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ULTRASOUND TRANSDUCER AND METHOD OF FORMING THE SAME

Cross-reference {0 Related Applications

{6001} The present application claims the benefit of the Singapore patent application No.
102013087030 filed on 21 October 2015, the entire contents of which are incorporated

herein by reference for all purposes.

Technical Ficld

[8002] Embodiments relate generally to an ultrasound transducer and a method of

forming an ultrasound transducer.

Background
16603] Ulirgsound  transducers, such as piezoelectric micromachined ultrasound
transducers, are normally made of multi-layered membranes, which are usually circular in
shape and clamped around their circumference. The multi-layered membranes of
piezoelectric micromachined vlirasound transducers usually inchude a layer of piezoelectric
material sandwiched between electrode layers, for example, two melybdenum layers. When
an alternating potential difference is applied across the piezoelectric material, the entire
membrane bends up and down. In order for the membrane to bend, the membrane should
change from a shape of a flat circular disk, to a shape approximating a hemisphere, Because
the membrane is clamped around its circomference, the radivs of the membrane does not
change. The surface area of a circle is mz, while the surface area of a hemisphere is 27r, This

means that for the membrane to bend, the surface area of the membrane must be increased,
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However, the stiffness of the materials in the membrane makes it difficult for the membrane
to be expanded.

{6004 Contemporary designs for ultrasound transdocers propose efching large holes near
the perimeter of the membrane in order to suspend the inner membrane area on multiple legs
or anchors. This design is to make the membrane more flexible, in order to achieve a piston-
hike actuation. However, this approach etches away valuable piezoelectric material for
actuation.

[G005] On the other hand, the displacement of the membrane determines the acoustic
pressure generated by the ultrasound transducer. Large acoustic pressure is desired for wave

to travel far and for greater signal-to-noise ratio, e.g. for high resolution imaging.

Summary

{0806} Various embodiments provide an ultrasound transducer. The ultrasound
transducer may include a multi-layered membrane having a plurality of slits extending
through the membrane, thereby forming a plurality of sections of the membrane at least
partially separated by the slits. Each slit extends from a perimeter of the membrane ¢ a
respective end position at a predetermined distance away from a center of the membrane. The
plurality of sections of the membrane are connected to each other at the center of the
membrane.

{6067} Various embodiments further provide a method of forming an ultrasound
transducer. The method may include providing a multi-layered membrane; and forming a
plurality of slits extending through the membrane, thereby forming a plurality of sections of
the membrane at least partially separated by the slits. Fach slit may extend from a perimeter
of the membrane 10 a respective end position at a predetermined distance away from a center
of the membrane. The plurality of sections of the membrane may be connected to each other

at the center of the membrane.
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Brief Deserintion of the Drawines

{6608} In the drawings, like reference characters generally refer to the same parts
throughout the difterent views., The drawings are not necessarily to scale, emphasis instead
generally being placed upon illustrating the principles of the invention. In the following
description, various embodiments are described with reference to the following drawings, in
which:

Fig. 1 shows a schematic diagram illustrating an ultrasound transducer according to
various embodiments.

Fig. 2 shows a schematic diagram lustrating an ultrasound transducer according to
various embodiments.

Fig. 3 shows a schematic diagram illustrating a cross-section view of an ultrasound
transducer according to various embodiments.

Fig. 4 shows a schematic diagram illostrating a cross-section view of an ultrasound
transducer according to various embodiments.

Fig. 5 shows a schematic diagram illustrating a cross-section view of an ultrasound
transducer according to various embodiments.

Fig. 6 shows a plot illusirating the volume of air displaced by the membrane under
static deflection, as a function of the width of the slits according to various embodiments.

Fig. 7 shows a plot illustrating the volume of air displaced by the membrane, as a
function of the ratio of slit length to the radius of the membrane according to various
embodiments.

Fig. 8 shows a plot illustrating the volume of air displaced by the membrane, as a
function of the number of shis according to various embodiments.

Fig. 9 shows a flowchart illustrating a method of forming an ultrasound transducer

according to various embodiments.
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Description

§6009] The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention may be
practiced. These embodiments are described in sufficient detail to enable those skilled in the
art to practice the invention. Other embodiments may be utilized, and structural and logical
changes may be made without departing from the scope of the invention. The various
embodiments are not necessanily mutually exclusive, as some embodiments can be combined
with one or more other embodiments to form new embodiments.

{00186} Various embodiments provide an ultrasound transducer enabling easier expansion
of the membrane while maximizing the area of the membrane. The ultrasound transducer of
various emubodiments allows larger displacement of the membrane, and thus generates higher
acoustic pressure, thereby allowing wave to travel far and achieving higher signal-to-noise
ratio.

{6011} Various cmbodiments provide an ultrasound trausducer. The ulirasocund
transducer may include a multi-layered ruembrane having a plurality of slits extending
through the membrane, thereby forming a plurality of sections of the membrane at least
partially separated by the slits. Each slit extends from a perimeter of the membrane to a
respective end position at g predetermined distance away from a center of the membrane. The
plurality of sections of the membrane are connected to each other at the center of the
membrane.

