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The harvesting of mechanical energy from ambient sources could power electrical devices without the need for batteries.
However, although the efficiency and durability of harvesting materials such as piezoelectric nanowires have steadily
improved, the voltage and power produced by a single nanowire are insufficient for real devices. The integration of large
numbers of nanowire energy harvesters into a single power source is therefore necessary, requiring alignment of the
nanowires as well as synchronization of their charging and discharging processes. Here, we demonstrate the vertical and
lateral integration of ZnO nanowires into arrays that are capable of producing sufficient power to operate real devices. A
lateral integration of 700 rows of ZnO nanowires produces a peak voltage of 1.26 V at a low strain of 0.19%, which is
potentially sufficient to recharge an AA battery. In a separate device, a vertical integration of three layers of ZnO
nanowire arrays produces a peak power density of 2.7 mW cm23. We use the vertically integrated nanogenerator to power
a nanowire pH sensor and a nanowire UV sensor, thus demonstrating a self-powered system composed entirely
of nanowires.

H
arvesting energy directly from the environment is one of the
most effective and promising approaches for powering nano-
devices1–4. Mechanical energy surrounds us in our daily life,

taking the form of sonic waves, mechanical vibrations and
impacts, air flow, friction, hydraulic and ocean waves, all available
around the clock. ZnO nanowires are unique in their suitability
not only for the fabrication of nanosensors5–8, but also for scaven-
ging mechanical energy1,9,10. One creative initiative is to use ZnO
nanowires, alone, to build an integrated nanopower–nanodevice
system that is self-driven, with no battery or external power
source. The most challenging task in achieving this aim is probably
the creation of an energy-scavenging unit that works over a range of
frequencies. In previous work, a d.c. piezoelectric nanogenerator
based on vertically aligned ZnO nanowire arrays has been demon-
strated, which relies on a zig-zag top electrode. This acts like an
array of atomic force microscopy (AFM) tips that force the nano-
wires to bend in response to the external mechanical agitation
caused by an ultrasonic wave9. The contact between the top elec-
trode and the nanowires switches instantaneously on and off for
each cycle of the driving action, and a relative scrubbing and
sliding between the two may result in wearing and increased
contact resistance/instability11,12. Here, we report innovative and
much improved steps towards achieving a high-power-output, a.c.
nanogenerator based on vertically or laterally aligned ZnO nanowire
arrays in which there are solid bonds/contacts between the electro-
des and the ends of the nanowires. A periodic, low-frequency, uni-
axial strain is applied to the ZnO nanowires by an external
mechanical action to create a piezoelectric potential along the nano-
wires, which results in an alternating electrical output. A three-layer
integration of the vertical nanowire array integrated nanogenerator
(VING) enhances the output voltage up to 0.243 V. In addition, a
multiple lateral-nanowire-array integrated nanogenerator (LING)
has also been fabricated by combining a rational chemical growth
with novel nanofabrication. A maximum voltage output of 1.26 V
has been generated by integrating 700 rows of lateral ZnO nanowire
arrays. Finally, the integration of a VING with a ZnO nanowire-
based pH or UV nanosensor has allowed the demonstration of a
‘self-powered’ nanosystem that is built solely from ZnO nanowires.
This is a key step towards developing an independent, reliable and
sustainable unit for use in environments in which a dynamic

compressive stress/strain is available, such as in shoe pads, vehicle
tyres, under carpets or floors and even in ocean waves.

Three-dimensionally integrated VING
The key to a self-powered nanosystem is the fabrication of a nano-
generator that provides high output voltage and power. The fabrica-
tion stages for a VING are illustrated in Fig. 1. Vertical ZnO
nanowires (Fig. 1g) were rationally grown on a gold-coated
flat surface using a wet chemical method at a temperature below
100 8C (ref. 13). The figures of merit for using ZnO nanowires for
energy harvesting are presented in the Supplementary
Information. A layer of polymethyl-methacrylate (PMMA) was
spin-coated onto the nanowires to fully wrap them from top to
bottom (Fig. 1c,h), largely improving the stability and mechanical
robustness of the entire structure, and also preventing possible
short-circuiting between the substrate and the top electrode.
Oxygen plasma etching was performed, leaving behind fresh and
clean tips on the nanowires (Fig. 1i, inset). A piece of silicon
wafer coated with a 300-nm-thick platinum film was then placed
in direct contact with the nanowires (Fig. 1e), creating a Schottky
contact at the interface. Measurement was carried out in a
Faraday cage, using a linear motor stimulator to generate the mech-
anical strain at an impact speed of 0.1 m s21. Typical I–V character-
istics of the VING are shown in Supplementary Fig. S1, with a
rectification ratio of �1,000 at a bias voltage of +0.4 V.

