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calculated in the limits of both the diffusive 1,
(solid line, ‘C(p_l oc T') and ballistic t, (dashed
line, 1, ' o %), with N = 107", In fitting the
drag variance, we have found 1, to agree with
theory to within a factor of 2 (15), which is typi-
cal of the agreement found in other experiments
on determining 1, (24). (The single-layer values
of 1, found from our analysis of the UCF agree
with theory to within a factor of 1.5.) Thus, the
temperature dependence of the observed drag
fluctuations strongly supports the validity of our
explanation.

We have observed reproducible fluctuations
of the Coulomb drag and demonstrated that they
are an informative tool for studying wave
properties of electrons in disordered materials,
and the local properties in particular. Contrary to
UCF, which originate from quantum interfer-
ence, fluctuations of drag result from an inter-
play of the interference and e-e interactions.
More theoretical and experimental work is re-
quired to study their manifestation in different
situations. For instance, similarly to the pre-
vious extensive studies of the evolution of UCF
with increasing magnetic field, such experi-
ments can be performed on the fluctuations of

drag. One of the important developments in the
field of Coulomb drag fluctuations can be their
study in quantizing magnetic fields, including
the regimes of integer and fractional quantum-
Hall effects.

References and Notes

1. M. B. Pogrebinskii, Sov. Phys. Semicond. 11, 372
1977).

2. P.]. Price, Physica 117B, 750 (1983).

3. P. M. Solomon, P. ]. Price, D. ]. Frank, D. C. La Tulipe,
Phys. Rev. Lett. 63, 2508 (1989).

4. T. ). Gramila, ]. P. Eisenstein, A. H. MacDonald,
L. N. Pfeiffer, K. W. West, Phys. Rev. Lett. 66, 1216
(1992).

5. U. Sivan, P. M. Solomon, H. Shtrikman, Phys. Rev. Lett.
68, 1196 (1992).

6. M. P. Lilly, ]. P. Eisenstein, L. N. Pfeiffer, K. W. West,
Phys. Rev. Lett. 80, 1714 (1998).

7. ]. G. S. Lok et al., Phys. Rev. B 63, 041305 (2001).

8. A. G. Rojo, J. Phys. Condens. Matter 11, R31 (1999).

9. D. Snoke, Science 298, 1368 (2002).

0. R. Pillarisetty et al., Phys. Rev. B 71, 115307
(2005).

11. M. Yamamoto, M. Stopa, Y. Tokura, Y. Hirayama, S. Tarucha,
Science 313, 204 (2006).

12. B. N. Narozhny, I. L. Aleiner, Phys. Rev. Lett. 84, 5383
(2000).

13. N. A. Mortensen, K. Flensberg, A.-P. Jauho, Phys. Rev. B
65, 085317 (2002).

14. 1. V. Lerner, Phys. Lett. A 133, 253 (1988).

15. The details of the structures, measurements, and the
model are available as supporting material on Science
Online.

16. M. Kellogg, ]. P. Eisenstein, L. N. Pfeiffer, K. W. West,
Solid State Commun. 123, 515 (2002).

17. B. L. Al'tshuler, P. A. Lee, R. A. Webb, Eds., Mesoscopic
Phenomena in Solids (North-Holland, New York, 1991).

18. A. Kameneyv, Y. Oreg, Phys. Rev. B 52, 7516 (1995).

19. L. Zheng, A. H. MacDonald, Phys. Rev. B 48, 8203 (1993).

20. A.-P. Jauho, H. Smith, Phys. Rev. B 47, 4420 (1993).

21. K. Flensberg, B. Y.-K. Hu, A.-P. Jauho, ]. M. Kinaret,
Phys. Rev. B 52, 14761 (1995).

22. B. N. Narozhny, G. Zala, I. L. Aleiner, Phys. Rev. B 65,
180202 (2002).

23. B. L. Altshuler, A. G. Aronov, Electron-Electron
Interactions in Disordered Systems, A. L. Efros, M. Pollak,
Eds. (North-Holland, Amsterdam, 1985).

