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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
DQG VLJQL¿FDQFH 7KLV SDSHU SUHVHQWV WKH YDULRXV EHKDYLRU RI WKH FRQGXFWLRQ EDQG FDUULHU FRQFHQWUDWLRQ DQG
the magnitude and distribution of the piezoelectric potential in cylindrical and conical shape ZnO nanowire (NW)
E\ XVLQJ ¿QLWH HOHPHQW )(  PHWKRG ,W LV VKRZQ WKDW V\PPHWU\ UHGXFWLRQ LQ QDQRZLUH VKDSH DQG UHSODFHPHQW
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
PDWHULDOVZLWKORZHU<RXQJ¶VPRGXOXVDQGORZHUUHODWLYHSHUPLWWLYLW\DUHWKHEHVWRSWLRQVLQQDQRJHQHUDWRUGHYLFH
fabrication. This numerical study can provide a guideline to design of the piezoelectric nanogenerator with high
performance.
Keywords: Conical nanowire; Piezoelectric nanogenerator; Piezoelectric potential; Insulating layer; ZnO.

1. INTRODUCTION
With the development of technology the size of systems
and devices are getting smaller. They often are used in
SRVLWLRQVZKHUHWKHUHLVYHU\GLI¿FXOWWRGLUHFWO\DFFHVV
them. Therefore using conventional battery for which
must be replaced frequently is not a good option. Finding the low-size, low-weight, independent and sustainable power supply with continuous operation and long
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lifetime is a key challenge for powering [1].
The nature provides numerous potential power
sources: light, thermal, mechanical, chemical, and biological energy, which must be converted to electrical
energy [2]. Among them, harvesting the mechanical
energy directly from the environment, using piezoelectric 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 received broad attention due to three key advantages.
First, ZnO exhibits both semiconducting and piezoelectric properties. Second, ZnO is nontoxic and biocompatible. Third, synthesize of the ZnO is easy and
low-cost [2].
7KH ¿UVW SLH]RHOHFWULF QDQRJHQHUDWRU ZDV LQWURduced 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 demonstrated using piezoelectric effect. Recently the integrated nanogenerator based on vertically aligned
=Q2QDQRZLUHVKDVDWWUDFWHGPXFKVFLHQWL¿FLQWHUHVW
because of its much simpler fabrication process than
the bending type nanogenerators [5]. Xu et al. have
fabricated the vertical nanowire array integrated nanoJHQHUDWRU 9,1*  ZKLFK SDFNDJLQJ ZLWK D OD\HU RI
polymethyl-methacrylate (PMMA) [4]. In this structure, the output voltage of 80 mV and output current
of 6 nA cm-2 can be extracted from the nanogenerator device [4]. The output voltage and current could
be greatly enhanced by linearly integrating a number
RI9,1*V>@7KHH[LVWHQFHRI300$OD\HUFDQLQcrease the stability and mechanical robustness of the
QDQRJHQHUDWRUGHYLFHDQGDOVRLPSURYHWKHHI¿FLHQF\
of nanogenerator [4].
The current study has been focused on nanogenerator 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
DJDLQVW EUHDNLQJ GHÀHFWLRQ DQG WZLVWLQJ WKDQ F\OLQdrical nanowire, which helps to provide a piezoelectric nanogenerator with greater ability to withstand
mechanical force. Applying an insulating layer among
the ZnO nanowires augments the nanogenerator robustness [4]. Also in this work, a piezoelectric nano114
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generator is simulated and investigated numerically.
The obtained results show how to improve the nanogenerator performance. Designing the nanogenerator
based on the conical nanowires with using the insulating 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
EHWZHHQWKHPDWHULDOVWUHVVDQGWKHHOHFWULF¿HOGFDQ
be expressed by the constitutive relations [6]:
T

T
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Where, S and T are the strain and stress tensor respecWLYHO\(LVWKHHOHFWULF¿HOGYHFWRUDQG'LVWKHHOHFWULF
displacement. CE is the elastic stiffness tensor, e is the
piezoelectric constant tensor, N is permittivity tensor,
and eT is the transpose of the tensor e. These material 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 semiFRQGXFWRU PDWHULDO ZLWK D VLJQL¿FDQW DPRXQW RI IUHH
electrons, two electrostatic equations should be used.
(TXDWLRQ  LV D *DXVV V ODZ ZKLFK OLQNV WKH HOHFWULF
displacement D to the volume charge density Uv [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 conFHQWUDWLRQ3 1-A >@
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The numerical values related to tensors for the ZnO
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Table 1: ZnO NW parameters with C6V symmetry.