{6012} In other words, various embodiments provide an ultrasound transducer, in which
narrow slits are formed in the multi-layered membrane to form a plarality of sections of the
membrane at least partially decoupled with each other, which allows for greater displacement

and expansion of the membrane. The end of each slit stops at a distance away from the center
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of the membrane, so that the center portion of the membrane connects the plurality of
decoupled sections of the membrane together, thereby allowing the decoupled sections of the
membrane remain in phase during vibration.

{8013} According to various embodiments, the plurality of slits may extend through the
membrane along a direction at least substantially perpendicular to the membrane. The
plurality of slits may extend through the membrane along other directions in other
embodiments, e.g. along an oblique direction through the layers of the membrane, The
phurality of slits may extend through the entire thickness of the membrane, in other words, the
slits may extend through all layers of the multi-layered membrane.

{0014} In various embodiments, each slit may exiend radially from the perimeter of the
membrane to the respective end position at the predetermined distance away from the center
of the membrane. The plurality of slits may extend radially to converge towards the center
portion of the membrane. By way of example, the longitudinal axis of each slit may extend
radially towards the center portion of the membrane,

{6015} In various embodiments, each shit may extend along a radius of the membrane
from the perimeter of the membrane to the respective end position, For example, the line
connecting the two ends of the shit may extend along the radius of the membrane, or the
longitudinal axis of the slit may extend along the radius of the membrane.

{0616] In various embodiments, a tangent at the end portion of each shit may be through
the center of the membrane. In other embodiments, the tangent at the end portion of each slit
may not be through the center of the membrane.

{6017} Agcording to various embodiments, the plurality of slits may be substantially
evenly disposed in the membrane, so as to at least partially separate the membrane into the
plurality of sections having substantially equal arcas, thercby ensuring that resonant
requencies of the plurality of sections are matched with each other. In other embodiments,

the plurality of slits may be unevenly disposed in the membrane, and the plurality of sections
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of the membranes separated thereby may have different area with each other, thereby
achieving broadband frequencies of the multi-layered membrane.

{8018} According to various embodiments, the center of the membrane may be a center
of gravity of the membrane. The center of the membrane may be a point at the center of
gravity of the membrane. The plurality of sections of the membrane may be connected to
each other at the center portion of the membrane, wherein the center portion is an area
mcluding the center of the membrane. By way of example, the center portion may be a
circular area at the center of the membrane, or may be an area of other shapes including the
center of the membrane.

{6019} According to various embodiments, the multi-lavered membrane may be a disc-
shaped membrane. In various embodiments, the multi-layered membrane may be in other
suitable shapes, ¢.g., ¢llipse, square, rectangle, polygon, stc.

(6628} According to various embodiments, the multi-layered membrane may be clamped
around at least a portion of the perimeter.

{00621} According to various embodiments, each shit may be one of a rectangular shaped
skit or a spiral shaped slit. The slits may also be any other shaped slit, e.g., curved slit, tapered
slit, etc.

{6022} According to vanious embodiments, each slit may have a width in g range of 0.1%
- 15% of a radius of the multi-layered membrane. By way of example, the width of each slit
may be about 0.2%, 0.5%, 0.8%, 1%, 5%, 8%, 10%, 12%, or 14% of the radius of the multi-
layered membrane,

10623} According to various embodiments, a length of each slit is in a range of 10% -
90% of a radius of the multi-layered membrane. By way of cxample, the length of each shit
may be about 15%, 20%, 40%, 60%, or 80% of the radius of the multi-layered membrane.
[66241 Accordingly, according to various embodiments, the end positions of the plurality

of shis are located at the predetermined distance away from the center of the membrane,
&
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wherein the predetermined distance may be in a range of 10% - 90% of the radius of the
membrane. According to various embodiments, the end positions of the plurality of slits may
be located at the same predetermined distance from the center of the membrane, thereby
ensuring that resonant frequencies of the plurality of sections of the membrane are matched
with each other. According to various embodiments, the end positions of the plurality of slits
may be located at different predetermined distances away from the center of the membrane,
thereby achieving broadband frequencies of the multi-layered membrane.

{08251 According to various embodiments, the length of each slit is substantially larger
than the width, which forms narrow slits to maximize the remaining sections of the
membrane.

{6626} According to various embodiments, the multi-layered membrane may include a
substrate, a f{irst electrode layer arranged on the substrate, a piezoelectric layer arranged on
the first electrode layer, and a second electrode layer arranged on the piezoelectric layer. The
ultrasound transducer may be referred t© as a unimorph ultrasound transducer.

16827} In various embodiments, the substrate may include silicon, silicon dioxide, or
titamium. The first electrode layer and the second electrode layer may include either
molybdenum, or aluminium, or any other suitable electrically conductive materials, The
piezoelectric layer may include lead zirconate titanate, or aluminitum nitride, or any other
suitable piezoeleciric materials,

[6428] In various embodiments, at least one of the first electrode layer and the second
electrode layer may include an inner circle portion and an outer ring portion separated by a
gap.

{0829 In various embodiments, the multi-layered membrane may be un-patierned such
that diameters of various layers of the multi-layered membrane may be substantially similar,
in various embodiments, the multi-layered membrane may be patterned such that a diameter

of the substrate is larger than a diameter of the first electrode layer, the diameter of the first
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clectrode layer is larger than a diameter of the pieroelectric layer, and the diameter of the
piezoelectric layer is larger than a diameter of the second electrode layer.

