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ACTIVE PIEZOELECTRIC
SHEET WITH PIEZOELECTRIC MICROSTRUCTURES

FIELD
[0001] This disclosure relates to acoustic surfaces and, more particularly, to

acoustic surfaces with an array of active piezoelectric elements.

BACKGROUND

[0002] The increasing use and popularity of the Internet-Of-Things has created
fast-growing demands and more stringent requirements for acoustic transducers. Their
applications are no longer constrained to simple sound generation and sensing or distance
measurement, but have begun to be used in applications such as industrial automation,
artificial intelligence, robotics, smart homes, intelligent transportation, consumer
electronics and biomedical engineering, where sound may act as an important medium for
sensing and communication. For example, in conventional scenarios, growing interests in
free-field active noise cancelling and personal entertainment create demand for arrays of
speakers and microphones coordinated with adaptive algorithms to realize beam forming
and directional sound generation, which is beyond the reach of commercial loudspeakers

or stereo audio systems at present.

SUMMARY

[0003] Acoustically active thin films with transducer arrays provide benefits
and functions that cannot be achieved by commercial loudspeakers. For example, active
acoustic surfaces implemented on the walls in a room can create a surround-sound audio
system in a cost-effective way. In addition, the large number of transducers on the acoustic

surfaces can be grouped into blocks of loudspeakers through external electrical
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connections. When their dimensions are comparable or larger than the wavelength
respective to the pitch of music (or the frequency of the audio that they are producing),
directionality of sound generation could enable personal entertainment without disturbing
others. The same concept extends to other public scenarios such as offices, vehicles and
aircrafts, etc.

[0004] Microphones and loudspeakers formed on a wall or other surfaces can
also provide device-free communication among family members in different rooms and
convenient voice control of smart appliances and robots virtually anywhere in a house.
Acoustic surfaces mounted on the door and exterior of the house may be used to contribute
to the home security system. Visitors can be recognized as friends or strangers by
comparing their voice patterns with the library in the home security system. The location
of a noise can be identified using beamforming techniques. Transducer arrays on the
acoustic surfaces can be used to detect moving objects.

[0005] An acoustic film can also be used for active noise cancellation, acoustic
detection of a hazard or malfunction in machinery, localized speaker systems, or other
office or industrial applications.

[0006] Therefore, multifunctional acoustic films that integrate arrays of diverse
acoustic transducers may cater to the demands in these scenarios. When these films are
designed to be wide-area, transparent, paper-thin, flexible, and robust, they can be
mounted on the surfaces of various objects in an inconspicuous way to render them
acoustically active.

[0007] A system of one or more computers can be configured to perform
particular operations or actions by virtue of having software, firmware, hardware, or a
combination of them installed on the system that in operation causes or cause the system

to perform the actions. One or more computer programs can be configured to perform
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particular operations or actions by virtue of including instructions that, when executed by
data processing apparatus, cause the apparatus to perform the actions.

[0008] One general aspect includes a system having piezoelectric substrate that
may include an array of piezoelectric microstructures, each piezoelectric microstructure
having at least two terminals; and a control circuit having output terminals coupled to at
least one terminal of each piezoelectric microstructure, the control circuit configured to
address one or more piezoelectric microstructures in the array of piezoelectric
microstructure to provide one or more voltage signals to the piezoelectric microstructures
to control the piezoelectric microstructures in the array of piezoelectric microstructures.
Other embodiments of this aspect include corresponding computer systems, apparatus, and
computer programs recorded on one or more computer storage devices, each configured to
perform the actions of the methods.

[0009] Implementations may include one or more of the following
features. The active acoustic system may include a protective layer disposed on one side of
the substrate. The protective layer may include an array of through-holes, each through-
hole in the array of through-holes positioned over a piezoelectric microstructure of the
array of piezoelectric microstructures. The substrate may include protrusions that form the
piezoelectric microstructures. At least one of the protrusions is dome-shaped. At least one
of the protrusions has a concave surface. The active acoustic system may include an
encapsulation layer disposed on one side of the substrate. The control circuit is configured
to drive an AC voltage across at least one of the piezoelectric microstructures to cause the
piezoelectric microstructures to produce an acoustic sound. The acoustic sound is
ultrasonic. The control circuit is configured to receive a voltage signal from at least one of
the piezoelectric microstructures to detect an acoustic sound from an acoustic source in an

external environment. The control circuit is configured to use beamforming techniques to
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detect a location of the acoustic source. The substrate is flexible. The substrate is rigid.
The substrate is formed from polyvinylidene fluoride (pvdf), a piezoelectric polymer, a
piezoelectric composite, a piezoelectric ceramic, and/or a piezoelectric single-crystal
material. The piezoelectric substrate may include two or more conductive traces, each
coupled to one or more piezoelectric microstructures. The control circuit is configured to
address individual piezoelectric microstructures by activating at least two of the
conductive traces. The control circuit is configured to address a block of piezoelectric
microstructures by activating at least two of the conductive traces. Implementations of the
described techniques may include hardware, a method or process, or computer software on
a computer-accessible medium.

