(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
26 September 2019 (26.09.2019)

‘O 000 0 0
(10) International Publication Number

WO 2019/182771 A1l

WIPO I PCT

(51) International Patent Classification:
A61B 8/00 (2006.01) GOIN 29/24 (2006.01)
B0O6B 1/06 (2006.01) HO1L 41/09 (2006.01)

(21) International Application Number:
PCT/US2019/021500

(22) International Filing Date:
09 March 2019 (09.03.2019)

(84)
(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
15/933,309 22 March 2018 (22.03.2018) UsS

(71) Applicant: EXO IMAGING INC. [US/US]; 333 Pali Ct.,

Oakland, California 94611 (US).

Inventors: BRYZEK, Janusz; 333 Pali Ct., Oakland, Cal-
ifornia 94611 (US). AKKARAJU, Sandeep; 175 Grove
St, Wellesley, Massachusetts 02482 (US). HAQUE, Yusuf;
245 Cinnabar Road, Woodside, California 94062 (US).
ADAM, Joe; 15681 Northwoods Blvd, Truckee, California
96161 (US).

Agent: PARK, Chung, P.O. Box 62312, Sunnyvale, Cali-
fornia 94088-2312 (US).

(72)

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,

CA, CH, CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,

DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, 1IN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ, LA, LC,LK,LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to the identity of the inventor (Rule 4.17(i))

Published:

with international search report (Art. 21(3))

(54) Title: INTEGRATED ULTRASONIC TRANSDUCERS

A

700

T

Pr T
ﬁ\/\ essure

waves 730

Stack
PMUT .
720 28 Substrate 726 Me’;‘gga”e C%’zy
MEMS ( ( Bump
Die 702{ 712
Wires
708 3 .
Adhesive Underfill 730 CMQOS die 704

710

FIG. 7

H

Package
706

wo 2019/182771 A1 |0 000 00000 00O 00
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(702) by a first plurality of bumps (712) and including at least one circuit for controlling the plurality of piezoelectric elements (720},
and a package (706) secured to the CMOS die (704) by an adhesive layer (710) and electrically connected to the CMOS die (704).
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INTEGRATED ULTRASONIC TRANSDUCERS

BACKGROUND
A. Technical Field
[0001] The present invention relates to imaging devices, and more particularly,
to imaging devices having a microelectromechanical systems (MEMS) die integrated to a

complementary metal-oxide-semiconductor (CMOS) die/wafer.

B. Background of the Invention

[0002] A non-intrusive imaging system/probe for imaging internal organs of
human body and displaying the images of the internal organs requires transmission of a signal
into the human body and receiving an emitted or reflected signal from the organs. Typically,
transducers that are used in an imaging system are referred to as transceivers and some of the
transceivers are based on photo-acoustic or ultrasonic effects.

[0003] The conventional ultrasound probes in use for medical imaging typically
use piezoelectric material, such as lead zirconate titanate (PZT) and lead magnesium niobate-
lead titanate (PMN-PT) for high end imagers. Probes typically house the transducers and
some other electronics with means to cause an image to be displayed on a display unit. To
fabricate the conventional bulk piezoelectric elements for the transducers, one can simply cut
a thick piezoelectric material slab into rectangular shaped piezoelectric elements. However,
these rectangular shaped piezoelectric elements are expensive to build, since the
manufacturing process involves precisely cutting of the rectangular shaped thick PZT one at a
time and require a high drive voltage on the order of 200V.

[0004] Silicon based capacitive micromachined ultrasound transducers, cMUTs,

emerged in late 1990s as a new tool to perform medical imaging, enabling batch fabrication
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of cMUTs on silicon wafers. One of the expected benefits was the potential for integration of
cMUT with CMOS, as another step towards cost and power reduction. Several approaches
were demonstrated for integration of cMUT with CMOS prototypes: monolithic integration,
with cMUT above CMOS circuitry and ¢cMUT adjacent to circuitry, flip-chip of MEMS and
CMOS on an intermediate substrate (interposer) and flip-chip between MEMS and CMOS.
However, commercial implementation of these concepts has met with a number of
challenges. For instance, the conventional cMUT sensors are particularly prone to failure or
drift in performance due to the charge build-up during the high voltage operation, exhibit
non-linear transfer function restricting harmonic imaging and require a high drive voltage
comparable to conventional probes.

