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Abstract: Piezoelectric nanowires have attracted much scientific interest in the last few years because of their 
enhanced piezoelectric coefficients at nanometer scale, with promises of efficient mechanical energy harvesters 
for autonomous integrated systems. This paper presents the design and, for the first time, guideline rules, based on 
simple analytical expressions, to improve the performance of a mechanical energy harvester integrating vertical 
ZnO piezoelectric nanowires. Additional simulations were carried out to account more realistically for device ge-
ometry. We discuss the prospects of such an approach, based on design and material improvement. 
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INTRODUCTION 

In the context of SoC integration of new functions, 
energy harvesters have been identified as mandatory 
for the development of autonomous smart systems [1]. 
In this paper, we focus on mechanical energy harvest-
ers based on piezoelectric nanowires (NWs). They 
have attracted much scientific interest in the last few 
years because of their enhanced piezoelectric coeffi-
cients and low stiffness at nanometer scale [2, 3], with 
promising applications as sensors [4] and energy har-
vesters [5]. Several energy harvesters integrating ZnO 
NWs [6] have been reported, with recent record per-
formance [7]. Our device is based on the VING (Ver-
tically Integrated NanoGenerator) structure proposed 
in [8]. We present its design and, for the first time, 
guideline rules based on simple analytical expressions 
and simulations to improve the performance of VING. 

 
NANOGENERATOR STRUCTURE 

The VING structure considered (Fig.1) was in-
spired from [8]. This harvester design is simple and 
can be divided into 3 parts. The core of the devices 
consisted of the piezoelectric NW array where con-
version of mechanical energy into electrical energy 
takes place due to the piezoelectric phenomenon. This 
matrix of NWs was immerged in an insulating layer of 
PMMA which protects it from the electrical leakage 
or short circuits that could occur because of the semi-
conducting properties of ZnO NW. Then, top and bot-
tom electrodes were deposited to harvest the electro-
static energy generated. This structure has the 
advantages of being simple and easy to build. It is 
CMOS compatible, few fabrication steps are required 
and a large surface can be functionalized on selective 
areas [7]. Moreover, this device is rather robust be-
cause of its bulk structure and it can work in both 
compression and bending modes [9]. In this article, 

we will only consider compression mode. The work-
ing principle is the following: the energy produced by 
mechanical impacts is used to compress the NWs 
along their c-axis and generates a voltage drop across 
them. The thin insulating layer avoids current flow 
through the device and increases its robustness. The 
voltage generated by NWs compression drives elec-
trons from the external circuit and accumulates them 
at the top and bottom contacts, charging the capaci-
tance and generating a current pulse. An opposite cur-
rent pulse is generated when the force is released. 
 
ANALYTICAL MODEL 

The device was considered as operating as a capaci-
tor. Then, classical linear mechanics and piezoelectric 
equations were used to derive simple expressions able 
to estimate the overall energy conversion efficiency of 
the device (Fig.2). To proceed, we divided the energy 
conversion mechanism in 3 steps: mechanical energy 
transfer, mechanical to electrical energy conversion 
and, finally, electrical energy transfer to the output 
circuit. The total yield ηT is the product of the three 
individual step yields. 
 
                a)                       b)       c) 

Fig. 1: Structure of the VING (a) before and (b) after 
vertical compression. (d=thickness). c) Structure and 
dimensions of the simulated core cell in the reference 
case. The applied pressure is 1MPa. 



 
Fig. 2: Diagram of the VING working principle. The 
yield (η) has been calculated for each step using the 
parameters of Fig.1. dx, Ex and εx are the thickness, 
Young modulus and dielectric constant of layer x. In-
dex eq indicates that the corresponding layer is mod-
eled as a uniform equivalent medium. T is the stress 
and e33 the piezoelectric coefficient relevant to this 
strain configuration. The 4 routes allowing yield in-
crease are displayed around the figure. 
 
Mechanical energy transfer 

The first energy transmission step concerns the me-
chanical energy transfer from the top surface to the 
piezoelectric NW. We assumed that all the parts of the 
device were ideal layers with isotropic Young modu-
lus (E) and dielectric constant (ε). We assumed a re-
gime of small elastic deformations where Hooke's law 
is valid. The piezoelectric NW layer was modeled as 
an ideal fiber composite material with a homogenous 
repartition of extra thin ZnO NWs. The properties of 
this composite layer were approached by weighting 
the PMMA and ZnO properties with their respective 
proportion (E2eq, ε2eq). Within this model, pressing the 
device generates a stress T, perpendicular to the top 
electrode and uniform across the device layers. We 
assume the strain S in the composite layer as the strain 
in the piezoelectric NWs. During the compression 
process, part of the input mechanical energy is lost in 
the insulating layer. The yield ηM of the mechanical 
energy transfer was thus calculated as:  
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It depends on the thickness and Young's modulus rati-
os of the insulating and piezoelectric layers. 
 