10036} According fo various embodiments, the nuiti-lavered membrane may include a
first electrode layer, a second electrode layer, a third electrode layer, a first piezoelectric layer
arranged inbetween the first electrode layer and the second electrode layer, and a second
piezoelectric layer arranged inbetween the second electrode layer and the third electrode
layer, wherein the second electrode layer i3 arranged inbetween the first piezoelectric layer
and the second piezoelectric layver. The ultrasound transducer may be referred to as a bimorph
ultrasound transducer,

[6031] In various embodiments, at least one of the first electrode laver and the thivd
electrode layer may include an inner circle portion and an outer ring portion separated by a
gap.

[0832] According to varicus embodiments, one or more layers of the multi-layered
membrane may be configured to have various thicknesses and diameters, thereby providing
various resonant frequencies of the multi-layered membrane.

{0033} Various embodiments further provide a method of forming an ultrasound
transducer. The method may include providing a multi-layered membrane; and forming a
plurality of slits extending through the membrane, thereby forming a plurality of sections of
the membrane at least partially separated by the slits. Each slit may extend from a perimeter
of the membrane to a respective end position at a predetermined distance away from a center
of the membrane. The plurality of sections of the membrane may be connected to each other
at the center of the membrane.

8034} According to various embodiments, the method may further include forming a
first electrode layer on a substrate; forming a piezoelectric layer on the first electrode layer;

and forming a second electrode layer on the pieroelectric layer, thereby forming the multi-



WO 2017/069701 PCT/SG2016/050504

layered membrane. The method may further include forming the plurality of slits extending
through the first electrode layer, the piezoelectric layer and the second electrode layer.

[8035] In various embodiments, the method may include forming the plurality of slits
extending through the substrate, the first clectrode layer, the piezoclectric layer and the
second electrode layer.

{0836} According to various embodiments, the method may further include forming a
first electrode layer on a substrate; forming a first pieroelectric laver on the first electrode
layer; forming a second clectrode layver on the first piczoelectric layer; forming a second
piezoeleciric layer on the second electrode layer; forming a third electrode layer on the
second piezoelectric faver, thereby forming the multi-layered membrane. The method may
further include forming the plurality of slits extending through the first electrode layer, the
first piezoclectric layer, the second electrode layer, the second piezoelectric laver and the
third electrode layer; and removing a selected area of the substrate to expose the first
electrode layer from a bottom surface of the first electrode layer,

16637} In various embodiments, the method may further include at least one of: etching a
portion of the first elecirode layer to form an inner circle portion and an outer ring portion of
the first electrode layer; or etching a portion of the third electrode laver to form an inner
circle portion and an outer ring portion of the third electrode layer.

16038} Various embodiments of the ultrasound transducer and the method of forming the
ultrasound transducer are described in more detail below with reference to figures.

10039] Fig. 1 shows a schematic diagram illustrating an ultrasound transducer according
to various embodiments.

{6648 As shown in Fig. 1, the ultrasoond transducer includes a multi-layered membrane
100, which 1s shown in a top view or 4 bottom view. The fop view and the bottom view of the

membrane 100 may be the same. The multi-layered membrane 100 may be at least partiaily
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tixed, for example, may be clamped around at least a perimeter 104 of the multi-layered
membrane 100,

{8041} The membrane 100 includes a plurality of slits 102 extending through the
membrane 100, thereby forming a plurality of sections 112, 114, 116, 118 of the membrane
100 at least partially separated by the slits 102, Each shit 102 extends from the perimeter 104
of the membrane 100 to a respective end position at a predetermined distance away from a
center 106 of the moembrane 100. The plurality of sections 112, 114, 116, 118 of the
mewmbrane are connected to each other at the center 106 of the membrane, which may allow
the various sections 112, 114, 116, 118 to vibrate upwards and downwards in phase with each
other.

{6042} The separation of the various sections 112, 114, 116, 118 along the length of the
shits 102 allows the membrane 100 {o expand upwards more easily, since the at least partially
decoupled sections 112, 114, 116, 118 do not pull back each other during the upward
expansion of the membrane.

[0043] According to various emibodiments, the plurality of slits 102 may extend through
the membrane 100 along a direction at least substantially perpendicular to the membrane, or
along other directions in other embodiments, £.g. along an oblique direction through the
layers of the membrane. The plurality of slits 102 may extend through the entire thickness of
the membrane 100, L.e., through all lavers of the multi-layered membrane 100.

{8044] In various embodiments, each slit 102 may extend radially from the perimeter of
104 the membrane 100 to the respective end position at the predetermined distance away
from the center 106 of the membrane 100, or vice versa. In the embodiments shown in Fig, 1,
cach slit 102 extends along a respective radius of the membrane 100 from the perimeter 104
of the membrane to the respective end position, and converges towards the center portion 106
of the membrane 100. The longitudinal axis of each slit 102, or a Huoe comnnecting the two

ends of the slit 102 may extend radially towards the center portion 106 of the membrane,
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108451 According to various emsbodinents, each slit 102 may have a width in a range of
0.1% - 15% of the radius of the multi-layered membrane 100. By way of example, the width
of each shit 102 may be about 0.2%, 0.5%, 0.8%, 1%, 5%, 8%, 10%, 12%, or 14% of the
radius of the multi-layered membrane 100.