[0005] Recent advances in MEMS technology made possible deposition of thin
piezo films onto silicon, enabling batch fabrication of piezoelectric micromachined
ultrasound transducers (pMUTs) on silicon wafers, eliminating fundamental problems of
c¢cMUTs. While cMUT requires high voltage to modulate the gap under a diaphragm to create
ultrasound waves, pMUT’s piezoelectric layer is used to deflect a diaphragm using much
lower voltage than cMUT. pMUTs’ transfer function is linear enabling harmonic imaging,
and operation is not sensitive to mobile charges.

[0006] Typically, for high performance 3D imaging, a large number of pMUTs
need to be integrated on a single die. In general, one or more electrical connections per
pMUT elements may be needed, making wire bonding between PMUT die and CMOS die
not a practical solution for low-cost 3D imagers. Furthermore, it is not desirable to have wire
bonds on the human body side of pMUT, as they may pick up electromagnetic interference
signals.

[0007] As such, there is a need for short connections between pMUT MEMS die
and ASIC die, such as offered by the flip-chip of pMUT MEMS die on CMOS wafer or die,

to enable electrical connectivity and ensure low electromagnetic interference signals.

Summary of the disclosure
[0008] In  embodiments, a  transducer  assembly  includes: a
microelectromechanical systems (MEMYS) die including a plurality of piezoelectric elements;
a complementary metal-oxide-semiconductor (CMOS) die electrically coupled to the MEMS
die by a first plurality of bumps (or pillars) and including at least one circuit for controlling

the plurality of piezoelectric elements; and a package secured to the CMOS die by an
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adhesive layer and electrically connected to the CMOS die. Hereinafter, the terms bump and
pillar are used interchangeably.

[0009] In embodiments, an imaging device includes a transducer assembly. The
transducer assembly includes: a microelectromechanical systems (MEMS) die including a
plurality of piezoelectric elements; a complementary metal-oxide-semiconductor (CMOS) die
electrically coupled to the MEMS die by a first plurality of bumps and including at least one
circuit for controlling the plurality of piezoelectric elements; and a package secured to the
CMOS die by an adhesive layer and electrically connected to the CMOS die. The plurality of
piezoelectric elements generates a pressure wave, develop an electrical charge in response to
a pressure wave received from outside, and generate an electrical signal corresponding to the

electrical charge. The package processes the electrical signal to generate an image.

Brief Description of the Drawings

[0010] References will be made to embodiments of the invention, examples of
which may be illustrated in the accompanying figures. These figures are intended to be
illustrative, not limiting. Although the invention is generally described in the context of these
embodiments, it should be understood that it is not intended to limit the scope of the
invention to these particular embodiments.

[0011] Figure (or “FIG”) 1 shows an imaging system according to
embodiments of the present disclosure.

[0012] FIG. 2 shows a block diagram of an exemplary ultrasonic imager
according to embodiments of the present disclosure.

[0013] FIG. 3 shows a simplified top view of an exemplary MEM die according
to embodiments of the present disclosure.

[0014] FIG. 4 shows a schematic cross sectional view of a pMUT element
according to embodiments of the present disclosure.

[0015] FIG. 5A shows a top view of a flip-chip assembled pMUT dice on a
CMOS wafer according to embodiments of the present disclosure.

[0016] FIG. 5B shows a cross sectional view of the flip-chip assembly in FIG. 5,

taken along the direction 5-5, according to embodiments of the present disclosure.



WO 2019/182771 PCT/US2019/021500

[0017] FIG. 6 shows a cross sectional view of the singulated flip-chip assembly
that includes a MEMS die and a CMOS die according to embodiments of the present
disclosure.

[0018] FIG. 7 shows a cross sectional view of a MEMS-CMOS assembly

according to embodiments of the present disclosure.

[0019] FIG. 8 shows a cross sectional view of a MEMS-CMOS assembly
according to embodiments of the present disclosure.

[0020] FIG. 9 shows a cross sectional view of a MEMS-CMOS assembly
according to embodiments of the present disclosure.

[0021] FIG. 10 shows an exemplary schematic diagram of a MEMS-CMOS
assembly according to embodiments of the present disclosure.

