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ABSTRACT

The output of a piezoelectric nanogenerator based on ZnO nanowire is largely affected by the shape of nanowire. 
In order to obtain mechanically stable nanogenerator with high performance, the investigation of mechanical 
and electrical characteristics related to the nanowires and materials used in nanogenerators are of great interest 

the magnitude and distribution of the piezoelectric potential in cylindrical and conical shape ZnO nanowire (NW) 

the cylindrical NW with the conical NW, results in more advantageous both in terms of mechanical stability and 
piezoelectric potential. The large variation of the conduction band at the tip of conical nanowire results in receiving 
a large increase of  maximum piezoelectric potential from -70 mv (cylindrical nanowire with radius of 30 nm) to 
-1750 mv (conical nanowire with tip radius of 5 nm and base radius of 30 nm). It is also shown that the insulating 

fabrication. This numerical study can provide a guideline to design of the piezoelectric nanogenerator with high 
performance.
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With the development of technology the size of systems 
and devices are getting smaller. They often are used in 

them. Therefore using conventional battery for which 
must be replaced frequently is not a good option. Find-
ing the low-size, low-weight, independent and sustain-
able power supply with continuous operation and long 

lifetime is a key challenge for powering [1]. 
The nature provides numerous potential power 

sources: light, thermal, mechanical, chemical, and bio-
logical energy, which must be converted to electrical 
energy [2]. Among them, harvesting the mechanical 
energy directly from the environment, using piezoelec-
tric nanogenerator, is one of the useful and promising 
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approaches [3]. The mechanism of the piezoelectric 
nanogenerator lies in the coupling of piezoelectric 
and semiconducting properties [4]. Among the known 
piezoelectric nanomaterials, Zinc Oxide (ZnO) has re-
ceived broad attention due to three key advantages. 
First, ZnO exhibits both semiconducting and piezo-
electric properties. Second, ZnO is nontoxic and bio-
compatible. Third, synthesize of the ZnO is easy and 
low-cost [2].

-
duced by Professor Zhong Lin Wang and Jinhui Song 
in 2006, which can convert mechanical forces to the 
voltage ,in nano scale, by bending a vertically grown 
ZnO nanowire when the atomic force microscopy 
(AFM)’s tip swept across the nanowire [2]. Science 
then, various kinds of nanogenerators has been dem-
onstrated using piezoelectric effect. Recently the in-
tegrated nanogenerator based on vertically aligned 

because of its much simpler fabrication process than 
the bending type nanogenerators [5]. Xu et al. have 
fabricated the vertical nanowire array integrated nano-

polymethyl-methacrylate (PMMA) [4]. In this struc-
ture, the output voltage of 80 mV and output current 
of 6 nA cm-2 can be extracted from the nanogenera-
tor device [4]. The output voltage and current could 
be greatly enhanced by linearly integrating a number 

-
crease the stability and mechanical robustness of the 

of nanogenerator [4]. 
The current study has been focused on nanogenera-

tor based on vertical ZnO NWs, which is compressed 
under certain pressure. The overall objective of this 
paper is to study how conical shape of the ZnO NW 
can affect the behavior of the free charge carriers 
and the piezoelectric potential distribution along the 
nanowire axis. The nanowire with conical structure 
offers more mechanical stability and more resistance 

-
drical nanowire, which helps to provide a piezoelec-
tric nanogenerator with greater ability to withstand 
mechanical force. Applying an insulating layer among 
the ZnO nanowires augments the nanogenerator ro-
bustness [4]. Also in this work, a piezoelectric nano-

generator is simulated and investigated numerically. 
The obtained results show how to improve the nano-
generator performance. Designing the nanogenerator 
based on the conical nanowires with using the insulat-
ing layer can make an extremely stable device with 
high output. 

2. THEORETICAL FRAMEWORK

The piezoelectric equations in stress-charge form 
which represent the electromechanical interactions 

be expressed by the constitutive relations [6]:

(1)

Where, S and T are the strain and stress tensor respec-

displacement. CE is the elastic stiffness tensor, e is the 
piezoelectric constant tensor,  is permittivity tensor, 
and eT is the transpose of the tensor e. These mate-
rial parameters are anisotropic tensors which have 
been taken from the C6V symmetry of the ZnO crystal 
with wurtzite structure [6]. The ZnO is a piezoelectric 
material with semiconducting property. Thus in order 
to model the ZnO nanowire as a piezoelectric semi-

electrons, two electrostatic equations should be used. 

displacement D to the volume charge density v [7]. 
Mechanical equation (Eq. 3) links the stress T to the 
applied force F. In Eq. 2, P and n are related to the hole 
concentration in the valance band and the electron 
concentration in the conduction band respectively, ND

+

is the ionized donor concentration, NA
- is the ionized 

acceptor concentration, and e is electron charge. It is 
mentioned that for ZnO NW under n-type doping con-