[0010] Another general aspect includes an active acoustic surface. The
active acoustic surface also includes a substrate having an array of piezoelectric
microstructures, each piezoelectric microstructure having at least one electrical terminal
for coupling to a driver circuit; and a protective layer disposed on one side of the substrate,
the protective layer may include an array of through holes, each through hole in the array
of through holes positioned over a piezoelectric microstructure of the array of
piezoelectric microstructures. Other embodiments of this aspect may include
corresponding computer systems, apparatus, and computer programs recorded on one or
more computer storage devices, each configured to perform the actions of the methods.

[0011] Implementations may include one or more of the following
features. The active acoustic surface may include protrusions that form the piezoelectric
microstructures. At least one of the protrusions is dome-shaped. At least one of the
protrusions has a concave surface. The active acoustic surface includes an encapsulation
layer disposed on one side of the substrate. At least one piezoelectric microstructure is

coupled to the driver circuit, and the driver circuit is configured to drive an ac voltage
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across at least one of the piezoelectric microstructures to cause the piezoelectric
microstructures to produce an acoustic sound and/or receive a voltage signal from the
piezoelectric microstructure to representing an acoustic sound detected by the
piezoelectric microstructure. The substrate is flexible. The substrate is rigid. The substrate
is formed from polyvinylidene fluoride (PVDF), a piezoelectric polymer, a piezoelectric
composite, a piezoelectric ceramic, and/or a piezoelectric single-crystal material.
Implementations of the described techniques may include hardware, a method or process,

or computer software on a computer-accessible medium.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The foregoing features may be more fully understood from the
following description of the drawings. The drawings aid in explaining and understanding
the disclosed technology. Since it is often impractical or impossible to illustrate and
describe every possible embodiment, the provided figures depict one or more exemplary
embodiments. Accordingly, the figures are not intended to limit the scope of the invention.
Like numbers in the figures denote like elements.

[0013] FIG. 1is a diagram of an acoustic system having multiple acoustically
active sheets.

[0014] FIG. 2A is a cross section of an acoustically active sheet.

[0015] FIG. 2B is a raised view of an acoustically active sheet mounted on a
mounting object.

[0016] FIG. 2C is a top view of an acoustically active sheet including electrical
traces.

[0017] FIG. 2D is a magnified view of a portion of the acoustically active sheet

of FIG. 2C.
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[0018] FIG. 2E is a cross sectional view of the portion of the acoustically
active sheet of FIG. 2D.

[0019] FIG. 3 is a series of diagrams illustrating shapes of piezoelectric
microstructure domes.

[0020] FIG. 4 is a flow diagram of a process for fabricating an acoustically
active sheet.

[0021] FIG. 5A is a cross section of a silicon wafer that is being fabricated into
a mold for use in producing an acoustically active sheet.

[0022] FIG. 5B is a raised view of a mold used in fabricating an acoustically
active sheet.

[0023] FIG. 6is a cross section of the mold of FIG. 5A coupled to a vacuum
chamber.

[0024] FIG. 7 is an illustration of an acoustically active sheet formed from the

process of FIG. 4.

DETAILED DESCRIPTION

[0025] FIG. 1 is an acoustic system 100 including one or more acoustic sheets
102. The acoustic sheets 102 each have an array of active piezoelectric microstructures
104 that can be used to generate sound waves (like a speaker) or receive sound waves (like
a microphone). These piezoelectric structures may be raised surfaces in the sheet material,
as will be discussed below.

[0026] In this example, the system 100 includes three acoustic sheets 102, 108,
and 110 that are coupled to a control circuit 106. The control circuit can send electrical
signals to and receive electrical signals from the sheets. In embodiments, the control

circuit 106 can address the individual piezoelectric microstructures 104 within each sheet
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and provide an electrical signal to each one and/or can address blocks of piezoelectric
microstructures 104 and provide an electrical signal the piezoelectric microstructures
within the blocks.

[0027] In embodiments, the sheet 102 includes at least one electrical terminal
coupled to an electrical output terminal of the control circuit 106. The control circuit can
drive a voltage signal (e.g. an AC voltage signal) from the terminal to the sheet. The
voltage signal causes one or more of the piezoelectric structures 104 to flex. In the case of
an AC voltage signal, the piezoelectric structures will vibrate, which produces an acoustic
wave in the surrounding air. Depending on frequency of drive voltage, the resulting
acoustic wave may be infrasonic, ultrasonic, or within the range of human hearing.