[0022] FIG. 11A shows a schematic diagram of electrical connections of
pMUTs according to embodiments of the present disclosure.

[0023] FIG. 11B shows a schematic diagram of electrical connections of
pMUTs according to embodiments of the present disclosure.

[0024] FIG. 11C shows a schematic diagram of electrical connections of

pMUTs according to embodiments of the present disclosure.

Detailed Description of the Preferred Embodiments

[0025] In the following description, for purposes of explanation, specific details
are set forth in order to provide an understanding of the disclosure. It will be apparent,
however, to one skilled in the art that the disclosure can be practiced without these details.
Furthermore, one skilled in the art will recognize that embodiments of the present disclosure,
described below, may be implemented in a variety of ways, such as, an apparatus, a system,
or a device.

[0026] Elements/components shown in diagrams are illustrative of exemplary

embodiments of the disclosure and are meant to avoid obscuring the disclosure. Reference in

2 ¢ 2 ¢

the specification to “one embodiment,” “preferred embodiment,” “an embodiment,” or
“embodiments” means that a particular feature, structure, characteristic, or function described
in connection with the embodiment is included in at least one embodiment of the disclosure
and may be in more than one embodiment. The appearances of the phrases “in one

embodiment,” “in an embodiment,” or “in embodiments” in various places in the

specification are not necessarily all referring to the same embodiment or embodiments. The
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terms “include,” “including,

% <<

comprise,” and “‘comprising” shall be understood to be open
terms and any lists that follow are examples and not meant to be limited to the listed items.
Any headings used herein are for organizational purposes only and shall not be used to limit
the scope of the description or the claims. Furthermore, the use of certain terms in various
places in the specification is for illustration and should not be construed as limiting,

[0027] In embodiments, the pMUTSs and transducer assemblies/packages may be
used for imaging internal organs of a human/animal body as well as other therapeutic
applications where ultrasonic beams are used to heat tissue for healing or focus high power
ultrasonic beams for micro surgery. In embodiments, the pMUTs and transducer
assemblies/packages may also be used for ultrasonic tomography applications.

[0028] In embodiments, the manufacturing cost of pMUTs may be reduced by
applying modem semiconductor and wafer processing techniques. In embodiments, thin film
piezoelectric layer may be spun on or sputtered onto semiconductor wafers and later
patterned to create piezoelectric transducers that each have two or more electrodes. In
embodiment, each piezoelectric element may be designed to have the ability to emit or
receive signals at a certain frequency range. Hereinafter, the terms piezoelectric element,
pMUT, sensor, transducer, transceiver, and unit pixel are used interchangeably.

[0029] FIG. 1 shows a schematic diagram of an imaging system 100 according
to embodiments of the present disclosure. As depicted, the system 100 may include: an
imaging device (or shortly imager) 120 that generates and transmits pressure waves 122
toward an internal organ 112, such as heart, in a transmit mode/process and receives pressure
waves reflected from the internal organ; and a computing device (or, shortly device) 102 that
sends and receives signals to the imager through a communication channel 130 and/or a cable
131. In embodiments, the internal organ 112 may reflect a portion of the pressure waves 122
toward the imager 120, and the imager 120 may capture the reflected pressure waves and
generate electrical signals in a receive mode/process. The imager 120 may communicate
electrical signals to the device 102 and the device 102 may display images of the organ or
target on a display/screen 104 using the electrical signals.

[0030] In embodiment, the imager 120 may be used to perform one dimensional
imaging, also known as A-Scan, two dimensional imaging, also known as B scan, three
dimensional imaging, also sometimes referred to as C scan, four dimensional imaging, and
Doppler imaging. Also, the imager may be switched to various imaging modes under

program control.
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[0031] In embodiments, the imager 120 may be used to get an image of internal
organs of an animal, too. The imager 120 may also be used to determine direction and
velocity of blood flow in arteries and veins as in Doppler mode imaging and also measure
tissue stiffness. In embodiments, the pressure wave 122 may be acoustic waves that can travel
through the human/animal body and be reflected by the internal organs, tissue or arteries and
veins.