The working principle of the VING lies in the coupling of piezo-
electric and semiconducting properties. In the existing literature it is
shown that wurtzite structured nanowires grow uniaxially parallel to
the c axis14–17. The crystallographic alignment of the nanowires
indicates their piezoelectric alignment in response to the external
stress. When a nanowire is under uniaxial strain, a separation of
the static ionic charge centres in the tetrahedrally coordinated
Zn–O units results in a piezoelectric potential gradient along the
c axis of the nanowire (Fig. 1f). Because the c-axes of the nanowires
are aligned parallel to one another, the piezoelectric potentials
created along each nanowire have the same tendency of distribution,
leading to an enhanced macroscopic behaviour. When a stress is
applied, the nanowires are under uniaxial compression, with a nega-
tive piezoelectric potential at the tip Schottky contact side, for
example, and a positive piezoelectric potential at the bottom

School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332-0245, USA; †These authors contributed equally to
this work. *e-mail: zlwang@gatech.edu

ARTICLES
PUBLISHED ONLINE: 28 MARCH 2010 | DOI: 10.1038/NNANO.2010.46

NATURE NANOTECHNOLOGY | VOL 5 | MAY 2010 | www.nature.com/naturenanotechnology366

© 2010 Macmillan Publishers Limited.  All rights reserved. 

 

mailto:zlwang@gatech.edu
http://www.nature.com/doifinder/10.1038/nnano.2010.46
www.nature.com/naturenanotechnology


ohmic contact side (see Supplementary Information). The negative
piezoelectric potential rises up the conduction band and the Fermi
level at the tip relative to the bottom electrode18. Electrons will there-
fore flow from the tip to the bottom through the external circuit.
The Schottky barrier at the tip, however, obstructs the electrons
from passing through the interface. These electrons are therefore
blocked and accumulate around the bottom of the nanowires, con-
sequently elevating the Fermi level at the bottom until the piezoelec-
tric potential is fully ‘screened’ and the Fermi levels of each side
reach a new equilibrium. During this process, the flow of electrons
via the external circuit is detected as an electric pulse. As the external
force is removed and the compressive strain is released, the piezo-
electric potential inside the nanowires diminishes. The electrons
accumulated at the bottom then undoubtedly flow back via the
external circuit (if leakage is negligible), creating an electric pulse
in the opposite direction. The role of the Schottky barrier is to
prevent those mobile charges from passing through the nanowire–
metal contact interface. The piezoelectric potential acts as a ‘char-
ging pump’ that drives the electrons to flow. By the same token,
the same process occurs if the Schottky barrier is at the bottom or
both sides of the nanowires.

The presence of a Schottky contact at least at one end of the
nanowires is essential for the operation of the VING, as demon-
strated in the following control experiments. First, a VING with
ohmic contacts at both ends gave no output signal
(Supplementary Fig. S2, pink lines). Second, to exclude the effect
of a change in capacitance in the mechanical pressing and releasing
processes (which could potentially introduce output signals due to
an effect from the measurement system), no oxygen plasma
etching was performed, and the ZnO nanowires were insulated
from the top platinum electrode by the PMMA film. The electric
signal generated by such a device was too small to be detected
(Supplementary Fig. S2, green lines). Third, measurements were
carried out to exclude electromagnetic interference. We allowed

the mechanical arm of the linear motor stimulator to vibrate back
and forth to a distance very close to the top surface of the packaged
VING, but without making direct physical contact. The output
could not be distinguished from the noise (Supplementary Fig. S2,
purple lines). Finally, polarity reversion tests and linear superposi-
tion tests further showed that the signals were truly from the
VING13,19,20 (Supplementary Fig. S3).

The output voltage and current could be greatly enhanced by lin-
early integrating a number of VINGs. Three VINGs with individual
output voltages of 80, 90 and 96 mV, respectively, were connected in
serial, leading to an output voltage of 0.243 V (Fig. 2a). Likewise,
three VINGs with individual output current densities of 6.0, 3.9
and 8.9 nA cm22, respectively, were connected in parallel, leading
to an output current density of 18.0 nA cm22 (Fig. 2b). The
maximum power density of the VING can be estimated using the
peak values of the output voltage and current. By conservatively
assuming that one-third of all the nanowires were actively generat-
ing electricity in a perfectly synchronized process, the power density
was estimated to be 2.7 mW cm23, which is 6 to 11 times that
generated by a PZT cantilever21,22.