[0028] Additionally or alternatively, the sheet may be coupled to an electrical
input terminal of the control circuit 106. In this case, acoustic waves in the surrounding air
may cause the piezoelectric structures 104 to vibrate. The vibration causes the
piezoelectric structures to generate voltage signals, which can be detected by the control
circuit 106. By translating the acoustic waves to voltage signals, the system 100 may act as
a microphone that can detect acoustic signals in the external environment from an acoustic
source (e.g. source 112).

[0029] In embodiments, the system 100 may include amplification and filtering
circuitry (not shown) coupled between the sheets 102, 108, and 110 and the control circuit
106 to amplify, filter, and shape the electrical signals between the sheets and the control
circuit 106. The system 100 may also include multiplexing circuits coupled to allow the
control circuit 106 to address individual or blocks of piezoelectric microstructures within
the sheet.

[0030] As shown in FIG. 1, the system may include a plurality of sheets 102,

108, 110. Like sheet 102, sheets 108 and 110 may also be electrically coupled to control
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circuit 106 (or another control circuit). Each sheet may act as an independent acoustic
source or microphone. This can be useful for acoustic beamforming, including generating
acoustic sound in a specific location when the sheets are used as speakers, or locating the
position of an acoustic source when the sheets are used as microphones. For example, each
sheet may be used as an individual speaker or microphone in a system that uses
beamforming to direct acoustic sound in a particular location or to detect the location of a
source of acoustic sound. Because the piezoelectric microstructures are individually
addressable (as discussed below), the individual piezoelectric structures (or blocks of
piezoelectric structures within the sheet) can be used as individual speakers or
microphones in a beamforming array that can direct acoustic sound to a location or detect
the location of a source of acoustic sound.

[0031] The sheets may also be used for echolocation by using the sheets as
speakers to generate an acoustic sound (which may be ultra- infra-sonic), then using the
sheets as microphones to capture the echo of the acoustic sound as it bounces back to the
sheets from an object in the environment.

[0032] In embodiments, some or all the piezoelectric microstructures 104 may
be individually coupled to and individually addressable by the control circuit 106. This
may allow the control circuit 106 to activate the piezoelectric microstructures by driving
voltage signals to, or receiving voltage signals from, the piezoelectric microstructures. In
embodiments, the piezoelectric microstructures 104 may be coupled to a grid to
conductive traces and/or multiplexor circuit that allows the control circuit 106 to address
and send individual signals to each piezoelectric microstructure 104.

[0033] Referring to FIG. 2A, a cross section of sheet 102 shows a substrate 202
(e.g. a piezoelectric substrate) that forms a base layer of the sheet 102. The substrate 202

may be formed from a flexible, plastic material such as a polymer or a rigid ceramic, glass,
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or single-crystal material. In one embodiment, the substrate 202 may comprise or be
formed from piezoelectric polymers such as polyvinylidene fluoride (“PVDF”) or PVDF
copolymers. In another embodiment, the substrate 202 may comprise piezoelectric
ceramics or single-crystal materials such as lead zirconate titanate, zinc oxide, barium
titanate, lithium niobate, lead titanate. The substrate 202 may also include single-crystal
and/or ceramic piezoelectric nanoparticles embedded in the polymers, which may provide
the substrate 202 with additional flexibility.

[0034] A plurality of piezoelectric microstructures is formed in the sheet 102.
These piezoelectric structures 104 are small protrusions of the sheet 102 that act as
sensing/actuating elements. For example, when an AC voltage is applied across one of the
piezoelectric structures 104, the piezoelectric microstructure will expand and contract
periodically in response to the voltage. In this example, the piezoelectric microstructures
104 are semi-spherical in shape. However, other shapes may also be used.

[0035] The sheet 102 may also include a protective layer 204 positioned on
one side of the sheet 102. In embodiments, the protective layer 204 includes through-holes
207 positioned above each piezoelectric structure 104. The protective layer 204 protects
the piezoelectric microstructures 104 by providing a barrier that prevents the piezoelectric
structures 104 from being physically damaged. Thus, in embodiments, the thickness of the
protective layer 204 may be greater than the height of the piezoelectric microstructures
104.

[0036] The through-holes 207 in the protective layer 204 allow the
piezoelectric structures 104 to access air in the environment so that they can detect or
generate sound waves in the air. In embodiments, the protective layer may include wiring
that can be coupled to some or all the piezoelectric structures to provide electrical

connections to the control circuit 106. The protective layer may be a perforated, flexible
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film deposited or laminated on the surface of the substrate. In embodiments, the protective
layer is formed from a plastic film such as polyester, polyethylene, polypropylene,
polycarbonate, polyvinyl chloride, polyvinylidene chloride, nylon.