[0032] In embodiments, the imager 120 may be a portable device and
communicate signals through the communication channel, either wirelessly 130 (using a
protocol, such as 802.11 protocol) or via a cable 131 (such as USB2, USB 3, USB 3.1, USB-
C, and USB thunderbolt), with the device 102. In embodiments, the device 102 may be a
mobile device, such as cell phone or iPad, or a stationary computing device that can display
images to a user.

[0033] In embodiments, more than one imager may be used to develop an image
of the target organ. For instance, the first imager may send the pressure waves toward the
target organ while the second imager may receive the pressure waves reflected from the
target organ and develop electrical charges in response to the received waves.

[0034] FIG. 2 shows a schematic diagram of an exemplary imager 201
according to embodiments of the present disclosure. In embodiments, the imager 201 may be
the same as the imager 120. It is noted that the imager 201 may have more or less than the
components shown in FIG. 2.

[0035] In embodiments, the imager 201 may be an ultrasonic imager. As
depicted in FIG. 2, the imager 201 may include: a transceiver tile(s) 210 for transmitting and
receiving pressure waves, a coating layer 212 that operates as a lens for setting the
propagation direction of and/or focusing the pressure waves and also functions as an acoustic
impedance interface between the transceiver tile and the human body 110; a control unit 202,
such as ASIC chip (or, shortly ASIC), for controlling the transceiver tile(s) 210 and coupled
to the transducer tile 210 by bumps; Field Programmable Gate Arrays (FPGAs) 214 for
controlling the components of the imager 201; a circuit(s) 215, such as Analogue Front End
(AFE), for processing/conditioning signals; an acoustic absorber layer 203 for absorbing
waves that are generated by the transducer tiles 210 and propagate toward the circuit 215; a
communication unit 208 for communicating data with an external device, such as the device

102, through one or more ports 216; a memory 218 for storing data; a battery 206 for
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providing electrical power to the components of the imager; and optionally a display 217 for
displaying images of the target organs.

[0036] In embodiments, the device 102 may have a display/screen. In such a
case, the display may not be included in the imager 201. In embodiments, the imager 201
may receive electrical power from the device 102 through one of the ports 216. In such a
case, the imager 201 may not include the battery 206. It is noted that one or more of the
components of the imager 201 may be combined into one integral electrical element.
Likewise, each component of the imager 201 may be implemented in one or more electrical
elements.

[0037] In embodiments, the user may apply gel on the skin of the human body
110 before the body 110 makes a direct contact with the coating layer 212 so that the
impedance matching at the interface between the coating layer 212 and the human body 110
may be improved, i.e., the loss of the pressure wave 122 at the interface is reduced and the
loss of the reflected wave travelling toward the imager 201 is also reduced at the interface. In
embodiments, the transceiver tiles 210 may be mounted on a substrate and may be attached to
an acoustic absorber layer. This layer absorbs any ultrasonic signals that are emitted in the
reverse direction, which may otherwise be reflected and interfere with the quality of the
image.

[0038] As discussed below, the coating layer 212 may be only a flat matching
layer just to maximize transmission of acoustic signals from the transducer to the body and
vice versa. Beam focus is not required in this case, because it can be electronically
implemented in control unit 202. The imager 201 may use the reflected signal to create an
image of the organ 112 and results may be displayed on a screen in a variety of format, such
as graphs, plots, and statistics shown with or without the images of the organ 112.

[0039] In embodiments, the control unit 202, such as ASIC, may be assembled
as one unit together with the transceiver tiles. In other embodiments, the control unit 202
may be located outside the imager 120 and electrically coupled to the transceiver tile 210 via
a cable. In embodiments, the imager 201 may include a housing that encloses the components
202 - 215 and a heat dissipation mechanism for dissipating heat energy generated by the
components.

[0040] FIG. 3 shows a top view of an exemplary MEMS die 300 included in
the MEMS package 210 according to embodiments of the present disclosure. As depicted, the

MEMS die 300 may include a transceiver substrate 304 and one or more piezoelectric
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elements (or pMUTs) 302 arranged in one dimensional array or two dimensional array on the
transceiver substrate 304.