Theoretical calculations have shown that, within the elastic
linear mechanics regime, the output voltage of a single nanowire
is linearly proportional to the magnitude of its deformation23.
The ZnO nanowires in the VING were all connected in parallel
between the two electrodes. Undoubtedly, as we increase the press-
ing force acting on the nanowires, their deformation becomes
larger, and the output voltage will linearly scale up (Fig. 2c). It
must be noted that a large fraction of the applied stress was con-
sumed in overcoming the elasticity of the packaging material
(1–2 mm in thickness) around the VING. The magnitude of the
output voltage also depended on the straining rate at which the
stress was applied (Supplementary Fig. S4). The output signals
of the VING were stable over a long period of time
(Supplementary Fig. S5).
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Figure 1 | Steps for fabrication of VING. a–f, On a gold-coated silicon wafer (a), ZnO nanowire arrays (b) are grown by low-temperature hydrothermal

decomposition. PMMA, applied by spin coating (c), covers both the bottom and tips of the nanowire arrays. After oxygen plasma etching (d), the tips of the

nanowires are exposed, fresh and clean, but the main body and bottoms of the nanowires are still fully enclosed, greatly improving the robustness of the

structure. A platinum-coated flat electrode is placed on top of the nanowires (e) to form a firm Schottky contact. When a uniaxial stress is applied at the top

electrode (f), the nanowires are readily compressed, the straining of the crystallographically aligned nanowires generating a macroscopic piezoelectric

potential along the c-axis growing direction of the nanowires. g–i, SEM images of the as-grown ZnO nanowire arrays on the substrate (g), after spin-coating

with PMMA (h) and after oxygen plasma etching (i).

NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2010.46 ARTICLES

NATURE NANOTECHNOLOGY | VOL 5 | MAY 2010 | www.nature.com/naturenanotechnology 367

© 2010 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nnano.2010.46
www.nature.com/naturenanotechnology


96 mV80 mV 90 mV
a

b

c

243 mV0.3

0

0.2

0.1

−0.1

−0.2

−0.3

0

90

Vo
lta

ge
 (V

)

V
ol

ta
ge

 (m
V

)

Vo
lta

ge
 (V

)

Vo
lta

ge
 (V

)

Vo
lta

ge
 (V

)

Time (s) Time (s) Time (s) Time (s)

20

0 20 30 60

0.3

0

0.2

0.1

−0.1

−0.2

−0.3

0 20 30 600 20 30 60

Time (s)

0 20 30 60

Time (s)

Time (s)

0 20 30 60

Time (s)

0 20 30 60

0 20 30 60

0.3

0

0.2

0.1

−0.1

−0.2

−0.3

0.3

0

0.2

0.1

−0.1

−0.2

−0.3
0 2 4

−110

Time (s)

6.0 nA cm−2 3.9 nA cm−2 8.9 nA cm−2 18.0 nA cm−2

10

0

−10

0

6.2

C
ur

re
nt

 d
en

si
ty

 (n
A

 cm
−2

)

C
ur

re
nt

 d
en

si
ty

 (n
A

 c
m

−2
)

C
ur

re
nt

 d
en

si
ty

 (n
A

 cm
−2

)

−20

20

10

0

−10
C

ur
re

nt
 d

en
si

ty
 (n

A
 cm

−2
)

−20

Time (s)

0 20 30 60

20

10

0

−10

C
ur

re
nt

 d
en

si
ty

 (n
A

 cm
−2

)

−20

20

10

0

−10

−20

−5.3

60

5 MPa

6.25 MPa

0

40

20

0 MPa 1.25 MPa

2.5 MPa

3.75 MPa

V
ol

ta
ge

 (m
V

)

−40

−20

0 50 100 150 200 250

−60

0 2 4
Time (s)

Figure 2 | Linear superposition and output voltage versus stress characteristics of VING. a, Enhancing the output voltage of the VINGs by integrating them

in serial. Individual VING devices produce output voltages of 80, 90 and 96 mV, respectively. When the three VINGs are connected in series, the voltage

increases to 243 mV. b, Linear superposition of output current when the VINGs are connected in parallel. Individual VING devices produce output current

densities of 6.0, 3.9 and 8.9 nA cm22, respectively. When the three VINGs are connected in parallel, the output current density increases to 18.0 nA cm22.

Insets in the left panels of a and b are enlarged views of a single pulse. c, Magnitude of the output voltage as a function of the magnitude of the compressive

stress at a frequency of 2 Hz. The VING is built using ZnO nanowires with a tip diameter of �300 nm and length of 4 mm. The size of the VING was �4 mm2.