-
A

(2)

(3)

The numerical values related to tensors for the ZnO 
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nanowire with the C6V hexagonal symmetry are sum-
marized in Table1. The Young’s modulus and Poisson 

3. RESULTS AND DISCUSSION

The open circuit voltage is carried out based on the 
simulation of ZnO nanowire in static analysis. The 
geometry includes a ZnO nanowire, approximated 

substrate with thickness of 40nm. According to the 
Figure 1a, the geometry is surrounded by free space 
(air) and the nanowire is normally compressed by a 

ZnO nanowire is assumed with moderate conductivity 
and doped with initial donor concentration ND

C/m3 -
ering the air as an insulating layer, but it is replaced 
with special dielectric materials to further study the 

-
tential.

The cylindrical nanowire is compressed by com-
pressive forces, and the piezoelectric potential is dis-
tributed along the vertical axis (z-coordinate) of the 
ZnO nanowire. As seen in Figure 1b, the top part of 
the nanowire exhibits a negative potential (-66 mv) 
compared to the bottom part (+29 mv). Although by 
decreasing cylindrical nanowire diameter the piezo-
electric potential has been improved; but structurally, 
narrow cylindrical nanowires are more fragile. Break-
ing the symmetry in ZnO nanowire geometry leads 
to the different procedure of carrier concentration in 
nanowire.

charges are depleted from the upper part and created 
a depletion region at the nanowire tip. The results ob-
tained by varying the nanowire shape from the cylin-
drical nanowire (30 nm base and tip circular radius) to 
the conical nanowire (circular base with 30 nm, cir-
cular tip with radii ranging from 30 nm to 5 nm) are 
presented in Figure 2. The behavior of the conduction 
band level and the charge carrier concentration along 
the z axis shows that, the depletion region width in the 

increases and consequently the negative piezoelectric 
potential along the nanowire augments. Due to the 
conical shape of the nanowire, the free charge carrier 
depletion caused in conical nanowires with lower tip 
radius, is larger than cylindrical and conical nanowire 
with large tip radius. The depletion region width is 50 
nm for nanowire in cylindrical shape and it reaches to 
200 nm in conical nanowire with tip radius of 5 nm. 

Parameter
Magnitude

Parameter
Magnitude

[C/m2]
C11 207 e15 - 0.45
C12 117.7 e31 - 0.51
C13 106.1 e33   1.22
C33 209.5  11  7.77 [1]
C44 44.8  22  7.77 [1]
C55 44.6  33 8.91 [1]

Table 1: ZnO NW parameters with C6V symmetry.

Figure 1: a) The schematic of the considered ZnO nanowire 

b) The piezoelectric potential distribution along the cylindri-

cal ZnO nanowire under compressive force F = 100 nm with 

donor concentration ND= 1e17 C/m3.
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By decreasing the nanowire tip radius, the conduction 
bands provide a strongly high potential barrier. The 
potential barrier height is 1800 mev for the conical 
nanowire with tip radius of 5 nm and 60 mev for the 
cylindrical nanowire.

The variations of the nanowire displacement and 
the piezoelectric potential distribution along the ZnO 
nanowire for different nanowire tip radius are shown 
in Figure 3. It is observed that the displacement along 
the nanowire, especially at the top part of the nanow-
ire is increasing with decreasing the tip radius. In fact 
there is not a linear relation between the displacement 
and the applied force, due to the existence of the do-
nor concentration ND

3 in ZnO NW. On the 
other hand, the lack of symmetry in the ZnO nanow-
ire geometry (conical nanowire) leads to the parabolic 
displacement trend which is appeared especially in the 
conical nanowire with smaller tip radius. The curves 
related to the piezoelectric potential exhibit a sig-

at the tip of the conical nanowire (5 nm tip radius) 

The doping levels in ZnO, as a semiconducting and 

piezoelectric polarization charges in nanowire and on 
the output potential of the nanogenerator. According 
to the growth conditions [7], the donor concentration 

ranging from ND
3 to ND

3. So 
in the following, a comparative investigation is car-
ried out on n-type ZnO nanowire to study the screen-
ing effect on the piezoelectric potential in ZnO coni-
cal nanowires. The donor concentration ranging from 

3 3. It is found that the 
maximum piezoelectric potential decreases as dop-
ing level increases (Figure 4). The conical structure 
of nanowire reveals that by increasing the nanowire 
tip radius and closing the nanowire to the cylindrical 

Figure 2: The conduction band and the carrier concentara-

tion along the ZnO nanowire in presence of the initial do-

nor concentration ND= 1e17 C/m3. The tip nanowire radius  

sweeps from R= 30 nm to 5nm whereas bottom nanowire 

radius is R= 30 nm.