[0037] Sheet 102 may also include an encapsulation layer 206 positioned on a
side of the substrate layer 202. The encapsulation layer 206 may also be formed from a
plastic film. In embodiments, the encapsulation layer 206 may be perforated with an array
of holes/cavities to allow the piezoelectric microstructures 104 to freely vibrate. In this
example, the perforations may be aligned with the piezoelectric microstructures 104 so
that the gaps formed by the perforations are adjacent to the piezoelectric microstructures
104,

[0038] The sheet 102 may be placed and mounted on the surface of an object
208. In embodiments, the sheet 102 may include an adhesive backing layer that will
adhere the sheet 102 to the mounting object 208. In other embodiments, a separate
adhesive can be used, or the sheet 102 can be mounted to the mounting object 208 by
fasteners. The mounting object can be any object with a surface that can accept the sheet
102. Because the sheet 102 may be flexible, it can be adhered to flat surfaces, like the
surface of a wall, curved surfaces, like the outer surface of a coffee mug, or any other
surface that can accommodate the sheet 102. If an adhesive backing is used, it may be
preferable if the surface of the mounting object 208 is smooth.

[0039] In embodiments, the total thickness of sheet 102 may be 1mm or less.
In other embodiments, the thickness of substrate 202 may be 1mm or less. In some
embodiments, the thickness of substrate 202 may be 25 microns or less.

[0040] Figure 2B is a raised view of the sheet 102 and mounting object 208. As
shown, the sheet has an array of piezoelectric microstructures 104 formed on its surface.

The microstructures may be arranged in rows and columns, as shown, or in any regular or

10
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irregular pattern along the surface of sheet 102. In embodiments, the area of the
piezoelectric structures may be 25% or more of the total area of the sheet 102. The area
mass density of the sheet 102 may be lower than 0.06 grams / cm?. The total area of the
sheet 102 can be many square meters. In embodiments, the radius of the piezoelectric
microstructures can range from less than about 100 microns to great than about 3 cm. The
mass density of the sheet 102 can vary from less than about 0.0001 g/ cm?to more than
about 1 g/ cm®. The area of the sheet 102 can vary from less than about 100 square
microns to more than many square meters.

[0041] Referring to FIG. 2C, an acoustically active sheet 210 may be the same
as or similar to sheet 102 and may include an array of piezoelectric microstructures 220
which may be the same as or similar to piezoelectric microstructures 104. In embodiments,
sheet 210 may also include electrical traces 212a-o0, 214a-0, 216a-o0, 218a-o that can
provide electrical connections to the individual piezoelectric microstructures 220. The
electrical traces may be formed from an electrically conductive material such as copper or
aluminum, for example, that is deposited on the surface of the sheet 210.

[0042] In this example, the electrical traces 212a-o0, 214a-o0, 216a-o0, 218a-0
may be arranged in a grid pattern where electrical traces 216a-o0 and 218a-o0 are arranged
horizontally and electrical traces 212a-o0 and 214a-o are arranged vertically. In this grid
pattern, each piezoelectric microstructure is overlayed by one vertical trace and one
horizontal trace. For example, piezoelectric microstructure 220a is overlayed by vertical
trace 216a and horizontal trace 214n. Thus, piezoelectric microstructure 220a can be
activated by driving a voltage signal (e.g. an AC signal) onto traces 216a and 214n.
Likewise, for example when used as a microphone, a voltage signal produced by
piezoelectric microstructure 220a can be detected by measuring the voltage across traces

216a and 214n.
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[0043] As shown in FIG. 2C, horizontal traces 216a-o extend beyond the edge
of the array of piezoelectric microstructures 220 to the left and horizontal traces 218a-o
extend beyond the end of the array of piezoelectric microstructures to the right. These
extensions act as terminals that can be connected to external circuitry such as a
multiplexor circuit or a processor (e.g. control circuit 106). Likewise, vertical traces 212a-
o extend beyond the array to the top and vertical traces 214a-o extend beyond the array to
the bottom. Like the horizontal traces, the extensions of the vertical traces can also be
connected to external circuitry such as a multiplexor or processor. Once connected, the
external circuitry can be used to drive electrical signals onto the traces to cause the
piezoelectric microstructures to produce sound, or to receive electrical signals from the
traces in response to external stimulus deforming or vibrating the piezoelectrical
microstructures. These traces may allow the piezoelectric microstructures to be
individually addressed by the external circuitry.