The total number of nanowires grown in the nanogenerator was �75,000 (area density, 1.9 × 106 cm22). As the applied stress is gradually increased from 0 to

1.25, 2.5, 3.75, 5 then 6.25 MPa, the output voltage increases almost linearly. The impact speed of the mechanical trigger was 0.1 m s21, but it was hard to

correlate this to the straining rate in the nanowires because the damping effect of the packaging material around the nanogenerator was difficult to quantify.
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High-output flexible LING
A single nanowire-based nanogenerator on a flexible substrate can
be driven by the mechanical agitation present in our living environ-
ment18, including that resulting from human or animal motion24,25.
It is essential to enhance the output power by integrating contri-
butions from multiple nanowires (Fig. 3a). Because the diameter
of a nanowire is much smaller than the thickness of the substrate
film, all the nanowires on a substrate are subjected to a pure
tensile strain when the substrate is stretched. Each active nanowire
works as a ‘charging pump’, and is independent of the other nano-
wires as the substrate is bent and released18. If the charging and dis-
charging processes of many nanowires could be synchronized, the
output a.c. voltages could be added constructively (Fig. 3a), resulting
in a high output voltage.

Several factors have to be considered when integrating the
outputs of many nanowires. First, there should be a Schottky
contact at least at one side of the nanowires18 (Fig. 3b). Second,
the contacts at the two ends should be robust enough that the mech-
anical deformation can be effectively transmitted from the electro-
des to the nanowires. Third, all the nanowires should have the
same crystallographic orientation to ensure that the polarities of
the generated piezoelectric potentials are aligned. The nanowires
therefore need to be rationally grown, directly on the substrate,
rather than by chemical assembly (which usually gives orientational
alignment but not crystallographic polarity alignment). Finally, all
of the nanowires must be stretched and released in a synchronized
manner, so that the piezoelectric potentials generated by all of
them are in the same direction and occur at the same time
(Fig. 3c), resulting in an enhanced output voltage.

The experimental procedures in Fig. 4 were designed to fabri-
cate the LING to meet all of the above requirements. The first
step was to grow crystallographically aligned nanowires parallel
to the substrate using a chemical approach at below 100 8C
(Fig. 4a,b)26. A thick layer of gold was then deposited using an
aligned mask technique to connect the tips of the nanowires
with the gold electrode (Fig. 4c,d) so that the nanowires were
robust to mechanical deformation without there being any loose
contacts (Fig. 4e,f ).

A periodic external force was used to deform the flexible sub-
strate so that the nanowires experienced a cyclic stretching–releas-
ing deformation process. A push to the middle of the substrate by
the linear motor resulted in a tensile strain across all the rows of
the nanowires constructed on top of the substrate (Fig. 4g;
Supplementary Fig. S6), creating a macroscopic piezoelectric
potential resulting from the crystallographic alignment of the
nanowires. In the present experiments, the flexible substrate was
pushed with a relatively fast straining rate and held in position
for 1 s before being released. An interval of 2 s was left before
pushing again.

Integrating more ZnO nanowires, improving the interconnection
of the electrodes and nanowires, and increasing the strain or strain-
ing rate are all important targets for enhancing the output voltage
and current of the LING. Figure 5 shows the output voltage and
current of a LING composed of 700 rows of nanowires, with each
row containing �20,000 nanowires. When the substrate was
mechanically deformed, the LING demonstrated an average
output voltage of �1.2 V and a current pulse of �26 nA
(Fig. 5a,b) at a straining rate of 2.13% s21 and strain of 0.19%.
Note that the magnitudes of the voltage and current peaks of the
LING were slightly different in the stretching and releasing stages
because of the different straining rates of the two processes. A
maximum voltage of 1.26 V and maximum current of 28.8 nA
were demonstrated (Fig. 5a,b). By assuming that one-third of the
nanowires were actively contributing to the current output, the
average current generated by one nanowire can be estimated to be
4.3 pA, which is compatible with the �10 pA obtained when a

nanowire is triggered by an AFM tip27. If we exclude the area occu-
pied by the electrodes, a peak output power density of
�70 nW cm22 has been obtained.

Like the VING, increasing the strain is an effective way to achieve
a high output voltage and current23. Supplementary Fig. S7a shows
the output current and voltage from a LING of 100 rows of nano-
wires measured at different strains. Both the output current and
voltage increased monotonously with increasing strain. Increasing
the straining rate is also effective in raising the output voltage.
Shown in Supplementary Fig. S7b is a measurement from a LING
as a function of the straining rate by fixing the maximum strain.
Clearly, both the output voltage and current increase with an
increase in the straining rate.

