no input
echanical energy but with electrical energy output.

. Bent nanowall
A nanowall can also be used for energy harvesting; neglect-
ng technological issues and second order effects, this structure

ould be equivalent to a large number of parallel nanowires con-
ected in parallel, thus increasing the maximum output current.

ig. 8. Potential distribution of a bent bottom-bottom nanowall; (a) is a side view;
b) is a 3D view.
ators B 139 (2009) 511–519

This result can be understood by considering the parallel connec-
tion of N identical two-terminal devices, as schematically shown
in Fig. 7. In fact, if, as a simple example, we consider a uniform
conductor with regular cross-section S, if the current flow is par-
allel to the axis z, the electrical resistance is given by R = �L/S
where � is the electrical resistivity, L is the length of the conduc-
tor and S is the section; if N such identical resistors are connected
in parallel, the total resistance would be �L/NS; the same result
is found if, starting with the same N identical resistors in paral-
lel, we “merge” these N identical resistors into a single resistor
with length L and cross-section NS (see Fig. 7). Similarly, with ref-
erence to Fig. 7, the parallel connection of N identical photo-voltaic
cells, each with section S, is equivalent to a single photo-voltaic
cell with section NS (i.e. with a maximum current N times higher).
In the same manner, with reference to Figs. 1 and 7, if the input
force is parallel to the “merging” surfaces of the nanowires (i.e. if
the input force is orthogonal to the axis x), the connection of N
identical nanowires is equivalent to a single nanowall with sec-
tion N times bigger (this result applies for all possible positions
of the contacts shown in Fig. 1, provided the nanowires are com-
pletely identical, i.e., they also have identical contacts and input
mechanical force). Obviously, the possible contact configurations
for nanowalls are the same as for nanowires and the same con-
clusions apply (see the previous section). Here, for simplicity, we
only show the FEM simulation of a BL–BR ZnO laterally bent
nanowall.

The nanowall has the same cross-section height (600 nm) and
side (50 nm) of the nanowires considered in the previous section
and a depth of 600 nm. The two lateral contacts were extended
too, as shown in Fig. 8b and, clearly, the mechanical force has been
properly scaled so that the same deformation is obtained (i.e., the
same surface force has been considered).

The potential distribution has been calculated under the
same boundary conditions of the previous simulation (BL contact
grounded) and the results show a differential potential of about 6 V
between the BL and BR contacts.

The electrostatic energy for this configuration is 4.87 × 10−16 J,
which is close to the electrostatic energy which would be obtained
by a correspondent number of “isolated” nanowires. The strain
energy is 5.17 × 10−14 J; the parameter � is 0.0094 (which is close
to the values of the same parameter for the correspondent bottom-
bottom nanowires).

5. Conclusions

We have investigated the static piezoelectric potential in
nanowires; our results provide insight for understanding previ-
ously reported experimental results and guidelines for the design
of high-efficiency piezoelectric nanogenerators; in particular, we
have shown that the piezoelectric potential mechanically induced
in a deformed nanostructure can critically depend on the posi-
tion and dimensions of the metal contacts and on the way
the input force is applied. For this reason, we have classified
and systematically compared the most important configurations
for piezoelectric nanostructures, showing, in particular, that lat-
erally stretched wires have important practical advantages as
they can generate high output potentials even when both their
ends present two “total contacts”, in agreement with experi-
mental results in [7]. Finally, we have suggested nanowalls for
effectively increasing the output current; even for nanowalls,
vertical compression and lateral stretching are possible and, in

case of lateral bending, contacts near high-strain regions should,
if possible, be avoided. Our theoretical results are consistently
confirmed by FEM simulations and can guide the development
of high-efficiency piezoelectric structures for energy harvest-
ing.
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