{06046} According to various embodiments, a length of cach slit 102 is in a range of 10% -
90% of the radius of the multi-layered membrane 100. By way of example, the length of each
slit 102 may be about 153%, 20%, 40%, 60%, or 80% of the radius of the multi-layered
membranel 00.

10047} According to various embodiments shown in Fig. 1, the end positions of the
plurality of slits 102 may be located at the same predetermined distance away from the center
106 of the membrane. The predetermined distance may be, e.g., 10% - 90% of the radius of
the membrane. According to various embodiments, the end positions of the plurality of slits
may be located at various or different distances away from the center of the membrane.

[8048] According to various embodiments, the length of each slit 102 is substantially
farger than the width, which forms narrow slifs to maximize the remaining sections of the
membrane.

[0049] The area of the slits 102 may be a small fraction of the area of the membrane 100.
By making the area of the slits 102 small, majority of the arca of the membrane 100 which
may for example include piezoelectric material, is refained, so as to provide as much
actuation power as possible.

18050] In the embodiments shown in Fig. 1, four slits 102 are evenly disposed in the disk-
shaped membrane 100, so as {0 at least partially separate the membrane 100 into four sections
112, 114, 116, 118 having substantially equal areas. It is understood that in various other
embodiments, various numbers {e.g., 2, 3, 5, 6, 7, 8, 9, 10, etc.) of slits may be formed in the

membrane, which may or may not be evenly disposed in the membrane.
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8051} The multi-layered membrane 100 is shown as a disc-shaped membrane in the
embodiments of Fig. 1. It is understood that the multi-layered membrane may be in other
suitable shapes, e.g., ellipse, square, rectangle, polygon, etc,

{68521 According to various embodiments, each shit 102 may be a rectangular shaped siit
as shown in Fig. 1. In various other embodiments, the shits 102 may be any other shaped slits,
for example, spiral shaped slit, curved slit, tapered s, efc. The phwality of slits 102 may be
in the same shape, or may be in different shapes.

30531 According to various embodiments, the multi-layered membrane 100 may include
at least a piezoelectric layer and two electrode layers (not shown) sandwiching the
piezoelectric layer, which will be described in more detail in Figs. 3 to 5 below.

18054] According to various embodiments, one or more layers of the multi-layered
membrane may be configured to have various thicknesses and diameters, thereby providing
various resonant frequencies of the multi-layered membrane.

8055] According to various embodiments, at least one of the two electrode layers may be
patterned to include an inner circle portion 122 and an outer ring portion 124 separated by a
gap 126. By supplying a positive voltage 1o the inner circle 122 and supplying a negative
voltage to the outer ring 124, the membrane 100 may bend upwards. In various embodiments,
the inner circle 122 and the outer ring 124 may be supplied with voltages of opposite polarity
for optimal actuation. The optimum radii of the inner circle 122 and the outer ring 124 may
be determined using finite clernent software, such as COMSOL Multiphysics, Ansys, or
Coventorware.

6056} Fig. 2 shows a schematic diagram illustrating an ultrasound transducer according
to various embodiments.

[0057] As shown in Fig. 2, the ultrasound transducer inclodes a multi-layered membrane
200, which is shown in a top view or a bottom view. The top view and the bottom view of the

nembrane 200 may be the same. The multi-lavered membrane 200 may be at least partially
12
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fixed, for example, may be clarped around at least a perimeter 204 of the multi-layered
membrane 10{.

{8858} Stmilar to the membrane 100 described in the embodiments of Fig. 1 above, the
membrane 200 in the embodiments of Fig. 2 includes a plorality of slits 202 extending
through the membrane 200 so as to form a plurality of sections 212, 214, 216, 218 of the
membrane 200 at least partially separated by the slits 202, Each slit 202 extends from the
pertmeter 204 of the membrane 200 to a respective end position at a predetermined distance
away from a center 206 of the membrane 200. The plurality of sections 212, 214, 216, 218 of
the membrane are connected to each other at the center 206 of the membrane, which may
allow the various sections 212, 214, 216, 218 to vibrate upwards and downwards in phase
with each other. Various embodiments described with regard to Fig. 1 above are analogously
valid for the ultrasound transducer of Fig. 2, and vice versa.

[6059] The embodiments of Fig. 2 shows the plurality of slits 202 in different shapes
from the slits 102 in Fig. 1 above, and accordingly the plurality of sections 212, 214, 216, 218
of the membrane 200 separated by the slits 202 are in different shapes from the sections 112,
114, 116, 118 of the membrane 100

{0060] Inn the embodiments of Fig. 2, the slits 202 are shown as spiral shaped slits. The
spiral shaped slits 202 extend spirally from the perimeter 204 of the membrane 200 to the
respective end positions at the predetermined distance away from the center 206 of the
membrane 200. In the embodiments of Fig. 2, a tangent at the end portion of each slit 202
may be through the center 206 of the membrane, in other words, along the radius of the
membrane. In other embodiments, the tangent at the end portion of the slit 202 may not be
through the center of the membrane.