24. C. W.]. Beenakker, H. van Houten, in Solid State Physics,
H. Ehrenreich, D. Turnbull, Eds. (Academic Press, San
Diego, 1991).

25. We thank I. L. Aleiner, M. Entin, I. L. Lerner, A. Kamenev,
and A. Stern for numerous helpful discussions.

Supporting Online Material
www.sciencemag.org/cgi/content/full/316/5821/99/DC1
Materials and Methods

SOM Text

Figs. S1 to S3

References

22 December 2006; accepted 6 March 2007
10.1126/science.1139227

Direct-Current Nanogenerator
Driven by Ultrasonic Waves

Xudong Wang, Jinhui Song, Jin Liu, Zhong Lin Wang*

We have developed a nanowire nanogenerator that is driven by an ultrasonic wave to produce
continuous direct-current output. The nanogenerator was fabricated with vertically aligned zinc
oxide nanowire arrays that were placed beneath a zigzag metal electrode with a small gap. The
wave drives the electrode up and down to bend and/or vibrate the nanowires. A piezoelectric-
semiconducting coupling process converts mechanical energy into electricity. The zigzag electrode
acts as an array of parallel integrated metal tips that simultaneously and continuously create,
collect, and output electricity from all of the nanowires. The approach presents an adaptable,
mobile, and cost-effective technology for harvesting energy from the environment, and it offers a
potential solution for powering nanodevices and nanosystems.

with one-dimensional nanostructures

[such as nanowires, nanotubes, and nano-
belts (/—8)] usually requires very low power
(9-11), which is provided by an external source,
such as a battery that may have to be replaced or
recharged regularly. The reliance on an external
power source may present a limitation for these
systems. Various approaches have been devel-
oped for energy scavenging with applications in
wireless electronics, such as thermoelectric,
piezoelectric thin-film, and vibrational canti-
levers (12). We have recently demonstrated an
innovative approach for converting nanoscale

The operation of nanodevices fabricated
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mechanical energy into electric energy by
piezoelectric zinc oxide (ZnO) nanowire (NW)
arrays (/3). By deflecting the aligned NWs with
a conductive atomic force microscopy (AFM)
tip in contact mode, the mechanical energy
created by the deflection force was converted
into electricity with the use of the piezoelectric
properties of the NWs. To improve the power
generation capabilities of the system, it is
necessary to replace the AFM tip with a simpler
source of mechanical energy that can actuate all
the NWs simultaneously and continuously. We
solved these problems by using ultrasonic
waves to drive the motion of the NWs, leading
to the production of a continuous current.

The experimental setup is schematically
shown in Fig. 1A. An array of aligned ZnO
NWs was covered by a zigzag Si electrode
coated with Pt. The Pt coating not only

enhanced the conductivity of the electrode,
but also created a Schottky contact at the
interface with ZnO. The NWs were grown on
either GaN substrates (Fig. 1B) or sapphire
substrates that were covered by a thin layer of
ZnO film (14, 15), which served as a common
electrode for directly connecting the NWs with
an external circuit. The density of the NWs was
~10/um?, and the height and diameter were
~1.0 pm and ~40 nm, respectively. The top
electrode was composed of parallel zigzag
trenches fabricated on a (001) orientated Si
wafer (/6) and coated with a thin layer of Pt
(200 nm in thickness) (Fig. 1C). The electrode
was placed above the NW arrays and manipu-
lated by a probe station under an optical micro-
scope to achieve precise positioning; the
spacing was controlled by soft-polymer stripes
between the electrode and the NWs at the four
sides. The resistance of the nanogenerator was
monitored during the assembly process to en-
sure a reasonable contact between the NWs and
the electrode by tuning the thickness of the
polymer film. Then the assembled device was
sealed at the edges to prevent the penetration of
liquid. A cross-sectional image of the packaged
NW arrays is shown in Fig. 1D; it displays a
“lip/teeth” relationship between the NWs and
the electrode. Some NWs are in direct contact
with the top electrode, but some are located
between the teeth of the electrode. The inclined
NWs in the scanning electron microscopy (SEM)
image were primarily caused by the cross sec-
tioning of the packaged device. The packaged
device was supported by a metal plate that was
direct in contact with water contained in the
cavity of an ultrasonic generator. The operation
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frequency of the ultrasonic wave was ~41 kHz.
The output current and voltage were measured
by an external circuit at room temperature.