[0044] Additionally or alternatively, the external circuitry can drive signals
onto or receive signals from multiple traces at the same time to activate multiple
piezoelectric structures. For example, a block (i.e. a sub-array) of the array of piezoelectric
microstructures can be activated at once when the remainder of the array remains inactive.
Similarly, a row or column can be active while the remainder of the array remains
inactive. In general, a group of arbitrarily chosen piezoelectric microstructures from the
array can be activated at the same time by the control circuit 106 by driving signals to (or
receiving signals from) the traces coupled to the chosen piezoelectric microstructures. One
skilled in the art will recognize that the terminal extensions of the traces 212a-o0, 214a-o,
216a-0, 218a-0 can be constructed in different physical arrangements (for example the
terminal extensions could all be on one side of the array of piezoelectric microstructures)

as long as they can be coupled to external circuitry such as control circuit 106.

12
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[0045]  Figure 2D is a magnified view of portion 222 of the sheet 210 shown in
FIG. 2C. As shown in this example, the traces 212a-0, 214a-o0, 216a-0, 218a-0 may have a
width (e.g. width 224) that is about the same as the diameter of the piezoelectric
microstructures. In other embodiments, the width 224 of the traces may be less than or
greater than the diameter of the microstructures.

[0046] Figure 2E is a cross section of sheet 210 (as seen from line 225 in FIG.
2D). The sheet 210 is sandwiched between layers of the conductive traces. As shown,
some of the traces may be positioned on the top surface of the sheet 210 and some may be
positioned on the bottom surface of the sheet 210. Specifically, in this example, the
horizontal trace 216a is positioned on the top surface of the sheet 210 and extends left-to-
right across the page. The conductive traces 214n, 2120, and 2140 are positioned on the
bottom surface of the sheet 210 and extend into and out of the page. The horizontal trace
216a makes electrical contact with the top surfaces of piezoelectric microstructures 220a,
220b, and 220c. Traces 214n, 2120, and 2140 each make electrical contact with the bottom
surface of piezoelectric microstructures 220a, 220b, and 220c¢ respectively.

[0047] Using these traces, the control circuit 106 can address and activate
individual piezoelectric microstructures. Applying an AC voltage from trace 216a to trace
214n will cause an AC voltage signal across piezoelectric microstructure 220a, for
example. Acoustic sound detected by piezoelectric microstructure 220b can be captured by
sampling the voltage signal across traces 216a and 2120 that is produced by piezoelectric
microstructure 220b. Any piezoelectric microstructure (or group of piezoelectric
microstructure) in the array can be addressed and activated by applying a voltage signal to
or reading a voltage signal from the appropriate conductive traces on the sheet 210.

[0048] Figure 3 provides examples of piezoelectric microstructures having

different shapes that can be used when forming the piezoelectric microstructures 104 on
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sheet 102 (or 210). Each of these shapes may produce acoustic sound with different
timbre. Also, the different shapes may change the natural resonant frequency of the
piezoelectric microstructure which may result in better acoustic performance of the
microstructure at different frequencies or frequency ranges. The possible shapes of the
piezoelectric microstructures include, but are not limited to, a semispherical dome 302, a
pyramid or frustrum 304, a pillar 306, and a cone 308. A concave shape 314 having a
concave surface may also be used. Some or all of the shapes may include holes 312 in the
piezoelectric microstructure, as shown in dome 310. These holes may reduce the spring
constant of the structure, effectively allowing the piezoelectric microstructure to deform
and bend more easily, which can result in larger vibration in response to a voltage signal
applied to the piezoelectric microstructure or to sonic vibrations in the air. The holes 312
may be located at the base of the microstructure, as shown in FIG. 3, or at any other
location on or near the microstructure that can reduce the structural stiffness.

[0049] The diameter 316 of the microstructures may be Imm or less. In
embodiments, the diameter of the microstructures may be less than about 700 micrometers

to more than a few centimeters.

FABRICATION

[0050] Referring to FIG. 4, 5A, and 5B, an example of a process 400 for
fabricating an active acoustic sheet having piezoelectric microstructures is illustrated as a
flowchart. The process 400 may be based on a controlled vacuum used to emboss the sheet
with raised microstructures. In box 402, a perforated silicon wafer, which will be used as
a mold for the piezoelectric microstructures, is prepared by microfabrication. An example
of the perforated silicon wafer 502 is shown in FIG. SA. A hard film may be used for

mask film layer 504 (for example, a 100-nm-thick aluminum (Al) film), which may be
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deposited onto a silicon wafer 502 by a thermal evaporation process. A photoresist layer
506 (for example, a layer of AZ 4620 photoresist material) may then be disposed on top of
the mask film layer 504. The photoresist layer may then be baked before exposure.