[8061] Fig. 1 and Fig. 2 show some embodiments of the slits. In various other
embodiments, the slits may be formed in any suitable shapes and may be oriented/extended in

any suitable manner, with one end of each shit located at the perimeter of the membrane and
13
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the other end located within the membrane at the predetermined distance away from the
center of the membrane, so as o divide the membrane into a plurality of sections at least
partially separated from each other by the slits and connected to each other at the center of
the membrane.

{6062} Fig. 3 shows a schematic diagram illustrating a cross-section view of an
ultrasound transducer according to various embodiments.

{6663} As shown in Fig. 3, the ultrasound transducer includes a multi-layered membrane
300 having a plurality of slits 302 extending through the entire thickness of the membrane
300, wherein only one slit is shown in Fig. 3. Various embodiments of the multi-layered
membrane and the slits as described in various embodiments of Figs, 1 and 2 above are
analogously valid for the embodiments of Fig. 3, and vice versa.

18864} According to various embodiments, the ruulti-layered membrane 300 may include
a substrate 311, a first electrode layer 313 (which may be referred {o as a botiom electrode)
arranged on the substrate 311, a piezoelectric layer 315 arranged on the first electrode layer
313, and a second electrode layer 317 (which may be referred to as a top clectrode) arranged
on the piezoelectric layer 315, The ultrasound transducer according to the embodiments of
Fig. 3 may be referred to as a unimorph ultrasound transducer.

{0065] In various embodiments, the substrate 311 may include silicon, silicon dioxide, or
titanium. The first electrode layer 313 and the second electrode layer 317 may include either
molybdenum, or aluminium, or any other suitable electrically conductive materials, The
piezoelectric layer 315 may include lead zirconate titanate, or ahuminium nitride, or any other
suitable piezoelectric materials,

[8066] According to various embodiments, ope or more layers of the multi-layered
membrane 300 may be configured to have various thicknesses and diameters, thereby

providing various resonant frequencies of the multi-layered membrane,
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(6667} In various embodiments, the thicknesses and diameters of the various layers of the
membrane 300 may be changed to modify the resonant frequencics of the membrane.
Ultrasound transducers operating at low frequencies may be used by robots and automobiles
for range-finding, in mobile phones and gaming consoles for gesture recognition, and by
medical professionals for the thrombeolysis of biological tissues. Ultrasound transducers
operating at high frequencies may be used for medical imaging.

j66638] In various esbodiments as show in Fig. 3, the multi-layered membrane 300 may
be patterned such that a diameter of the substrate 311 is larger than a diameter of the first
electrode layer 313, the diameter of the first electrode layer 313 is larger than a diameter of
the piezoelectric layer 315, and the diameter of the piezoelectric layer 315 is larger than a
diameter of the second electrode layer 317. The first electrode layer 313, the piezoeleciric
layer 315 and the second electrode layer 317 may be patterned by lithography and etching,
for example, to have different diameters.

{8069] In various embodiments, the multi-layered membrane 300 may be patterned such
that a diameter of the piezoelectric layer 315 is smaller than a diameter of the substrate 311,
The piezoclectric layer 315 may be patterned by lithography and etching, for example, to
have a smaller diameter. The diameters of the first electrode layer 313 and the second
electrode layer 317 may be the same as or may be different from the diameter of the
ptezoelectric layer 315.

[007¢] According to various embodiments, the top electrode 317 and the bottom
electrode 313 may be configured to supply a voliage to the piezoelectric layer 315, To actuate
the membrane 300, an alternating voltage may be supplied to the top elecirode 317, and the
bottom electrode 313 may be electrically grounded.

{8071} Fig. 4 shows a schematic diagram illustrating a cross-section view of an

ultrasound transducer according to various embodiments.
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j66721 Similar to the embodiments of Fig. 3, the ultrasound transducer of Fig. 4 includes
a multi-layered membrane 400 having a plurality of slits 302 extending through the entire
thickness of the membrane 400, wherein only one slit is shown i Fig. 4. Various
embodiments of the multi-layered membrane and the slits as described in various
ernbodiments of Figs. 1-3 above are analogously valid for the embodiments of Fig. 4, and
ViCe Versa.

{6673} Similar to the embodiments of Fig. 3, the ulirasound transducer of Fig. 4 is a
untinorph ultrasound transducer. The multi-layered membrane 400 may include the substrate
311, a first electrode layer 413 {which may be referred to as a botlom electrode) arranged on
the substrate 311, a piezoelectric layer 415 arranged on the first electrode layer 413, and a
second electrode layer 417 (which may be referred to as a top electrode) arranged on the
piezoelectric layer 415.

106741 The first electrode layer 413, the piczoelectric layer 415 and the second electrode
layer 417 may be similar to the first electrode layer 313, the piezoelectric layer 315 and the
second electrode layer 317 of Fig. 3, respectively,

{0075] In the embodiments shown in Fig. 4, the top electrode 417 and the bottom
electrode 413 are not separated into inner circle and outer rings, different from the
embodiments of Fig. 1 and Fig. 2 above. In other embodiments, one or both of the top
electrode 417 and the bottom electrode 413 may include an inner circle portion and an outer
ring portion separated by a gap, similar to the embodiments as shown in Fig. 1 and Fig. 2.
18076} In the embodiments of Fig. 4, the first electrode layer 413 and the piezoelectric
layer 415 are not patterned, and have the same diameter as the substrate 311, The second
electrode layer 417 may be patterned to have a smaller diameter than the piezoelectric layer
415, as shown in Fig. 4.

