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1
PIEZOELECTRIC NANOWIRE VIBRATION
SENSORS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to vibration sensors and,
more specifically, to a self-powered vibration sensor.

2. Description of the Prior Art

One out of ten people suffers from hearing loss. Such
hearing loss ranges from mild impairment to complete deaf-
ness, both in children and adults. Hearing aid devices offer
people with hearing loss a way to improve their hearing,
thereby improving the quality of their lives. Typically, there
are two categories of hearing loss, conductive hearing loss
and sensorineural hearing loss (SNHL). For a conductive
hearing loss, sound is not properly transmitted through the ear
due to a structural defect. In such as situation, an amplifier
may restore normal hearing.

The cochlea is the auditory portion of the inner ear and is
filled with a watery liquid, which moves in response to the
vibrations coming from the middle ear via the oval window.
As the fluid moves, thousands of “hair cells™ are set in motion
and convert that motion to electrical impulses that are com-
municated to many thousands of nerve cells via neurotrans-
mitters. The primary auditory nerve cells transform the audi-
tory signals into electrical impulses known as action
potentials. The action potentials travel along the auditory
nerve to the brain, where they are perceived as sounds.

Cochlear hair cells in the inner ear serve as receptors for all
auditory signals heard by the human ear. Essentially, each hair
cell acts as a biological strain gauge. The vibration of the
auditory signals applies a mechanical force on the hair cell,
which opens an ion conducting channel in a cell membrane
coupled to the hair cell. The flowing of ions through the
channel result in an influx of current, which changes a poten-
tial associated with the membrane. The potential change
affects the rate of release from the hair cell of a synaptic
transmitter. Consequently, a pattern of action potentials
which encode the auditory signals, including information
such as intensity, time course and frequency, are transmitted
to the brain via an afferent nerve fiber contacting the basolat-
eral surface of the hair cell.

SNHL is often caused by the damage to the hair cells in the
inner ear that are used to sense vibration, which causes a
cochlear malfunction. One method of improving hearing in
people with SNHL is through digital signal processing by
pre-processing sound signals and amplifying certain frequen-
cies. However, devices embodying this approach are of rela-
tively large size and tend to have a high rate of power con-
sumption.

Therefore, there is a need for a vibration sensor that mimics
the function of hair cells, that is compact and that consumes
relatively little power.

SUMMARY OF THE INVENTION

The disadvantages of the prior art are overcome by the
present invention which, in one aspect, is a vibration sensor
that includes a substrate. A first electrical contact and a spaced
apart second electrical contact are both disposed on a first
surface of the substrate. The elongated piezoelectric nano-
scale structure extends outwardly from the first surface of the
substrate and is disposed between, and in electrical commu-
nication with, the first electrical contact and the second elec-
trical contact. The elongated piezoelectric nano-scale struc-
ture is oriented so that a voltage potential exists between the
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first electrical contact and the second electrical contact when
the elongated piezoelectric nano-scale structure is bent from
a first state to a second state.

In another aspect, the invention is a multi-frequency vibra-
tion sensor that includes a substrate having a first surface, a
plurality of elongated piezoelectric nano-scale structures and
an electrical detector. The plurality of elongated piezoelectric
nano-scale structures extend outwardly from the first surface
of'the substrate. Each of the plurality of elongated piezoelec-
tric nano-scale structures has a different length and each of
the plurality of elongated piezoelectric nano-scale structures
is oriented so as to generate a voltage potential when bent
from a first state to a second state. The electrical detector is
configured to detect the voltage potential generated by each of
the plurality of elongated piezoelectric nano-scale structures.

In yet another aspect, the invention is a method of making
avibration sensor, in which a piezoelectric nanowire is grown
from a substrate. Two spaced apart metal pads are coupled to
the nanowire adjacent to the substrate. A voltage sensor is
coupled to the spaced apart metal pads.

These and other aspects of the invention will become
apparent from the following description of the preferred
embodiments taken in conjunction with the following draw-
ings. As would be obvious to one skilled in the art, many
variations and modifications of the invention may be effected
without departing from the spirit and scope of the novel
concepts of the disclosure.

BRIEF DESCRIPTION OF THE FIGURES OF
THE DRAWINGS

FIGS. 1A-1B is a cross-sectional view of a piezoelectric
nanowire vibration sensor.

FIG. 2 is a cross-sectional view of an array of piezoelectric
nanowire vibration sensors.