Parameter

Magnitude
>*3D@

Parameter

Magnitude
[C/m2]

C11
C12
C13
C33
C44
C55

207
117.7
106.1
209.5
44.8
44.6

e15
e31
e33
ț 11
ț 22
ț 33

- 0.45
- 0.51
1.22
7.77 [1]
7.77 [1]
8.91 [1]

nanowire with the C6V hexagonal symmetry are summarized in Table1. The Young’s modulus and Poisson
UDWLRDUHUHVSHFWLYHO\< *3DȞ >@

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
DV D F\OLQGHU ZLWK UDGLXV DQG OHQJWK RI 5   QP
/   QP7KH =Q2 QDQRZLUH LV DI¿[HG RQ D JROG
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
YHUWLFDOIRUFH) Q1H[HUWHGDWLWVWRSVHFWLRQ7KH
ZnO nanowire is assumed with moderate conductivity
and doped with initial donor concentration ND H
C/m3$W¿UVWWKHVLPXODWLRQLVFDUULHGRXWE\FRQVLGering the air as an insulating layer, but it is replaced
with special dielectric materials to further study the
LQÀXHQFHRIWKHLQVXODWLQJOD\HURQSLH]RHOHFWULFSRtential.
The cylindrical nanowire is compressed by compressive forces, and the piezoelectric potential is distributed 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 piezoelectric potential has been improved; but structurally,
narrow cylindrical nanowires are more fragile. Breaking the symmetry in ZnO nanowire geometry leads
to the different procedure of carrier concentration in
nanowire.

*HQHUDOO\ E\ DSSO\LQJ WKH IRUFH WKH FRQGXFWLRQ
EDQGV DUH GHÀHFWHG DW WKH WRS SDUW RI WKH QDQRZLUH
charges are depleted from the upper part and created
a depletion region at the nanowire tip. The results obtained by varying the nanowire shape from the cylindrical nanowire (30 nm base and tip circular radius) to
the conical nanowire (circular base with 30 nm, circular 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
FRQLFDOQDQRZLUHVZLWKVPDOOHUWLSUDGLXVVLJQL¿FDQWO\
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.

Figure 1: a) The schematic of the considered ZnO nanowire
b) The piezoelectric potential distribution along the cylindrical ZnO nanowire under compressive force F = 100 nm with
donor concentration ND= 1e17 C/m3.
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Figure 2: The conduction band and the carrier concentara-

Figure 3: The dissplacement and the piezoelectric potential

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

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

3
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centration ND=1e17 C/m3. The tip nanowire radius sweeps

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

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

radius is R= 30 nm.

R= 30 nm.

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 nanowire 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 donor concentration ND H&P3 in ZnO NW. On the
other hand, the lack of symmetry in the ZnO nanowire 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 sigQL¿FDQW LQFUHDVH LQ SRWHQWLDO DV ZHOO7KH PD[LPXP
SLH]RHOHFWULFSRWHQWLDOLVDSSUR[LPDWHO\9 PY
at the tip of the conical nanowire (5 nm tip radius)
FRPSDUHWRWKHF\OLQGULFDOQDQRZLUHZLWK9 PY
The doping levels in ZnO, as a semiconducting and
SLH]RHOHFWULF PDWHULDO KDYH D ODUJH LQÀXHQFH RQ WKH
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 H&P3 to ND H&P3. So
in the following, a comparative investigation is carried out on n-type ZnO nanowire to study the screening effect on the piezoelectric potential in ZnO conical nanowires. The donor concentration ranging from
1' H&P3WR1' H&P3. It is found that the
maximum piezoelectric potential decreases as doping level increases (Figure 4). The conical structure
of nanowire reveals that by increasing the nanowire
tip radius and closing the nanowire to the cylindrical
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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 radius sweeps from R=30 nm to 5nm whereas bottom nanowire radius is R=30 nm.
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shape, the potential becomes less effective to the donor concentration augmentation. The reduction of the
output potential for low donor concentrations is more
relevant.
)LQDOO\ WKH LQÀXHQFH RI WKH GLHOHFWULF PDWHULDO
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 nanogenerator but also protects the nanowires from the short
circuits which occur because of the semiconducting
properties of ZnO nanowires [8]. The relative dielectric constant as an electrical parameter, Young’s
modulus and Poisson’s ratio as mechanical parameters
of insulating layer between ZnO nanowires, are separately investigated with keeping constant all the other
parameters. As shown in Figure 5, the dashed lines indicate 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 H&P3. All extracted results from insulating
layer surface are few orders of magnitude lower than
the nanowire tip. According to the results, the Young’s
PRGXOXVDQGUHODWLYHGLHOHFWULFFRQVWDQWKDYHVLJQL¿cantly affected the potential. The value of Young’s
PRGXOXV VSDQV IURP *3D WR *3D WKH SRWHQWLDO
decreases from -600 mv to -40 mv; and by varying
the relative dielectric constant from 1 to 10, the potential decreases from -700 mv to -195 mv. In contrast,