The experimental design relies on a unique
coupling between piezoelectric and semicon-
ducting properties of the aligned ZnO NWs
(13, 17, 18). The asymmetric piezoelectric po-
tential across the width of a ZnO NW and the
Schottky contact between the metal electrode
and the NW are the two key processes for
creating, separating, preserving, accumulating,
and outputting the charges [see figure 3 in (13)].
A top electrode is designed to achieve the cou-
pling process and to replace the role played by
the AFM tip, and its zigzag trenches act as an
array of aligned AFM tips (fig. S2 and Fig. 2A).
When subject to the excitation of an ultrasonic
wave, the zigzag electrode can move down and
push the NW, which leads to lateral deflection
of NW 1. This, in turn, creates a strain field
across the width of NW I, with the NW’s outer
surface being in tensile strain and its inner
surface in compressive strain. The inversion of
strain across the NW results in an inversion of
piezoelectric field £, along the NW (fig. S1),
which produces a piezoelectric-potential inver-
sion from V'~ (negative) to V" (positive) across
the NW (Fig. 2B). When the electrode makes
contact with the stretched surface of the NW,
which has a positive piezoelectric potential, the
Pt metal-ZnO semiconductor interface is a
reversely biased Schottky barrier, resulting in
little current flowing across the interface. This is
the process of creating, separating, preserving,
and accumulating charges (/3). With further
pushing by the electrode, the bent NW I will
reach the other side of the adjacent tooth of the
zigzag electrode (Fig. 2C). In such a case, the
electrode is also in contact with the compressed
side of the NW, where the metal/semiconductor
interface is a forward-biased Schottky barrier,
resulting in a sudden increase in the output
electric current flowing from the top electrode
into the NW. This is the discharge process.

Figure 2, A to C, shows four possible con-
figurations of contact between a NW and the
zigzag electrode. Analogous to the situation de-
scribed for NW 1, the same processes apply to
the charge output from NW II. NW III is chosen
to elaborate on the vibration/resonance induced
by an ultrasonic wave. When the compressive
side of NW III is in contact with the electrode,
the same discharge process as that for NW I
occurs, resulting in the flow of current from the
electrode into the NW (Fig. 2C). NW IV, which
is short in height, is forced (without bending)
into compressive strain by the electrode. In such
a case, the piezoelectric voltage created at the
top of the NW is negative [see figure 4 in (13)].
Thus, across the electrode—ZnO interface, a
positively biased Schottky barrier is formed,
hence, the electrons can flow freely across the
interface. As a result, electrons flow from the
grounded substrate electrode into the NW and
then into the top zigzag electrode as the

deformation occurs. This discharging process,
if substantial, may also contribute to the
measured current. In each of the four cases
described in Fig. 2, A to C, all of the currents
are added up in the same phase.

An equivalent electric circuit is shown in
Fig. 2D to illustrate the measurements and out-
puts of the nanogenerator. The NWs producing
current in the nanogenerator are equivalent to a
voltage source V; plus an inner resistance R; that
also contains the contact resistance between the
active NWs and the electrode. On the other
hand, there are a lot of NWs that are in contact
with the electrode but cannot be bent or move
freely; thus, they do not actively participate in
the current generation, but they do provide a
path for conducting current. These NWs are
simply represented by a resistance R, that is
parallel to the portion that generates power. A
resistance R, is introduced to represent the
contact resistance between the electrode and
the external measurement circuit. The capaci-
tance in the system is ignored in the circuit in
order to simplify the discussion about dc
measurement.