Mechanical to electrical energy conversion 

The mechanical to electrical energy conversion is 
based on the piezoelectric phenomenon. In the analyt-
ical model, we only considered the vertical strain Sz 
generated in the NW and the piezoelectric coefficient 
e33. For simplification purposes, in-plane deformations 

due to Poisson ratio and tensorial effects represented 
by the e31 coefficient were not taken into account 
within this first approach. The potential difference 
Vpiezo generated in the NWs was calculated. The gen-
erated electrical energy was deduced as that of the 
plate capacitor between the bottom electrode and a 
virtual electrode at the top of the piezoelectric layer. 
The resulting piezoelectric yield ηP was then: 
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It depends on stress and piezoelectric material proper-
ties. This expression is only valid for small stress T. 
 
Electrical energy transfer 

The third step consists in calculating the electrical 
energy stored between the top and bottom electrodes, 
neglecting the voltage drop in the PMMA. The corre-
sponding energy yield ηE was then: 
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It is the electrical analog of (1). It depends on the 
thickness and dielectric constant ratios of the insulat-
ing and piezoelectric layers.  
 
Optimization 

Figure 2 summarizes the results of this analytical 
model. With this global view of the system yield, it 
was possible to identify four optimization routes, 
which can be combined, and consist in engineering 
the structure or the material properties of the dielectric 
and piezoelectric layers. Firstly, the thickness of the 
insulating layer needs to be as small as possible with 
respect to the piezoelectric layer without losing its 
insulating role between the NW and the top electrode. 
So the breakdown voltage of the insulating layer plus 
the piezoelectric layer have to be higher than the pie-
zoelectric potential generated in the NW. Secondly, 
the properties of the insulating material, E1 and ε1, 
need to be adapted. They are involved in the equiva-
lent parameters used for layer 2. From analytical ex-
pressions of the yields above, it can be shown that the 
total yield can be put as a function of E1, and similarly 
as a function of ε1, under the form: 
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which can be maximized. Physically however, E1 and 
ε1 cannot be optimized independently and it is neces-
sary to consider the (E1, ε1) couple for each material. 
Thirdly, we can tune the structure of the piezoelectric 
layer. Its equivalent E and ε can be tuned by adjusting 
the NWs density. From yields expression, decreasing 



the NW density should be beneficial as it decreases 
E2eq and ε2eq. Finally, larger yields should be achieved 
with piezoelectric material with large e33 coefficients 
[3] and small values of E2 and ε2.  

The analytical model is appropriate to get a simple 
picture of device behavior and general optimization 
guidelines. However, it dismisses several features, 
such as structural non-homogeneity, 3D effects and 
Poisson ratio influence, which can have a huge impact 
and will be studied by simulation in next section. 
 
SIMULATION 

The fabricated device is displayed in Fig.3a. FEM 
simulations of the device were performed using 
COMSOL. We combined the piezoelectric module for 
NWs and the mechanical and electrostatic modules for 
PMMA and electrodes. Simulation of a large array of 
NWs showed only limited edge effects (Fig.3b). For 
extensive parameter screening, simulation was thus 
restricted to a core cell of the device, which was mod-
eled by one cylindrical ZnO NW in a PMMA stack, 
with top and bottom electrodes. A 1MPa pressure was 
applied on the top and cell side wall were free. The 
cell size was 100nm ×100nm×700nm, with NW radius 
and length r=25nm, L=600nm. Parameters were var-
ied around these values in order to investigate optimi-
zation trends. Energy density per unit area was used to 
compare the results. 
 
Piezoelectric NW density 

The study of the influence of NW density high-
lights several complex effects which are difficult to 
take into account in an analytical model. The density 
of NWs is measured by their distance relative to their 
diameter (parameter ratio). First, we simulated the 
total displacement ∆d (Fig.4a). The difference with 
the analytical result, which increases from 1.5% to 
23% when the density decreases from 4.1013 cm-3 (ra-
tio=0) to 109 cm-3 (ratio=5), is mainly due to the non-
homogenous composition of the piezoelectric layer. It 
was modeled by a composite layer with equivalent 
parameters obtained by linear combination. This is not 
precise enough for medium densities of NW and ∆d is 
higher in the PMMA and smaller in the NW than ex-
pected (Fig.4b). Then, we studied the piezoelectric 
potential (Vpiezo) (Fig.5a). Despite the influence of 
Poisson coefficient [2] which should slightly increase 
Vpiezo, the simulated results are one order of magnitude 
lower than expected because of smaller ∆d in the NW. 
Moreover, at low density, Vpiezo is saturating due to 
mechanical 3D effects while the electrode potential 
decreases due to 3D electrostatic effects (Fig.5b). The 
largest output voltage is reached for ratio=1. By de-
creasing the NW density, the cell capacitance is also 

Fig. 3: (a) SEM cross section image of a VING proto-
type. (b) Simulation of ∆d for 100 VING core cells. 
 