The output voltage has been greatly enhanced by lateral inte-
gration, but the output current is rather limited, which is probably
attributable to the following factors. First, the orientational align-
ment of the as-grown lateral nanowires was not perfect and only a
fraction of them were in contact with the gold electrode (Fig. 4b).
Among the nanowires that were in contact, only a fraction of
them were actually actively outputting electricity, and the inactive
nanowires acted as a capacitance to reduce the output current and
voltage11. Second, the bonding between the gold and ZnO was not
very solid, and could become loose during repeated mechanical
stretching cycles. We only applied a maximum strain of 0.19%
in our experiments, which is much smaller than the 6%
maximum tensile strain predicted theoretically for a ZnO nano-
wire before fracture28. Finally, the inner resistance of the entire
integrated sheet was 1–10 MV, which significantly reduced the
total output current.
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Figure 3 | Design of LING array. a, Schematics of LING structure, in which
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Towards a self-powered nanosystem
The VING was integrated with a single nanowire-based nanosensor
to demonstrate a ‘self-powered’ nanosystem, the two elements being
separate components that were connected in series to form a loop.
As shown in the insets in Fig. 6, a VING was connected to a ZnO
nanowire-based pH sensor (Fig. 6a)29, or UV sensor (Fig. 6b)30,
and the voltage across the nanosensor was monitored by a voltmeter.
The pH sensor was coated with a 10-nm layer of Si3N4, which was
thin enough to allow electrostatic interaction between the surface
adsorbed charges and the carriers in the nanowire. By powering

the pH sensor using a VING that generated an output voltage of
�40 mV, a clear sensitivity to local pH change was observed
(Fig. 6a). When the buffer solution was basic, the surface of the
nanosensor was dominated by –O2 groups. Those negatively
charged groups resulted in depletion regions at the surface of the
n-type ZnO nanowire, which increased the resistance of the nano-
wire. The voltage drop on the nanowire was therefore relatively
high. As the buffer solution changed from basic to acidic, the
groups on the surface of the nanosensor gradually changed from
–O2 to –OH2

þ groups. The depletion regions at the nanowire
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Figure 4 | Fabrication process and structural characterization of LING. a, Schematics for the rational growth of nanowire arrays orientationally aligned

parallel to the substrate surface (see Methods for details). b, SEM image of a row of a laterally grown ZnO nanowire array. c,d, Optical microscopy images of
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demonstration of the LING flexibility.
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surface therefore diminished, lowering its resistance. As the pH
value of the testing buffer solution was lowered from 10.01, 9.18,
7.01, 6.86, and to 4.01, the voltage drop on the pH sensor
changed accordingly (Fig. 6a).

A VING was also used to drive the operation of a ZnO nanowire-
based UV sensor (Fig. 6b). When there was no UV light, the resist-
ance of the UV sensor was �10 MV (Supplementary Fig. S8a),
which was of the same order as the inner resistance of the VING
(Supplementary Figs S9,S10). The corresponding voltage drop on
the nanosensor was �25 mV, as shown in Fig. 6b. When the nano-
sensor was illuminated by UV light, its resistance dropped to
�500 kV (Supplementary Fig. S8b), which is 20 times lower in mag-
nitude than the value before illumination. The voltage drop on the
nanosensor could barely be distinguished from the noise. This
unambiguously indicates that a VING of 20–40 mV can power up
a nanosensor. When using a variable resistor, the voltage across
the resistor was found to be sensitive to the magnitude of its resist-
ance, and the result fits well with linear circuit theory
(Supplementary Figs S9,S10).

Conclusions
We have presented two approaches for using vertically and laterally
aligned ZnO nanowire arrays to convert mechanical energy into

electricity using materials that are environmentally friendly and bio-
compatible31. The vertical and lateral nanowires were in full contact
at both ends. Using the crystallographic alignment of the nanowires,
a macroscopic piezo-potential is created when the nanowires are
subjected to a uniaxial compressive or tensile strain, which drives
a transient flow of electrons in the external circuit.

We integrated three VINGs in series to achieve an enhanced
output voltage of 0.243 V, and then integrated them in parallel to
obtain an improved output current density of 18 nA cm22. A
peak output power density of 2.7 mW cm23 has also been achieved.
This demonstrates the great potential for layer-by-layer three-dimen-
sional integration in applications where a dynamic compressive
stress/straining is available, such as in shoe pads, vehicle tyres and
under carpets or floors.

Based on a rational chemical synthesis of ZnO nanowire arrays
parallel to a general flexible substrate, a LING made of 700 rows
of nanowires raised the output voltage to 1.26 V in response to a
low-frequency mechanical strain of 0.19% at a straining rate of
2.13% s21. Fabrication was carried out at a temperature below
100 8C, and thus could be applied to virtually any materials at low
cost. Experimental observation has shown that ZnO nanowires are
robust and fatigue-free32. Therefore, a layer-by-layer integration of
LINGs is possible for fabricating three-dimensional energy harvest-
ers that have a high enough output to power small electronic
devices. Our current work demonstrates a technological route to
improving the performance of nanogenerators for practical appli-
cations, with the possibility of harvesting large-scale power such
as wind or ocean waves.