[0051] A through hole array pattern that defines the locations, shape and size
of the piezoelectric microstructures may then be projected onto the photoresist layer 506.
After exposure, the photoresist layer 506 is developed and, optionally, baked again. With
the photoresist layer 506 processed, the mask film layer 504 is then etched to pattern the
hard mask layer. The silicon wafer 502 may then be mounted on a backing wafer (not
shown). The photoresist layer 506 may be removed or maintained as an additional mask
layer.

[0052] Once mounted, with the mask film layer 504 and photoresist layer 506
in place, the silicon wafer 502 is etched (for example, by using a deep reactive ion etching
process) to form an array of through-holes in the silicon wafer 502. The photoresist layer
506 is then stripped away if not removed before etching. The result is a silicon wafer mold
502’ that is perforated with through holes, as shown in FIG. 5SB. This process allows the
size and shape of the through-holes to be precisely defined. In embodiments, the radius of
the through-holes may be about 350 micrometers.

[0053] In embodiments, to strengthen the mold, several perforated silicon
wafer molds 502” with through-hole arrays may be prepared, aligned, and stacked together
for use. In other embodiments, perforated, thick metal plates could be used as the mold for
the embossing process. Alternatively, a porous, rigid, thick plate (for example, glass,
acrylic, etc.) can also be used as structural backing plate to minimize or eliminate bending
of the silicon wafer mold 502” during the embossing process.

[0054] Referring now to FIG. 4 and FIG. 6, once the silicon wafer mold 502 is

prepared, it is adhered (box 404) to a vacuum-tight chamber (for example, a glass funnel
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601 as shown in the example if FIG. 6). The vacuum-tight chamber 602 may be connected
to a vacuum pump 605 that can precisely control vacuum pressure and timing in the
chamber 602 and, thus, control the vacuum pressure through the perforations 606 of the
silicon wafer mold 502,

[0055] To emboss the piezoelectric film and create the piezoelectric
microstructures, the piezoelectric film 604 is adhered to the side of the perforated silicon
wafer mold 502’ that is open to air (box 406). The vacuum pressure in chamber 602
embosses the film 604 (box 408) at the locations of the perforations 606 in the silicon
wafer mold 502, thus creating domes in the film 604.

[0056] In embodiments, the film 604 is then annealed (box 410) using a
repetitive annealing process to relieve the stress and help maintain the dome profile of the
piezoelectric microstructures after the vacuum pressure is removed. For example, the
silicon wafer mold 502” with the embossed film 604 adhered to it is heated by a hot plate
to anneal the film. Then the silicon wafer mold 502’ and film 604 may be cooled down to
room temperature while the vacuum is kept on. Such annealing and cooling treatment can
be repeated one or more times to complete the embossing process. The embossed
piezoelectric film 604 is then removed from the silicon wafer mold 502° (box 412). This
process may result in an embossed piezoelectric film 702 having an array of piezoelectric
microstructures, as shown in FIG. 7.

[0057] The heights of the embossed piezoelectric microstructures depend on
the vacuum pressure during embossing. A higher vacuum level can create larger
deformation and taller domes. In embodiments, the vacuum pressure may be adjusted to
create piezoelectric microstructures with a radius 350 micrometers and a height of about

20 micrometers.
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[0058] A reduced thickness of the 604 can result in higher sensitivity for sound
generation. As a result, a piezoelectric film 604 with a thickness of a few microns may be
preferable. To protect the domes from damage caused by mechanical abrasion and/or
impact from day-to-day human handling, a perforated protective layer (e.g. layer 204 in
FIG. 2) is fabricated and laminated on the film 604, as discussed above. The thickness of
the protective layer 204 may be larger than the dome height to provide protection from
mechanical abrasion and/or impact.

[0059] The through-holes on the protective layer 204 may be cut, for example,
by a CO; laser cutter in rastering mode. The through-holes may then be aligned with the
piezoelectric microstructures 104 so that these active microstructures can vibrate without
being impeded by the protective layer.

[0060] As discussed above, an encapsulation layer 206, which, in
embodiments, may be identical to the protection layer 204, may be adhered to the other
side of the piezoelectric film. The through-holes in the encapsulation layer 204 that align
with the piezoelectric microstructures may create isolated back cavities. The volume of
these back cavities may be large enough so that the volume change of the cavities caused
by the dome vibration is negligible. In this way, the pressure in the cavity can be
maintained close to atmosphere pressure so that it does not impede vibration of the domes.

[0061] One skilled in the art will recognize that the fabrication process
described above and shown in Figures 4-7 is an example process. Other processes may be
employed to fabricate sheets with an array of one or more piezoelectric microstructures.