{0077} Fig. 5 shows a schematic diagram illusirating a cross-section view of an

altrasound transducer according to various embodiments.
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{0078] As shown in Fig. 5, the nltrasound transducer includes a multi-layered membrane
500 having a plurality of slits 502 extending through the entire thickness of the membrane
500, wherein only one slit is shown in Fig. 5. Various embodiments of the multi-layered
membrane and the slits as described in various embodiments of Figs. 1-4 above are
analogously valid for the embodiments of Fig. 5, and vice versa,

18879} The ultrasound transducer according to the embodiments of Fig. 5 may be a
bimorph ultrasound transducer, which includes two piczoeleetric layers and three electrode
layers.

{3080] As shown tn Fig. 5, the multi-layered membrane 500 may include a first electrode
layer 511, 513 (which may be referred to as a bottom electrode}, a second electrode layer 515
{which may be referred to as a middle electrode), a third electrode laver 517, 519 {(which may
be referred to as a top electrode), a first piczoelectric laver 521 arranged inbetween the first
electrode fayer 511, 513 and the second electrode layer 515, and a second piezoelectric layer
523 arranged inbetween the second electrode layer 515 and the third electrode layer 517, 519,
The second electrode layer 515 is arranged inbetween the first piezoelectric layer 521 and the
second piezoelectric layer 523,

{0681} In various embodiments, the electrode layers 511, 513, 515, 517, 519 may include
cither molvbdenum or aluminium, or any other suitable electrically conductive materials, The
piezoelectric layers 521, 523 may include lead zirconate titanate, or aluminium nitride, or any
other suttable piezoelectric materials.

{06821 In various embodiments, at lcast one of the first electrode laver and the third
electrode layer may inclade an inner circle portion and an outer ring portion separated by a
gap, similar to the embodiments as shown in Fig. | and Fig. 2 above. In the embodiments
shown in Fig. S, the bottom electrode may include an inner circle portion 511 and an outer
ring portion 313 separated by a gap. The top electrode may include an inner circle portion

517 and an outer ring portion 519 separated by a gap.
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{8083] According to various embodiments, the middle electrode 515 may be configured
to supply a voltage to both piezoelectric layers 521, 523, The top electrode 517, 519 may be
configured to supply a voltage to the second piezoelectric layer 523. The bottom electrode
511, 513 may be configured to supply a voltage to the first piezoelectric layer 521, In an
embodiment to actuate the membrane 500, an alternating voltage may be supplied to the top
and bottom electrodes 511, 513, 517, 519, and the middle electrode 515 may be electrically
grounded.

[6084] According to various embodiments, one or more layers of the multi-lavered
membrane 500 may be configured to have various thicknesses and diameters, thereby
providing various resonant frequencies of the multi-layered membrane. In various
embodiments, the thicknesses and diameters of the various layers of the membrane 500 may
be changed to modify the resovant frequencies of the membrane, so as to provide ultrasound
transducers operating at low frequencies and high frequencies for various applications.

[6085] According to various embodiments described with reference to Figs. 1-5 above,
multiple narrow slits are provided which extend from a predetermined/fixed distance from the
centre of the multi-layered membrane to the circamference of the membrane. This allows the
various sections of the membrane to be partially decoupled from each other,

{0086] When the membrane of the ultrasound transducer is actuated up and down, the
partial decoupling of the sections according to various embodiments above allows all sections
and the entire membrane to expand upwards more freely and more easily. This allows the
membrane to have a greater expansion and a greater displacement, thus resulting in a greater
acoustic pressure being generated.

{00871 According to various embodiments above, slits are not formed in the center of the
membrane, so as to allow the center of the membrane to connect all sections of the membrane
together. The various partially decoupled sections are connected to each other at the centre of

the membrane, which causes them to vibrate in phase with each other. When the plurality of
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sections vibrate in phase with each other at the same resonant frequency, the acoustic
pressure generated is greater than that generated when the sections vibrate out of phase. This
is because the acoustic waves interfere constructively to increase the amplitude of the
pressure of the acoustic wave. If the sections vibrate cut of phase, the acoustic waves will
interfere destructively, which will reduce the amplitude of the pressure of the acoustic wave.
{6088} By retaining the centre area of the membrane according to various embodiments
above, more piczoelectric material area of the membrane is retained for greater actuation.
This provides a greater driving force in the membrane, which resulis in greater membrane
displacement and hence greater acoustic pressure being generated.

{6089] By achieving greater acoustic pressure, the ultrasound transducer according to
various embodiments, when used as an ultrasound fransmitter, is able to achieve a greater
transmission range and penetration depth, thereby improving the imaging resolution for
applications like medical imaging, range finding and gesture recognition. A greater acoustic
pressure also allows the ulirasound transmitter to break up blood clots and cells more easily,
for example. This 1s beneficial to removing blood clots in patients and for blood diagnostics
where the cells need to be broken up to release the bio-marker proteins for disease detection.
{6090} By making the slils very narrow according to various embodiments, there is
reduced loss of pieroelectric material. Retaining the piezoelectric material is important for
driving the membrane up and down.