A solely nanowire-based, self-powered nanosensor unit has been
demonstrated. The VING was directly integrated with a ZnO nano-
wire-based pH or UV sensor to demonstrate the feasibility of inde-
pendent and sustainable operation of a nanosensor using a VING
with an output voltage of 20–40 mV. Such powering of a nanosen-
sor is a pivotal step towards building self-powered, solely nanowire-
based nanosystems.

Methods
Growth of vertically aligned ZnO nanowire arrays for the VING. A piece of
Si(100) wafer was cleaned by a standard cleaning process. A 20-nm layer of titanium
and a 50-nm-thick layer of gold were consecutively deposited on top of the silicon
wafer by magnetron plasma sputtering. The titanium thin film served as an adhesion
layer to buffer the large lattice mismatch between the Si(100) surface with native
oxide and Au(111) surface to improve interfacial bonding. The gold thin film was
expected to act as an ‘intermediate layer’ to assist growth. The substrate was then
annealed at 300 8C for 1 h to increase the crystallinity of the gold thin film. The
nutrient solution was composed of a 1:1 ratio of zinc nitrate hexahydrate and
hexamethylenetetramine (HMTA). The substrate was placed face down at the top of
the nutrient solution surface33. Owing to surface tension, the substrate could float at
the top of the solution surface without sinking. The solution was then heated in a
mechanical convection oven to 95 8C for 4 h.

Fabrication of LING. The detailed fabrication of the LING was accomplished
following a five-step procedure (Fig. 4a). The seed layer was first fabricated by
partially covering patterned ZnO stripes with a chromium layer. To achieve this, a
Kaptonw film with a thickness of 125 mm (Dupont) was cleaned using a standard
procedure. A photoresist (Shipley Microposit 1813) was spun onto this film. The
film was then patterned using a mask aligner, followed by consecutive deposition of
300-nm-thick ZnO and 5-nm-thick chromium layers. After developing and lifting
off, a stripe-shaped ZnO pattern with a top layer of chromium was achieved
(Fig. 4a(1)). The second step was to deposit chromium only at one side of the ZnO
stripe, leaving the other side exposed. The entire structure was spin-coated with a
layer of photoresist, then a mask was used to cover one side while the other side was
exposed for each ZnO strip by controlling its offset position. A layer of chromium
(10 nm) was sputtered. A lift-off produced the structure shown in Fig. 4a(2). The
third step involved the growth of ZnO nanowire arrays (Fig. 4a(3)) using the wet
chemical method at 80 8C for 12 h. Figure 4b shows a typical scanning electron
microscopy (SEM) image of a horizontally grown ZnO nanowire array. The length of
each nanowire is �5 mm and the diameter several hundred nanometres (Fig. 4e); the
length and diameter of the nanowires could be easily controlled by refreshing the
growth solution and increasing the growth time to ensure they are in contact with
the other electrode. In the fourth step, the gold electrode was deposited only on the
side of the strip where the chromium layer was present (Fig. 4a(4)). The thickness of

1.2
a

0.0

0.6

0.7V
ol

ta
ge

  (
V

)

−0.6
−0.7

7.7 8.4 9.1

0.0

Time (s)
V

ol
ta

ge
 (

V
)

0 5 15 25 35

b

20

Time (s)

0

0

20

−20

0 10 20 30 40

C
ur

re
nt

 (n
A

)

−20

C
ur

re
nt

 (n
A)

Time (s)
9.68.9

Time (s)

Figure 5 | Performance of LING. a,b, Open-circuit output voltage (a) and

corresponding short-circuit output current (b) measured for a LING structure

comprising 700 rows of nanowire arrays. The maximum output voltage peak

reaches 1.26 V. The insets are output voltage and current for one cycle of

the mechanical deformation. The LING is periodically deformed at a straining

rate of 2.13% s21 to a maximum strain of 0.19% (Supplementary Fig. S6).
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the gold layer was controlled to ensure a good connection between the nanowires
and the electrodes (Fig. 4f ). Finally, the entire structure was packaged using
insulating soft polymer, such as a photoresist (Fig. 4a(5)). This packaging layer fixed
the ZnO nanowires firmly onto the substrate, allowing them to be synchronized
throughout the mechanical stretching or releasing stages. Figure 4c,d shows optical
microscopy images of the fabricated LING. The ZnO nanowire arrays are connected
with each other, head-to-tail, by patterned electrodes. Figure 4e,f shows SEM images
of the as-fabricated LING structure. A fully packaged, large-sized LING is presented
in Fig. 4g, and its flexibility is demonstrated in the inset.