[0062] Various embodiments of the concepts, systems, devices, structures, and
techniques sought to be protected are described above with reference to the related
drawings. Alternative embodiments can be devised without departing from the scope of

the concepts, systems, devices, structures, and techniques described. It is noted that
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various connections and positional relationships (e.g., over, below, adjacent, etc.) may be
used to describe elements in the description and drawing. These connections and/or
positional relationships, unless specified otherwise, can be direct or indirect, and the
described concepts, systems, devices, structures, and techniques are not intended to be
limiting in this respect. Accordingly, a coupling of entities can refer to either a direct or an
indirect coupling, and a positional relationship between entities can be a direct or indirect
positional relationship.

[0063] As an example of an indirect positional relationship, positioning
element "A" over element "B" can include situations in which one or more intermediate
elements (e.g., element "C") is between elements "A" and elements "B" as long as the
relevant characteristics and functionalities of elements "A" and "B" are not substantially
changed by the intermediate element(s).

[0064] Also, the following definitions and abbreviations are to be used for the

interpretation of the claims and the specification. The terms "comprise," "comprises,"

includes," "including," "has," "having,

" "contains" or

"comprising, "include,
"containing," or any other variation are intended to cover a non-exclusive inclusion. For
example, an apparatus, a method, a composition, a mixture or an article, that comprises a
list of elements is not necessarily limited to only those elements but can include other
elements not expressly listed or inherent to such apparatus, method, composition, mixture,
or article.

[0065] Additionally, the term "exemplary" is means "serving as an example,
instance, or illustration. Any embodiment or design described as "exemplary" is not
necessarily to be construed as preferred or advantageous over other embodiments or

designs. The terms "one or more" and "at least one" indicate any integer number greater

than or equal to one, i.e. one, two, three, four, etc. The term "plurality" indicates any
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integer number greater than one. The term "connection" can include an indirect
"connection" and a direct "connection".

”n

[0066] References in the specification to “embodiments,” "one embodiment,

2 2«

"an embodiment," "an example embodiment," “an example,” “an instance,” “an aspect,”
etc., indicate that the embodiment described can include a particular feature, structure, or
characteristic, but every embodiment may or may not include the particular feature,
structure, or characteristic. Moreover, such phrases are not necessarily referring to the
same embodiment. Further, when a particular feature, structure, or characteristic is
described in connection with an embodiment, it may affect such feature, structure, or
characteristic in other embodiments whether or not explicitly described.

[0067] Relative or positional terms including, but not limited to, the terms

"upper," "lower," "right," "left," "vertical," "horizontal, "top," "bottom," and derivatives of

those terms relate to the described structures and methods as oriented in the drawing

figures. The terms "overlying," "atop," "on top, "positioned on" or "positioned atop" mean
that a first element, such as a first structure, is present on a second element, such as a
second structure, where intervening elements such as an interface structure can be present
between the first element and the second element. The term "direct contact" means that a
first element, such as a first structure, and a second element, such as a second structure,
are connected without any intermediary elements.

[0068] Use of ordinal terms such as “first,” “second,” “third,” etc., in the
claims to modify a claim element does not by itself connote any priority, precedence, or
order of one claim element over another, or a temporal order in which acts of a method are
performed, but are used merely as labels to distinguish one claim element having a certain

name from another element having a same name (but for use of the ordinal term) to

distinguish the claim elements.
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[0069] The terms “approximately” and “about” may be used to mean within
+20% of a target value in some embodiments, within +10% of a target value in some
embodiments, within +£5% of a target value in some embodiments, and yet within +2% of
a target value in some embodiments. The terms “approximately” and “about” may include
the target value. The term “substantially equal” may be used to refer to values that are
within £20% of one another in some embodiments, within £10% of one another in some
embodiments, within £5% of one another in some embodiments, and yet within +2% of
one another in some embodiments.

[0070] The term “substantially” may be used to refer to values that are within
+20% of a comparative measure in some embodiments, within £10% in some
embodiments, within £5% in some embodiments, and yet within +2% in some
embodiments. For example, a first direction that is “substantially” perpendicular to a
second direction may refer to a first direction that is within +20% of making a 90° angle
with the second direction in some embodiments, within £10% of making a 90° angle with
the second direction in some embodiments, within +5% of making a 90° angle with the
second direction in some embodiments, and yet within +2% of making a 90° angle with
the second direction in some embodiments.

[0071] The disclosed subject matter is not limited in its application to the
details of construction and to the arrangements of the components set forth in the
following description or illustrated in the drawings. The disclosed subject matter is
capable of other embodiments and of being practiced and carried out in various ways.

[0072] Also, the phraseology and terminology used in this patent are for the
purpose of description and should not be regarded as limiting. As such, the conception
upon which this disclosure is based may readily be utilized as a basis for the designing of

other structures, methods, and systems for carrying out the several purposes of the
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disclosed subject matter. Therefore, the claims should be regarded as including such
equivalent constructions insofar as they do not depart from the spirit and scope of the
disclosed subject matter.