The current and voltage outputs of the
nanogenerator are shown in Fig. 2, E and F, re-
spectively, with the ultrasonic wave being turned
on and off regularly. A jump of ~0.15 nA was
observed when the ultrasonic wave was turned
on, and the current immediately fell back to
the baseline once the ultrasonic wave was turned
off. Correspondingly, the voltage signal ex-
hibited a similar on and off trend but with a
negative output of ~—0.7 mV. The negative sign

REPORTS

of the voltage is consistent with the mechanism
presented in Fig. 2C. The signal-to-noise ratio of
the current is substantially better than that of the
output voltage for the following reasons: Be-
cause the resistance of the current meter (ideally,
zero) plus R. (20 to 30 ohms) was only ~1/1000
of R,, when the current was measured, the cur-
rent generated by the nanogenerator can be safely
assumed to be bypassing R, the current path is
indicated by a solid blue curve in Fig. 2D, so
the measured current is /5 = Vi/(R. + R)).
However, because R,, was very much smaller
than the inner resistance of a voltage meter
(ideally, infinity) when the voltage was mea-
sured, a loop was formed between the power-
generating portion of the system and R, as
shown by a solid pink curve in Fig. 2D. In this
case, the current is £y and the measured voltage
Vis that across the power-generating portion,
V = -V{RW/(R; + Ry,). During the ultrasonic
vibration, for the unstable contacts between the
NWs and the electrodes, /5 is affected by the
instability of Vg and R; (but mainly by V;
because R, is a constant), and V is affected by
the instability of V, R;, and R,,. As a result,
has about two times the noise level of I, con-
sistent with the observations displayed in Fig. 2,
E and F. On the other hand, because the
voltages created by all of the NWs are in par-
allel, the output voltage is effectively the volt-
age created by one NW; thus, it appears
relatively unstable and with a larger noise level
than that of 7, (Fig. 2F). Furthermore, the output
voltage is naturally smaller than that created by
deflecting a NW by AFM, because it is limited

Fig. 1. Nanogenerators
driven by an ultrasonic
wave. (A) Schematic dia-
gram showing the design
and structure of the nano-
generator. Aligned ZnO NWs
grown on a solid/polymer
substrate are covered by a
zigzag electrode. The sub-
strate and the electrode are
directly connected to an
external load. (B) Aligned
ZnO NWs grown on a GaN
substrate. The gold catalyst
particles used for the growth
had been mostly vaporized;
thus, the final NWs were
purely ZnO with flat top
ends. (C) Zigzag trenched
electrode fabricated by the
standard etching technique
after being coated with 200
nm of Pt. The surface fea-
tures are due to nonuniform
etching. (D) Cross-sectional
SEM image of the nano-
generator, which is com-

Ultrasonic wave

Silicon zigzag electrode
coated with Pt

posed of aligned NWs and
the zigzag electrode. (Inset)

A typical NW that is forced by the electrode to bend.
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by the smaller degree of deflection amplitude of
the NW, as induced by an ultrasonic wave in
comparison to that induced by the AFM tip
(13). Finally, the output current is a sum of the
currents produced by many NWs. Therefore, the
current signal is more stable and continuous,
and it has been used to characterize the
performance of the dc nanogenerator in this
study. The resistance of the entire nanogenerator
was also measured with and without turning
on the ultrasonic wave (Fig. 2G). The resist-
ance remained very stable at R = 3.560 + 0.005
kilohms. This measurement indicates that the
jump in current could not be due to the variation
in resistance, as caused by the vibration of the
NWs (19), suggesting that the current signal
presented in Fig. 2E was created by the
nanogenerator.