Figure 5: Variations of piezoelectric potential in respect to
Young’s modulus, Poisson’s ratio and relative dielectric constant of insulating layer.

WKHHIIHFWRIWKH3RLVVRQ¶VUDWLRLVOHVVVLJQL¿FDQWRQ
piezoelectric potential and almost becomes negligible.
The potential variation is less than 5 mv for the Poisson’s ratio ranging from 0.1 to 0.45 (the potential is
increased by increasing the Poisson’s ratio).
)URPWKHDSSOLFDWLRQSRLQWRIYLHZ¿QGLQJWKHRSWLmal insulating material is of vital importance in nanogenerators 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-

Table 2: Different insulating materials with various mechanical and electrical parameters.

Parameter
Material
PVC
Nylon
PMMA
SiO2
*ODVV
Si3N4
Al2O3
SiC(6H)

Electrical
parameters
Relative dielectric
constant [1]
2.9
4
3
4.2
4.2
9.7
5.7
9.7

Mechanical
parameters
Poisson’s
ratio [1]
0.37
0.4
0.4
0.17

0.3
0.23
0.22
0.45

Young’s modulus
>*3D@
2.9
2
3
70
74
250
400
748
117
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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 compensated by decreasing the conical nanowire tip radius.
0RUHRYHUWKHLQÀXHQFHRIHOHFWULFDODQGPHFKDQLFDO
properties of insulating layer around the ZnO nanowire 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 transmission to the nanowire and reception of large amount
of piezoelectric potential from nanogenerator.
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.

rials are considered around the nanowire and simulaWLRQLVFDUULHGRXWE\FRQVLGHULQJWKHLQÀXHQFHRIERWK
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 nanogenerator device than the other insulating materials tested.
The greater part of the applied forces can be transmitted 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 parameters 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 piezoelectric potential on the nanowire shape is investigated. The different behaviors of free charge carriers in
vertically compressed conical n-type ZnO nanowire,

118

ACKNOWLEDGEMENT
The authors would like to gratefully acknowledge the
support of Ministry of Science, Research & Technology of I.R. Iran (project number: 214).

REFRENCES
1. Z.L. Wang, 2011. Nanogenerators for Self-powered Devices and Systems *HRUJLD ,QVWLWXWH RI
Technology, Atlanta, USA.
2. Wang Z.L., Song J., Science, 312(5) (2006), 242.
3. Hu Y., Zhang Y., Xu C., Lin Long., L Snyder, R.,
Wang, Zhong L., Nano Lett., 11(6) (2011), 2572.
4. Xu Sh., Qin Y., Xu C., Wei Y., Yang R., Wang
Zhong L., Nat Nanotechnol., 5 (2010), 366.
 :DQJ=3DQ;<+H+X<*X+:DQJ<
Adv. Mater. Sci. Eng., 2015 (2015), 1.
 *DR<Nano Lett., 7(8) (2007), 2499.
 *DR<:DQJ=KRQJ/Nano Lett., 9(3) (2009),
1103.
 :DQJ =/ =KX * <DQJ < :DQJ 6 3DQ &
Mate. Today, 15(12) (2012), 532.

Fathi S and Fanaei Sheikholeslami T

Int. J. Bio-Inorg. Hybr. Nanomater., Vol. 4, No. 2 (2015), 113-119

AUTHOR (S) BIOSKETCHES
Samira Fathi, M.Sc., Electrical and Electronic Department, University of Sistan and Baluchestan,
Zahedan, Iran
Tahereh Fanaei Sheikholeslami, Assistant Professor, Electrical and Electronic Department,
University of Sistan and Baluchestan, Zahedan, Iran
Email: tahere.fanaei@ece.usb.ac.ir

119