Fabrication process for the UV and pH sensors. The ZnO nanowires used for both
the UV and pH sensors were synthesized by physical vapour deposition without any
catalyst34. The source material was simply ZnO powder. The UV and pH sensors

were fabricated by laying a ZnO nanowire across the pre-patterned gold electrodes.
The two ends of the nanowires were fixed by deposition of platinum:gallium using a
focused ion beam microscope, which provided ohmic contacts at the two ends. For
the pH sensor, another 10-nm-thick conformal layer of Si3N4 was coated on top of
the ZnO nanowires by plasma enhanced chemical vapour deposition to protect the
nanowires from being dissolved by the buffer solutions (HANNA Instruments),
which had different pH values from the PI point (PI¼ 9.5) of ZnO35. The response
of the UV sensor was characterized by a portable UV lamp (Spectroline, Model
ENF-280C, 365 nm). All of the testing was carried out in an ambient environment at
room temperature.

Received 2 November 2009; accepted 17 February 2010;
published online 28 March 2010
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Figure 6 | Integration of a VING (4 mm2 in size) with nanosensors to demonstrate the solely nanowire-based ‘self-powered’ nanosystem. The mechanical

impacts are applied at a frequency of 0.16 Hz, and each cycle produces a pair of positive–negative output voltage/current signals. For illustration purposes,

only stabilized signals are displayed on the plot after changing the buffer solution or turning the UV light on or off. a, Voltage drop across a single ZnO

nanowire-based pH sensor powered by a VING with an output voltage of �40 mV, showing a stepwise dropping of the voltage across the nanosensor as a

function of its local pH value. The ZnO nanowire was covered with a thin layer of Si3N4 and the testing was carried out within 1 h so that the etching effect

from the solution was negligible. b, Voltage drop across a ZnO nanowire-based UV sensor powered by a VING with an output voltage of �25 mV. When the

UV light is off, the resistance of the nanowire is comparable to the inner resistance of the VING, and the nanowire therefore shares a substantial amount of

voltage. When the UV light is turned on, the resistance of the nanowire decreases to a level that is non-competitive to the VING, and the voltage drop across

the nanowire is very small. The insets are schematics of the nanowire-based nanopower–nanodevice systems.
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“Self-powered” system 

A totally self-powered nanosystem should include the nanodevices, power harvesting unit, 

electrical measurement system, data processing logic system, and possibly wireless 

communication unit (RF technology). By "self-powered" in our manuscript, we mean that 

the NG can power a nanodevice that is a separated unit from the NG, in responding to the 

change in its environment. 

 

The contact type between Au and ZnO 

The Au film on which the ZnO NWs were grown has a theoretical work function of 5.1 

eV that is higher than the electron affinity of ZnO (4.5 eV). Thus, a Schottky barrier was 

supposed to form at the interface. But in reality, during the wet chemical growth of the 

ZnO NWs, the interface between the Au film and the ZnO NWs was not fresh owing to 

adsorption of organic contaminates and inclusion of inorganic impurities from the 

reaction solution. Consequently, the density of the interface states between the two was 

expected to be much higher than a clean interface. The formation of Ohmic contact was 

possible, and it has to be measured experimentally (see Fig. S1).  

  

Difference in comparison to MEMS based energy harvesting technologies 

Our approaches are substantially different from the traditional MEMS based power 

harvesting not only in the size of the unit, but also in the working principle and special 

applications. The traditional MEMS approach uses piezoelectric cantilever resonance to 

harvest energy that has a specific higher frequency, which is usually much higher than 

the frequencies in a biological system such as walking and heart beating. As for the 

frequency such as in wind blowing, air flow, and human activities, the cantilever based 

approach may not be an effective approach. Moreover, in reality, the distribution in 

frequency and magnitude in our living environment vary as a function of time. It is 

important to invent a technology that can be adopted for a range of frequencies. As for 

our approach, as long as there is a dynamic mechanical straining even at very low 

frequency such as a few Hz, we can use it to harvest energy. The technological road map 
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for scale up of our approach is also distinctly different from the traditional MEMS 

approach. Our nanogenerators can be integrated in underneath any surface, in carpet, in 

shoe pads, in floor, in tire, in biological system either in-vivo or in-vitro and many more.  

The key to use the nanowires is that a tiny physical motion even in very small scale can 

be used for energy harvesting because a force in nano Newton scale can trigger a 

nanowire. While in MEMS, the triggering force has to be substantially large, which may 

prevent its application if the triggering force is small.  