FIG. 3 is a flow chart demonstrating one embodiment of a
method of making a piezoelectric nanowire vibration sensor.

DETAILED DESCRIPTION OF THE INVENTION

A preferred embodiment of the invention is now described
in detail. Referring to the drawings, like numbers indicate like
parts throughout the views. As used in the description herein
and throughout the claims, the following terms take the mean-
ings explicitly associated herein, unless the context clearly
dictates otherwise: the meaning of “a,” “an,” and “the”
includes plural reference, the meaning of “in” includes “in”
and “on”

U.S. Pat. Nos. 6,586,095 and 7,220,310 (both issued to
Wang et al.) disclose methods of making nanowires that may
be used in the embodiments disclosed below and, therefore,
these patents are incorporated herein by reference.

In one embodiment, the invention is a vibration sensor
employing at least one piezoelectric nanostructure, such as a
nanowire. A hearing aid embodiment employs an array of
different nanowires having different resonant frequencies.

A zinc oxide (ZnO) nanowire (or other nano-structure,
such as a nanorod or nanobelt) is placed on a substrate so that
part of the nanowire extends from the substrate into the sur-
rounding environment. The nanowire is secured to the sub-
strate by two metal pads, one on each side of the nanowire.
The ZnO nanowire is piezoelectric so that if it is bent, it
generates an electrical potential between the two metal pads.
By sensing this electrical potential, the system can detect
movement of the ZnO nanowire in a manner similar to the
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manner in which a hair cell (such as one inside the inner ear)
detects motion (such as the vibration of air molecules when a
sound is created).

The resonant frequency of the nanowire is a function of its
length and thickness. An array of these nanowires, each hav-
ing different length/thickness parameters, would be sensitive
to the specific resonant frequencies corresponding to the dif-
ferent nanowires. For example, one could construct an array
of nanowires that corresponds to an auditory bandwidth.
Employing an array of nanowires with a high density of
nanowires in a small area can result in a high level of sensi-
tivity. ZnO nanowires can be grown into arrays with con-
trolled lengths and diameters, so that a nanowire-based hear-
ing aid can cover a large frequency range.

Recent research in nanopiezotronics has studied the piezo-
electric-coupled properties of ZnO nanowires and nanorods
for fabricating electronic components. Theoretical calcula-
tion has demonstrated that when a one-end fastened zinc
oxide (ZnO) nanowire (or other nano-scale structure)
vibrates, it will generate a detectable electric signal at the
fastened bottom end of the nanowire. The vibration ofa ZnO
nanowire can be tuned by the outer signal strength and fre-
quency. Also, the morphology of the ZnO nanowire such as
length, thickness can affect the resonance frequency of a
nanowire. Therefore, by detecting the electric signal gener-
ated from the nanowire vibration, the system can then mimic
the ion current influx in a hair cell and membrane.

As shown in FIGS. 1A and 1B, one embodiment of a
vibration sensor 100 includes a substrate 110, such as a sili-
con substrate, from which an elongated piezoelectric nano-
scale structure 130 (for example, a zinc oxide nanowire)
extends. A first electrical contact 122 and a spaced apart
second electrical contact 124 are both disposed on a first
surface 112 of the substrate 110 and are both in electrical
communication with the base of the elongated piezoelectric
nano-scale structure 130. The first electrical contact 122 and
the second electrical contact 124 could both include, for
example, metal pads.

An electrical detector 140 (for example, a voltage sensor) is
configured to detect a voltage potential difference between
the first electrical contact 122 and the second electrical con-
tact 124 that is generated due to the piezoelectric effect when
the elongated piezoelectric nano-scale structure 130 is bent
from a first state, as shown in FIG. 1A, to a second state, as
shown in FIG. 1B.

In one embodiment of a multi-frequency vibration sensor
200, as shown in FIG. 2, an array of elongated piezoelectric
nano-scale structures 130a-f can extend from the substrate
110. Each of the of elongated piezoelectric nano-scale struc-
tures 130a-f can have a different length so that each is reso-
nant with a different frequency component of a vibrating
system. A signal processor 146 or a signal analyzer, which is
responsive to each of the elongated piezoelectric nano-scale
structures 130a-fthen generates a signal 148 representative of
the entire spectrum of vibration being sensed. This embodi-
ment may be especially useful as a sensing element for a
hearing aid.