Figure 3: The dissplacement and the piezoelectric potential 

along the ZnO nanowire in presence of the initial donor con-

centration ND=1e17 C/m3. The tip nanowire radius sweeps 

from R=30 nm to 5nm whereas bottom nanowire radius is 

R= 30 nm.

Figure 4: The maximum piezoelectric potential at the tip of 

the ZnO nanowire as a function of the donor concentration 

from ND=1e15 C/m3 to ND= 1e18 C/m3. The tip nanowire ra-

dius  sweeps from R=30 nm to 5nm whereas bottom nanow-

ire radius is R=30 nm.
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shape, the potential becomes less effective to the do-
nor concentration augmentation. The reduction of the 
output potential for low donor concentrations is more 
relevant.

around the nanowire is investigated. For this purpose, 
the ZnO nanowire is immerged in an insulating layer. 
The insulating layer not only leads to robust nanogen-
erator but also protects the nanowires from the short 
circuits which occur because of the semiconducting 
properties of ZnO nanowires [8]. The relative di-
electric constant as an electrical parameter, Young’s 
modulus and Poisson’s ratio as mechanical parameters 
of insulating layer between ZnO nanowires, are sepa-
rately investigated with keeping constant all the other 
parameters. As shown in Figure 5, the dashed lines in-
dicate the maximum piezoelectric potential at the top 
surface of insulating layer and solid lines reveals the 
potential at the tip of nanowire versus the electrical 
and mechanical parameters for conical nanowire with 
tip radius equal to 10 nm, and donor concentration 
ND

3. All extracted results from insulating 
layer surface are few orders of magnitude lower than 
the nanowire tip. According to the results, the Young’s 

-
cantly affected the potential. The value of Young’s 

decreases from -600 mv to -40 mv; and by varying 
the relative dielectric constant from 1 to 10, the poten-
tial decreases from -700 mv to -195 mv. In contrast, 

piezoelectric potential and almost becomes negligible. 
The potential variation is less than 5 mv for the Pois-
son’s ratio ranging from 0.1 to 0.45 (the potential is 
increased by increasing the Poisson’s ratio).

-
mal insulating material is of vital importance in nano-
generators output. Dielectric material surrounding the 
nanowire does not have all ideal terms such as large 
Young’s modulus, Poisson’s ratio and low relative 
permittivity. Therefore some different dielectric mate-

Figure 5: Variations of piezoelectric potential in respect to 

Young’s modulus, Poisson’s ratio and relative dielectric con-

stant of insulating layer.

Parameter

Material

Electrical
parameters

Mechanical
parameters

Relative dielectric
constant [1]

Poisson’s
ratio [1]

Young’s modulus

PVC 2.9 0.37 2.9
Nylon 4 0.4 2

PMMA 3 0.4 3
SiO2 4.2 0.17 70

4.2 0.3 74
Si3N4 9.7 0.23 250
Al2O3 5.7 0.22 400

SiC(6H) 9.7 0.45 748

Table 2: Different insulating materials with various mechanical and elec-
trical parameters.
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rials are considered around the nanowire and simula-

electrical and mechanical parameters simultaneously. 
Mechanical and electrical parameters of materials are 
listed in Table 2.

According to simulation results, PVC, Nylon and 
PMMA, with low Young’s modulus and low relative 
dielectric constant, are better suited for a nanogenera-
tor device than the other insulating materials tested. 
The greater part of the applied forces can be transmit-
ted to the nanowires, so more piezoelectric potential 
transfer to the surface of the nanogenerator through 
the insulating layer with low Young’s modulus. The 
maximum piezoelectric potential variations at the 
tip of nanowire versus mechanical and electrical pa-
rameters of insulating layer are more important than 
the potential variations exerted from insulating layer 
(nanogenerator output) surface (Figure 6).

4. CONCLUSIONS

In present paper, the strong dependence of the piezo-
electric potential on the nanowire shape is investigat-
ed. The different behaviors of free charge carriers in 
vertically compressed conical n-type ZnO nanowire, 

through reducing symmetry in the nanowire shape, 
more increases the piezoelectric potential compared 
to the cylindrical nanowire. The undesirable effect of 
donor concentration on piezoelectric potential is com-
pensated by decreasing the conical nanowire tip radius. 

properties of insulating layer around the ZnO nanow-
ire on improving the nanogenerator device strength 
and performance is studied. The materials with low 
Young’s modulus and low relative dielectric constant 
are the best candidate in order to high pressure trans-
mission to the nanowire and reception of large amount 
of piezoelectric potential from nanogenerator.
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Figure 6: The maximum piezoelectric potential at the tip of 

the ZnO nanowire with conical shape (tip nanowire radius 

10 nm) and at the top surface of insulating layer by using 

the insulating materials with different Young’s modulus. The 

initial donor concentration is ND= 1e18 C/m3.
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