Figure 4 to 6 present the Analytical (Th ▲) and FEM 
simulation (Sm ●) results of VING structure function 
of the NW density as the ration = (Cellø-NWø)/(NWø). 
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Fig. 4: (a) Total displacement ∆d. (b) cell cut view. 
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Fig. 5: (a) Potential generated. (b) cell cut view. 
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Fig. 6: (a) Surface capacitance density and (b) Sur-
face energy density function of the ratio. 

a) b) 



decreased, as PMMA has a lower ε than ZnO (Fig.6a). 
The analytical model is very accurate there (<1.5%) 
as ε discrepancy between PMMA and ZnO is much 
smaller (3.9 to 8.3) than that of E (3 to 211GPa) 
which limit the error due to the non-homogenous 
structure. Finally, we plotted the energy surface densi-
ty (Fig.6b). We obtained a maximum efficiency for a 
ratio of 1 which is quite different from analytical 
model. This first comparison shows that 3D complex 
effects which are difficult to take into account in a 
simple analytical model are playing a major role. 
 
Insulating layer thickness 

From the yield expression in (3), the insulating lay-
er should be as thin as possible. This was checked by 
varying PMMA thickness from 1nm to 1µm. The sur-
face energy density (Fig.7) is one order lower than 
expected due to the 3D phenomena described above. 
But the model gives the right optimization trend, 
proving useful in this case. 
 
Insulating material properties 

To investigate the optimal insulating material, we 
tested different dielectrics with (E1, ε1) couples corre-
sponding to real materials (Fig.8). PMMA, which fea-
tures low E and ε values, is better suited to our device 
than the other common dielectrics tested. Investiga-
tion through a broader range of materials would be 
required to find the best candidate for VING.  
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Fig. 7: VING surface energy density functions of the 
insulator layer thickness. 
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Fig. 8: VING surface energy density for different insu-
lating materials (ε1 ϵ [3.9 ; 9.7], E1 ϵ [3 ; 400GPa]). 

CONCLUSIONS 
We developed an analytical model for the VING 

device operated in compression from which optimiza-
tion routes were identified. These routes were investi-
gated using analytical expressions and FEM simula-
tions. It was found that 3D effects arising from the 
non-homogenous structure of this device were playing 
a major role, making precise analytical modeling dif-
ficult. In the range of geometries and materials tested, 
the optimum solution was obtained for a diameter to 
distance ratio of 1 and for a thin layer of PMMA. Fur-
ther optimization would require optimization of the 
piezoelectric material, which is very promising [3]. 
Nanoengineering different materials could be a solu-
tion to increase the piezoelectric effect [10]. 
 
REFERENCES 
[1] MEMS chapter added in ITRS 2011 edition, 

http://www.itrs.net , 2011 
[2] Gao Y.F. and Wang Z.L. 2007 Electrostatic Po-

tential in a Bent Piezoelectric Nanowire. The 
Fundamental Theory of Nanogenerator and 
Nanopiezotronics Nano Lett. 7 2499-2505 

[3] Agrawal R. and Espinosa H. D. 2011 Giant Pie-
zoelectric Size Effects in Zinc Oxide and Galli-
um Nitride Nanowires. A First Principles Inves-
tigation Nano Lett. 11 786–790 

[4] Wei T.Y., et al. 2009 Gigantic Enhancement in 
Sensitivity Using Schottky Contacted Nanowire 
Nanosensor J. Am. Chem. Soc. 131 17690–17695 

[5] Wang X.D., et al. 2007 Direct-Current Nanogen-
erator Driven by Ultrasonic Waves Science 316 
102-105 

[6] Wang Z.L. 2011 Nanogenerators for Self-
powered Devices and Systems (Atlanta, Georgia 
Institute of Technology) 

[7] Zhu G., et al. 2012 Functional Electrical Stimula-
tion by Nanogenerator with 58 V Output Voltage 
Nano Lett. 12 3086-3090 

[8] Xu S., et al. 2010 Self-powered nanowire devices 
Nat. Nanotechnol. 5 366-373 

[9] Wang Z.L. 2011 Self-Powered Nanosensors and 
Nanosystems Adv. Mater. 24 280-285 

[10] Xu X., et al. 2011 An improved AFM cross-
sectional method for piezoelectric nanostructures 
properties investigation: application to GaN nan-
owires Nanotechnology 22 105704 

 
ACKNOWLEDGEMENT 

This work has been supported by the Rhone-Alpes 
Region and by the European FP7/ICT/NoE n° 257375 
(NanoFunction). 