In one embodiment of method of making a vibration sen-
sor, a shown in FIG. 3, a substrate is placed into a tube furnace
310 and ZnO powder is place upstream of the substrate in the
tube furnace 312. The furnace is sealed 314 and argon gas is
pumped through the furnace at about 300 Torr and at about 50
SCCM 316. The furnace reaches a temperature correspond-
ing to the evaporation temperature of ZnO and is maintained
at that temperature for about two hours 320. The furnace is
allowed to cool and the substrate is removed from the furnace
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322. Metal pads are then applied to the bases of the nanowires
324, which may be done, for example, using an atomic force
microscope.

In one embodiment, the vibration sensors disclosed herein
mimic the mechanism of how a hair cell works, which poten-
tially can be applied as an advanced category of hearing aid
device option. Such sensors may find utility in many other
types of applications, such as remote sound sensing systems.

This system offers several advantages, including: (1)
Because the electric signal is generated from the nanowire
vibration, it is a self power device. This eliminates a signifi-
cant burden on the power source; (2) With the small and
adjustable size of ZnO nanowires, they can easily be incor-
porated into the human cochlear system without affecting
other functional hair cells in the ear; and (3) ZnO is biocom-
patible material

The above described embodiments, while including the
preferred embodiment and the best mode of the invention
known to the inventor at the time of filing, are given as
illustrative examples only. It will be readily appreciated that
many deviations may be made from the specific embodiments
disclosed in this specification without departing from the
spirit and scope of the invention. Accordingly, the scope of the
invention is to be determined by the claims below rather than
being limited to the specifically described embodiments
above.

What is claimed is:

1. A vibration sensor, comprising:

a. a substrate having a first surface;

b. a first electrical contact spaced apart from a second
electrical contact, both disposed on the first surface of
the substrate;

c. an elongated piezoelectric nano-scale structure having a
base directly affixed to the first surface of the substrate
and grown therefrom and extending outwardly from the
first surface of the substrate, and in electrical contact
with, the first electrical contact and the second electrical
contact, the elongated piezoelectric nano-scale structure
oriented so that a voltage potential exists between the
first electrical contact and the second electrical contact
when the elongated piezoelectric nano-scale structure is
bent from a first state to a second state; and

d. a voltage sensor configured to detect the voltage poten-
tial between the first electrical contact and the second
electrical contact that is generated due to a piezoelectric
effect when the elongated piezoelectric nano-scale
structure vibrates.

2. The vibration sensor of claim 1, wherein the elongated

piezoelectric nano-scale structure comprises a nanowire.

3. The vibration sensor of claim 2, wherein the nanowire
comprises a zinc oxide nanowire.

4. The vibration sensor of claim 1, wherein the first elec-
trical contact and the second electrical contact both comprise
a metal pad.

5. A multi-frequency vibration sensor, comprising:

a. a substrate having a first surface;

b. a plurality of elongated piezoelectric nano-scale struc-
tures extending outwardly from the first surface of the
substrate, each of the elongated piezoelectric nano-scale
structures having a base directly affixed to the first sur-
face of the substrate and grown therefrom;
each of the plurality of elongated piezoelectric nano-

scale structures having a different length and each of
the plurality of elongated piezoelectric nano-scale
structures is configured to be resonant with a difterent
frequency component of a vibrating system, each of
the plurality of elongated piezoelectric nano-scale
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structures oriented so as to generate a voltage poten-
tial when bent from a first state to a second state; and

c. an electrical detector configured to detect the voltage

potential generated by each of the plurality of elongated
piezoelectric nano-scale structures and configured to 5
generate a signal representative of a spectrum of vibra-
tions resonant with the plurality of elongated piezoelec-
tric nano-scale structures due to a piezoelectric effect
when the elongated piezoelectric nano-scale structures
vibrate. 10

6. The multi-frequency vibration sensor of claim 5,
wherein a first electrical contact is coupled to each of the
plurality of elongated piezoelectric nano-scale structures and
a second electrical contact is coupled to each of the plurality
of elongated piezoelectric nano-scale structures so that the 15
voltage potential exists between the first electrical contact and
the second electrical contact.

7. The multi-frequency vibration sensor of claim 5,
wherein each of the plurality elongated piezoelectric nano-
scale structures comprises a nanowire. 20

8. The multi-frequency vibration sensor of claim 5,
wherein each nanowire comprises a zinc oxide nanowire.

9. The multi-frequency vibration sensor of claim 5 config-
ured as part of a hearing aid.
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