{0091} According to various embodiments, the thicknesses and diameters of the various
layers of the membrane may be adjusted to modity the resonant frequencies of the membrane,
so as to provide ultrasound transducers operating at various frequencies for different
applications. Ultrasound transducers operating at low frequencies may be used by robots and
autornobiles for range-finding, in mobile phones and gaming consoles for gesture
recognition, and by medical professionals for the thrombelysis of biological tissues.

Ultrasound transducers operating at high freguencies may be used for medical imaging,
1@
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[6092] Fig. 6 shows a plot 600 tllustrating the volume of air displaced by the membrane
under static deflection, as a function of the width of the slits according to various
embodiments.

{6893] The volume of the air displaced is calculated by performing a surface integral of
the displacement at each point, over the area of the membrane. The simulation model used to
generate the results of Fig. 6 uses an ultrasound transducer having 8 sliis formed in the
mernbrane. As shown in Fig. 6, the slits may have a width in the range of Sum - 30um. As
the slits become narrower, the area of the membrane is increased, leading to a greater volume
of air displaced and hence demonstrating improved performance.

6094} Fig. 7 shows a plot 700 illustrating the volume of air displaced by the membrane,
as a funclion of the ratio of slit length to the radius of the membrane according to various
embodiments.

{8095] The simulation model used to generate the resulis of Fig. 7 uses an ultrasound
transducer having & slits formed in the membrane. Simulation results in Fig. 7 show that
increasing the shits’ length relative to the radius of the membrane will lead to a greater
volume of air displaced.

[0096] Fig. § shows a plot 800 illustrating the volume of air displaced by the membrane,
as a function of the number of slits according to varicus embodiments.

g from 2 to 12, is used in the

=

{8097} As shown in Fig. 8, various mumber of slits, ¢
simulation. The simulation results in Fig. § show that the volume of air displaced is the
maximum when four slits are used in the membrane of the ultrasound transducer of various
embodiments above.

{8098} Fig. 9 shows a flowchart 900 illusirating 3 method of forming an ultrasound
transducer according to various embodiments. The method illusirated below may be used to

form the ulirasound transducer described in various embodiments of Figs. 1-5 above. Various
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embodiments of the ultrasound transducer described above are analogously valid for the
embodiments of the method below, and vice versa.

{6099] At 902, a multi-layered membrane is provided.

{601060] At 904, a plurality of slits extending through the membrane is formed, thereby
formung a plurality of sections of the membrane at least partially separated by the slits. Each
slit may extend from a perimeter of the membrane to a respective end position at a
predetermined distance away from a center of the membrane. The plurality of sections of the
menibrane may be connected to each other at the center of the membrane.

[08101] According to various embodiments, the plurality of slits may be formed by
eiching.

[00182]  According to various embodiments, the method may further include forming a
first electrode layer on a substrate; forming a piezoelectric layer on the first electrode laver;
and forming a second electrode layer on the piezoelectric layer, thereby forming the multi-
layered membrane. The method may further include forming the plurality of slits extending
through the first electrode layer, the piezoelectric layer and the second electrode layer.
{80163}  In various embodiments, the method may include forming the plurality of slits
extending through the substrate, the first electrode layer, the piezoelectric layer and the
second elecirode laver.

{60104}  According to various embodiments, the method may further include forming a
first electrode layer on a substrate; forming a first piezoelectric layer on the first electrode
layer; forming a second electrode layer on the first piezoelectric layer;, forming a second
piczoelectric layer on the second electrode laver; forming a third electrode layer on the
second piezoelectric layer, thereby forming the multi-layered membrane. The method may
forther include forming the plurality of slits extending through the first electrode layer, the

first piezoelectric layer, the second electrode layer, the second piezoelectric layer and the
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third electrode layer; and removing a selected area of the substrate to expose the first
electrode layer from a bottom surface of the first electrode laver.

{00105] o various embodiments, the method may further include at least one of! eiching a
portion of the first electrode layer to form an inner circle portion and an outer ring portion of
the first electrode layer; or etching a portion of the third electrode layer to form an inner
circle portion and an outer ring portion of the third electrode layer.

[86106] In exemplary embodiments, a fabrication process for forming the unimorph
oltrasound transducer of Fig. 3 and Fig. 4 above are described in detail below,

{08167  The fabrication process may start with a silicon-on-insulator {SOI} wafer. The
device layer of the SO wafer may be used as the substrate 311, Thin films of molybdenum
313,317, 413, 417 and aluminium nitride 315, 415 are deposited on top of the substrate 311.
The top layer of molybdenum 317, 417 may be patterned through lithography and etching.
Subsequently, the aluminivm nitride layer 315 may be patterned. Thereafter, the bottom
molybdenum layer 313 may be patterned. In order to release the substrate 311 from the layers
beneath it, a hole 1s etched into the handle and buried oxide layers of the SOI wafer, from the
backside of the wafer. Thereafler, the structure 300, 400 of Fig. 3 and Fig. 4 is formed.
[00108] In exemplary embodiments, a fabrication process for forming the bimorph
ulfrasound transducer of Fig. 5 above are described in detail below.