 

 
 

Figure S1 | A typical I-V curve of a working VING, which shows a rectification ratio of 

about 1000 at a biased voltage of 0.4 V.  
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Figure S2 | Outputs (a) current and (b) voltage from a normal good working VING with 

Schottky transport characteristic (cyan line) and an VING with linear I–V transport 

characteristic (pink line), a purposely designed VING with tips of the NW fully covered 

by PMMA (green line), and a normal good working VING that is subjected to the 

mechanical action but without being physically knocked-on by the mechanical stimulator 

(purple line). This diagram shows that only the VING that has a Schottky contact (cyan 

line) produces output voltage once it is physically directly impacted. 
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Figure S3 | Connection polarity reversion test for output current and voltage signals, 

respectively. The pressing force was held on the VING for 1 s before released off. Then 5 

s after that, the force was re-applied onto the VING again.  The reversion in output signal 

is apparent, just as expected. 
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Figure S4 | Electric output voltage when an VING was subject to (a) a slow pressing and 

fast releasing, and (b) fast pressing and slow releasing, showing the dependence of the 

output voltage on the straining rate. 
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Figure S5 | Stability and robustness test of a VING. In two hours at an impacting 

frequency of 0.16 Hz of pressing and releasing of the VING (total 1200 cycles), the 

output voltage remained practically unchanged.  
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Figure S6 | Schematics showing the LING structure and the application of external force 

for creating tensile strain in the nanowires.      

 

By bending the substrate into an arc shape, with a dimension as illustrated, the strain 

created at the outer surface is: 

22
ha

hD
 

Where h is the height of the arc, e.g. the normal displacement of the substrate as a result 

of the external force impact; a is the half width of the arc; and D is the thickness of the 

substrate. 

The straining rate at which the strain is created is: 

hv /  

Where v is the speed at which the external force impacts the substrate. 
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Figure S7 | (a) Open-circuit output voltage and short-circuit output current of a LING as a 

function of the tensile strain created in the NWs. (b) Open-circuit output voltage and 

short-circuit output current of a LING made of 100 rows of NWs, as a function of the 

straining rate at which the LING is deformed by the mechanical stimulator. The 

maximum strain remains 0.025%. 
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Figure S8 | I-V curve of a ZnO single NW base UV sensor (a) before and (b) after being 

illuminated with UV light, showing a big change in resistance.  
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Figure S9 | (a) The open circuit voltage output of an VING. (b) When gradually changing 

the amount of loading resistance (from 0 to 30 MΩ), the magnitude of the voltage drop 

across the resistor changes accordingly. The voltage on the resistor is V = V0R/(R+r), 

where V0 is the open circuit voltage of the VING, r is its inner resistance, and R is the 

resistance of the resistor.  
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Figure S10 | Calculation of the VING’s open circuit voltage and inner resistance using 

the data shown in Fig. S9.  

00

111

VRV
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0V  = 56 mV 

r  = 13 MΩ 

The linear fit of the data from Fig. S9 is exactly the result of linear circuit theory that uses 

the VING as a power source with a fixed output voltage of 56 mV.  
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What is the figure of merits for using ZnO nanowires? 

In terms of the piezoelectric coefficient, ZnO may not be as favorable as other 

conventional piezoelectric materials. However, this is not the only merit that matters! 

Compared with other materials, like PZT and barium titanates, ZnO nanowires/nanobelts 

have several incompatible figures of merits, as stated in the following: 

1. Extremely high elasticity that allows large degrees of bending without cracking as a 

result of nano-size
1-2

, as shown in Fig. S11.  

2. Resistance to fatigue even after 35 billion cycles of vibrations at the resonance 

frequency
3
. 

3. Large power density. The power density for ZnO was estimated to be 2.7 mW/cm
3
, 

which is about ten times higher than that of PZT
4-5

. Studies have also shown that the 

piezoelectric coefficient of ZnO nanostructure is 14 times of its bulk
6
. 

4. Piezotronic effect. ZnO is a wide direct bandgap semiconductor that is ideal to build 

piezotronic nanodevices
7-12

. This unique application is unable to be accomplished 

using PZT or barium titanates. 

5. Controlled growth on any type and shape substrates at low temperature (<100 C)
13-15

, 

much lower than the temperature required to grow PZT. This figure of merit allows 

ZnO nanowires to grow at low temperature on any substrate and any shape substrate, 

exhibiting a huge advantage for scaling up at a low cost
16

. 

6. It is biocompatible, which have potential applications in in-vivo biosensors, and bio-

diagnostics
17

, while PZT may be bio-incompatible. 

7. Environmental friendly. PZT and barium titanates have heavy metal ions and are not 

environmentally friendly. 

By integrating all of the above facts, ZnO is a much better, much cheaper and 

environmentally friendly material for the applications we are proposing. One should not 

solely focus on the piezoelectric coefficient and takes it as the only figure of merit when 

we discuss about a material. Therefore, the use of ZnO nanowires for the applications we 

are proposing is likely the best solution. 

 

Figure S11. The ZnO nanowire is still elastic after more than 70
o
 of bending. 
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