The output electricity of the nanogenerator is
continuous and reasonably stable. A continuous
output current is generated when the ultrasonic
wave is turned on, and the current disappears
when the wave is turned off (Fig. 3A). The
output current is in the nanoampere range. The
current signal shows no direct coupling with
the frequency of the ultrasonic wave, because the
wave frequency is ~80 times smaller than the
resonance frequency of the NWs (~3 MHz) (20).
The size of the nanogenerator is ~2 mm® in
effective substrate surface area. The number of
NWs that were actively contributing to the
observed output current is estimated to be 250
to 1000 in the current experimental design. The
nanogenerator worked continuously for an
extended period of time of beyond 1 hour
(Fig. 3B).

The experimental design [as presented in
(Fig. 1)] has been tested in comparison to the
experiments conducted using different materials
or configurations. Using the design shown in
Fig. 1A, simply by replacing a ZnO NW array
with an array of carbon nanotubes (CNTs), no
jump in current was observed when the ultra-
sonic wave was turned on (Fig. 4A). This is
because the CNTs are not piezoelectric. In a
system with a ZnO NW array but in which the
top electrode was replaced with a flat, thin Pt
film that totally covered the tips of the NWs
(Fig. 4B), no jump in output current was
observed. This is because the design does not
follow the mechanism of the nanogenerator (fig.
S1) (13). A clear jump was observed only when
the top electrode was in a zigzag shape and
when ZnO NWs were present (Fig. 4C). These
experiments may rule out possible contributions
from electronic noise and/or measurement error
or artifacts in producing the output current, and
they consistently support the process proposed
in Fig. 2, A to C, for piezoelectric NWs.

In comparison to our previous work (/3),
our current work has achieved three major ob-
jectives: (1) We have replaced the expensive and
sophisticated AFM tip with ultrasonic waves/
vibrations to induce the elastic deformation and
vibration of the NWs, and we have demon-

strated a cost-effective prototype technology for
fabricating the nanogenerator. (ii) We have in-
tegrated an array of tips into a zigzag electrode
for the simultaneous creation, collection, and
output of electricity generated by many NWs,
establishing the principle for raising the output
power. (iii) We have achieved a continuous and
fairly stable dc output with this system. The
principle demonstrated here has set a platform for
harvesting energy from the environment to power
in vivo biosensors, wireless and remote sensors,
and nanorobots, and it has also established the
basis for building zero-power force/pressure
Sensors.

The number of NWs that was effective for
producing output electricity can be estimated

from the output power of the nanogenerator.
From our previous study [see supporting online
material for (/3)], the NW deformed by AFM
produced an electric energy of AEAgy ~ 0.01 1J
for each cycle of discharge, which lasted for
0.1 ms; thus, the power generated by one NW
was AWxpn ~ 0.1 pW. In the current experimen-
tal design, the vibrational amplitude of the NW
was much smaller than that of the NW directly
deflected by an AFM tip; thus, the output
voltage was ~1 mV, which is about 5 to 10
times smaller than that received when AFM was
used as the deformation tool (/3). In this case,
the output power of a NW, as driven by ultra-
sonic wave, would be AW, .. = 1 to 4 fW. The
output-power volume density per NW is ~1 to

¢ Uitragbnic waye’