[0073] Although the disclosed subject matter has been described and illustrated
in the foregoing exemplary embodiments, the present disclosure has been made only by
way of example. Thus, numerous changes in the details of implementation of the disclosed
subject matter may be made without departing from the spirit and scope of the disclosed
subject matter.

[0074] Accordingly, the scope of this patent should not be limited to the
described implementations but rather should be limited only by the spirit and scope of the
following claims.

All publications and references cited in this patent are expressly incorporated by

reference in their entirety.
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CLAIMS

1. An active acoustic system comprising:

a piezoelectric substrate comprising an array of piezoelectric microstructures, each
piezoelectric microstructure having at least two terminals; and

a control circuit having output terminals coupled to at least one terminal of each
piezoelectric microstructure, the control circuit configured to address one or
more piezoelectric microstructures in the array of piezoelectric microstructure
to provide one or more voltage signals to the piezoelectric microstructures to
control the piezoelectric microstructures in the array of piezoelectric

microstructures.

2. The active acoustic system of claim 1 further comprising a protective layer disposed
on one side of the substrate, the protective layer comprising an array of
through-holes, each through-hole in the array of through-holes positioned over

a piezoelectric microstructure of the array of piezoelectric microstructures.

3. The active acoustic system of claim 1 wherein the substrate comprises protrusions

that form the piezoelectric microstructures.

4. The active acoustic system of claim 3 wherein at least one of the protrusions is

dome-shaped.
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5. The active acoustic system of claim 3 wherein at least one of the protrusions has a

concave surface.

6. The active acoustic system of claim 1 comprising an encapsulation layer disposed

on one side of the substrate.

7. The active acoustic system of claim 1 wherein the control circuit is configured to

drive an AC voltage across at least one of the piezoelectric microstructures to

cause the piezoelectric microstructures to produce an acoustic sound.

8. The active acoustic system of claim 7 wherein the acoustic sound is ultrasonic.

9. The active acoustic system of claim 1 wherein the control circuit is configured to

receive a voltage signal from at least one of the piezoelectric microstructures to

detect an acoustic sound from an acoustic source in an external environment.

10. The active acoustic system of claim 9 wherein the control circuit is configured to

use beamforming techniques to detect a location of the acoustic source.

11. The active acoustic system of claim 1 wherein the substrate is flexible.

12. The active acoustic system of claim 1 wherein the substrate is rigid.

13. The active acoustic system of claim 1 wherein the substrate is formed from

polyvinylidene fluoride (PVDF), a piezoelectric polymer, a piezoelectric
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composite, a piezoelectric ceramic, and/or a piezoelectric single-crystal

material.

14. The active acoustic system of claim 1 wherein the piezoelectric substrate
comprises two or more conductive traces, each coupled to one or more

piezoelectric microstructures.

15. The active acoustic system of claim 14 wherein the control circuit is configured to
address individual piezoelectric microstructures by activating at least two of

the conductive traces.

16. The active acoustic system of claim 15 wherein the control circuit is configured to
address a block of piezoelectric microstructures by activating at least two of the

conductive traces.

17. An active acoustic surface comprising:

a substrate having an array of piezoelectric microstructures, each piezoelectric
microstructure having at least one electrical terminal for coupling to a driver
circuit; and

a protective layer disposed on one side of the substrate, the protective layer comprising
an array of through holes, each through hole in the array of through holes
positioned over a piezoelectric microstructure of the array of piezoelectric

microstructures.
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18. The active acoustic surface of claim 17 wherein the substrate comprises

protrusions that form the piezoelectric microstructures.

19. The active acoustic surface of claim 18 wherein at least one of the protrusions is

dome-shaped.

20. The active acoustic surface of claim 18 wherein at least one of the protrusions has

a concave surface.

21. The active acoustic surface of claim 18 comprising an encapsulation layer disposed

on one side of the substrate.

22. The active acoustic surface of claim 17 wherein at least one piezoelectric
microstructure is coupled to the driver circuit, and the driver circuit is
configured to drive an AC voltage across at least one of the piezoelectric
microstructures to cause the piezoelectric microstructures to produce an
acoustic sound and/or receive a voltage signal from the piezoelectric
microstructure to representing an acoustic sound detected by the piezoelectric

microstructure.

23. The active acoustic surface of claim 17 wherein the substrate is flexible.

24. The active acoustic surface of claim 17 wherein the substrate is rigid.
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25. The active acoustic surface of claim 17 wherein the substrate is formed from
polyvinylidene fluoride (PVDF), a piezoelectric polymer, a piezoelectric
composite, a piezoelectric ceramic, and/or a piezoelectric single-crystal

material.
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