[601069] The fabrication process may start with a blank silicon wafer. A thin film of
molybdenum is first deposited on the silicon wafer. The patterned inner circle 511 and outer
ring 513 of the bottom molybdenum layer may be formed through lithography and etching.
Thereafter, the bottom aluminhwn nitride layer 521, middle molybdenum layer 515, top
aluminium nitride layer 523, and top molybdenum layer are deposited. The patterned inner
circle 517 and outer ring 519 of the top molybdenum layer are formed through lithography

and etching. In order to release the bottom meolybdenuwm layer 511, 513 from the silicon
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material beneath 1t, a hole is etched from the backside of the wafer. Thereafer, the structure
500 of Fig. 5 1s formed.

[60118] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various changes
in form and detail may be made therein without departing from the spirit and scope of the
invention as defined by the appended claims. The scope of the invention s thus indicated by
the appended claims and all changes which come within the meaning and range of

equivalency of the claims are therefore intended {0 be embraced.



Claims

What is claimed is:

1.

An ultrasound transducer, comprising:

a multi-layered membrane comprising a plurality of slits extending through the
membrane, thereby forming a plurality of sections of the membrane at least partially
separated by the slits;

wherein each slit is a spiral shaped slit, and extends spirally from a perimeter of the
membrane to a respective end position at a predetermined distance away from a center
of the membrane,

wherein the plurality of sections of the membrane are connected to each other at the

center of the membrane.

The ultrasound transducer of claim 1,
wherein the plurality of slits extend through the membrane along a direction at least

substantially perpendicular to the membrane.

The ultrasound transducer of claim 1,

wherein a tangent at the end portion of each slit is through the center of the membrane.

The ultrasound transducer of claim 1,

wherein the center of the membrane is a center of gravity of the membrane.
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10.

The ultrasound transducer of claim 1,

wherein the multi-layered membrane is a disc-shaped membrane.

The ultrasound transducer of claim 1,
wherein the multi-layered membrane is clamped around at least a portion of the

perimeter.

The ultrasound transducer of claim 1,
wherein each slit has a width in a range of 0.1% - 15% of a radius of the multi-layered

membrane.

The ultrasound transducer of claim 1,
wherein a length of each slit is in a range of 10% - 90% of a radius of the multi-layered

membrane.

The ultrasound transducer of claim 1,
wherein the multi-layered membrane comprises a substrate, a first electrode layer
arranged on the substrate, a piezoelectric layer arranged on the first electrode layer, and

a second electrode layer arranged on the piezoelectric layer.

The ultrasound transducer of claim 9,

wherein at least one of the first electrode layer and the second electrode layer comprises

an inner circle portion and an outer ring portion separated by a gap.

11.

The ultrasound transducer of claim 9,
25



12.

13.

14.

15.

wherein the multi-layered membrane is patterned such that a diameter of the substrate
is larger than a diameter of the first electrode layer, the diameter of the first electrode
layer is larger than a diameter of the piezoelectric layer, and the diameter of the

piezoelectric layer is larger than a diameter of the second electrode layer.

The ultrasound transducer of claim 1, wherein the multi-layered membrane comprises:
a first electrode layer,

a second electrode layer,

a third electrode layer,

a first piezoelectric layer arranged inbetween the first electrode layer and the second
electrode layer, and

a second piezoelectric layer arranged inbetween the second electrode layer and the third
electrode layer,

wherein the second electrode layer is arranged inbetween the first piezoelectric layer

and the second piezoelectric layer.

The ultrasound transducer of claim 12,
wherein at least one of the first electrode layer and the third electrode layer comprises

an inner circle portion and an outer ring portion separated by a gap.

The ultrasound transducer of claim 1,
wherein one or more layers of the multi-layered membrane are configured to have
various thicknesses and diameters, thereby providing various resonant frequencies of

the multi-layered membrane.

A method of forming an ultrasound transducer, the method comprising:
26



16.

17.

providing a multi-layered membrane; and

forming a plurality of slits extending through the membrane, thereby forming a plurality
of sections of the membrane at least partially separated by the slits;

wherein each slit is a spiral shaped slit, and extends spirally from a perimeter of the
membrane to a respective end position at a predetermined distance away from a center
of the membrane,

wherein the plurality of sections of the membrane are connected to each other at the

center of the membrane.

The method of claim 15, further comprising:

forming a first electrode layer on a substrate;

forming a piezoelectric layer on the first electrode layer;

forming a second electrode layer on the piezoelectric layer, thereby forming the multi-
layered membrane; and

forming the plurality of slits extending through the first electrode layer, the

piezoelectric layer and the second electrode layer.

The method of claim 15, further comprising:

forming a first electrode layer on a substrate;

forming a first piezoelectric layer on the first electrode layer;

forming a second electrode layer on the first piezoelectric layer;

forming a second piezoelectric layer on the second electrode layer;

forming a third electrode layer on the second piezoelectric layer, thereby forming the

multi-layered membrane;
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18.

forming the plurality of slits extending through the first electrode layer, the first
piezoelectric layer, the second electrode layer, the second piezoelectric layer and the
third electrode layer; and

removing a selected area of the substrate to expose the first electrode layer from a

bottom surface of the first electrode layer.

The method of claim 17, further comprising at least one of:

etching a portion of the first electrode layer to form an inner circle portion and an outer
ring portion of the first electrode layer; or

etching a portion of the third electrode layer to form an inner circle portion and an outer

ring portion of the third electrode layer.
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