100
Time (s)

150

Fig. 2. The mechanism of the nanogenerator driven by an ultrasonic wave. (A) Schematic
illustration of the zigzag electrode and the four types of NW configurations. (B) Piezoelectric
potential created across NWs | and Il under the push or deflection of the electrode, as driven by the
ultrasonic wave, but without the flow of current because of the reversely biased Schottky barrier at
the electrode/NW interface. NW Ill is in vibration under the stimulation of the ultrasonic wave. NW
IV is in compressive strain without bending. (C) Once the NWs touch the surface of the adjacent
teeth, the Schottky barrier at the electrode/NW interface becomes forward-biased, and piezoelectric
discharge occurs, resulting in the observation of current flow in the external circuit. (D) Equivalent
circuit of the nanogenerator and the setup for measuring the output current /, output voltage V,
and resistance R. (E to G) /, V, and R measured with the connections shown in (D), respectively,
when the ultrasonic wave was turned on and off purposely. The baseline of the current signal was
produced by the electronic measurement system and the interference from the ultrasonic-wave
source. Because the voltages created by all of the NWs are in parallel, the output voltage is
effectively the voltage created by one NW; thus, it appears to be relatively unstable and with a
larger noise level than that of /5. A pixel averaging was applied for (F). The inset in (G) is an
enlargement of the resistance before and after the wave was turned on.
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4 W/em®, which is more than two orders of
magnitude higher than that produced by a vi-
brational microgenerator (27). The output power
of the nanogenerator fabricated with a sub-
strate of area = 2 mm? is Wyave = IV = 1 pW
(Fig. 2, C and D). Therefore, the number of
NWs that was active for producing electricity
in Fig. 2E was N = Wao/AWyave = 250 to
1000 NWs. As limited by the multiple contacts
between the NWs and the electrode in the
present design (Fig. 1D), the large majority of
the NWs did not produce electricity because
of their nonuniformity in height and distri-
Fig. 3. Continuous dc output of the Ais
nanogenerator, as characterized by
the current signal. (A) Reproducible
and highly repeatable current output
of the nanogenerator when the ultra-
sonic wave was turned on and off. (B)
Continuous current output of the
nanogenerator for an extended peri-
od of time. The data are displayed
after they were corrected for the
background introduced by electronic 0

Current (nA)

bution on the substrate surface; thus, the
output current was rather small in the present
design. In addition, some of the NWs directly
pushed the electrode at the top edges/apexes
of the zigzag trenches, preventing the other
NWs from reaching and contacting the elec-
trode to produce electricity. These technical
difficulties could be overcome by an opti-
mized design to improve nanogenerator effi-
ciency. For example, nanogenerator efficiency
could be improved with the use of patterned-
tip arrays as the electrode, the designed and
patterned growth of high-quality uniform NW

Off

Off

o
-1

drift. The baseline of the current sig- ] 50 100 150 200 250 300
nal was produced by the electronic B Time (s)
measurement system and the in- 0.8 — off
terference from the ultrasonic-wave | TR mmmmmm— "i
source. The size of the nanogenerator < 08
is ~2 mm? in effective substrate sur- = 4
face area. g 9
=1
< 0.2-
0 T T . :
0 1000 2000 3000 4000 5000
Time (s)
1 ] [l ] . .
A'on! Of ! oOn ' Off CNTs with zigzag electrode
0.15- Eq—h: i‘—":
e s s e WS Allied CNTS
0141 i : ' Si substrate
B' : H i ZnO NWs with flat electrode
= i : i i
£
=
o
=
=
o ZnO NWs with zigzag
electrode

150

100
Time (s)

200 250

Fig. 4. Output of the nanogenerator with different materials and design configurations. The
designs and true-device SEM images are shown on the right-hand side, and the corresponding
current curve is on the left-hand side. (A) Nanogenerator based on arrays of CNTs with a zigzag top
electrode, showing no jump in current when the ultrasonic wave was turned on. (B) Nanogenerator
based on arrays of ZnO NWs but with a flat top electrode, showing no jump in current while
stimulated by an ultrasonic wave. (C) Nanogenerator based on arrays of ZnO NWs with a zigzag top
electrode, showing a large jump in current when the ultrasonic wave was turned on. The baseline in
the current signal was produced by the measurement electronics.
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arrays matching the design of the electrode
(fig. S2), and an improved packaging technol-
ogy to keep a precise control on the spacing
and alignment between the electrode and the
NW arrays. If the area taken by each metal tip
is 0.5 by 0.5 um (fig. S2), the grown density
of the NWs is ~10°/cm?. If one NW produces
10 fW of power by optimizing its size and
shape, the output power per unit of area could
be 10 pW/cm?. The power used to operate a
device fabricated with one NW or nanotube is
~10 nW (9-11); thus, the nanogenerator built
with the NWs grown on an area of 1 cm?®
could operate up to 1000 of such nanodevices,
based on our current study. We anticipate that
the performance will be improved by two to
three orders of magnitude with improved
design and optimization of the nanogenerator
(22-23).
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