[0041] Unlike the conventional systems that use bulk piezoelectric elements, in
embodiments, the pMUTs 302 may be formed on a wafer and the wafer may be diced to form
the MEMS die 300. This process may reduce the manufacturing cost since the MEMS die
300 may be fabricated in high volume and at low cost. In embodiments, the diameter of the
wafer may range 6 ~ 12 inches and many pMUT arrays may be batch manufactured on each
wafer. Further, in embodiments, as discussed below, the integrated circuits for controlling the
pMUTs 302 may be formed in a CMOS wafer/die (such as an ASIC chip) so that the pMUTs
302 may be connected to the matching integrated circuits in close proximity, preferably
within 25 pm - 100 um. In embodiments, a Bipolar Complementary Metal Oxide
Semiconductor (BICMOS) or any other suitable process may be used instead of CMOS
wafer/die.

[0042] In embodiments, the projection area of each piezoelectric element 302
may have any suitable shape such as, square, rectangle, and circle, so on. In embodiments,
two or more piezoelectric elements may be connected to form a larger pixel element. In
embodiments, the two dimensional array of piezoelectric elements 302 may be arranged in
orthogonal directions. In embodiments, to create a line element, a column of N piezoelectric
elements 302 may be connected electrically in parallel. Then, this line element may provide
transmission and reception of ultrasonic signals similar to those achieved by a continuous
piezoelectric element that is about N times longer than each element.

[0043] To mimic a line element of the conventional designs, the shape of a
piezoelectric element of a given width may need to be very tall. For example, a line element
of a conventional design may be 280 pm in width and 8000 um tall, while the thickness may
be 100 um. However, on the MEMS die 300, it is advantageous to design a line element
using a plurality of identical piezoelectric elements 302, where each element may have its
characteristic center frequency. In embodiments, when a plurality of the piezoelectric
elements 302 are connected together, the composite structure (i.e. the line element) may act
as one line element with a center frequency that consists of the center frequencies of all the
element pixels. In modem semiconductor processes, these center frequencies match well to
each other and have a very small deviation from the center frequency of the line element.

[0044] In embodiments, the piezoelectric elements 302 have one or more

suspended membranes that are associated with them and vibrate at a center frequency when
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exposed to stimulus at that frequency and behave like resonators. There is a selectivity
associated with these resonators, known as a Q factor. In embodiments, for ultrasound
imagers, Q may be usually designed to be low (close 1 - 3 or thereabouts) and achieved by a
combination of design of the pixels and loading applied to the pixels in actual use. In
embodiments, the loading may be provided by application of a layer of
RTV/Polydimethylsiloxane (PDMS) or other matching material layers to the top face of the
piezoelectric elements, where the loading may facilitate closer impedance matching between
the transducer surface emitting and receiving the pressure waves and the human body part
being imaged. In embodiments, the low Q and the well matched center frequency may allow
the line element to essentially act like a line imaging element with substantially one center
frequency.

[0045] In embodiments, for instance, each piezoelectric element 302 may be
spaced 100 - 250 um from each other center to center. Further to simplify, say they are square
in shape. Now, let’s say, to mimic a conventional line element, a column of the piezoelectric
elements 302 may be connected to each other. For example, 24 piezoelectric elements 302 in
a column may create a line element of roughly 8 mm in elevation, with each element being
0.25 mm in width. In embodiments, this connection may be achieved at wafer level using a
metal interconnect layer, or connected in parallel using circuits in control unit 202,

[0046] For the conventional bulk piezoelectric elements, the voltage potential
across the top and bottom electrodes ranges 100V ~ 200V. For the conventional pMUTs, the
voltage potential across the top and bottom electrodes could be about 10 times lower to
generate the same acoustic pressure. In embodiments, in order to reduce this voltage further,
the piezoelectric elements 302 may include a scaled down thin piezoelectric layer, and the
piezoelectric layer may have a thickness in the order of 1 um or less.

[0047] FIG. 4 shows a schematic cross sectional diagram of the exemplary
piezoelectric element 302, taken along the direction 4 — 4 in FIG. 3, according to
embodiments of the present disclosure. As depicted, the piezoelectric element 302 may be
disposed on a membrane layer 434 that is supported by a substrate 430. In embodiments, a
cavity 432 may be formed in the substrate 430 to define a membrane, i.e., the substrate 430
and the membrane 434 may be formed of a monolithic body. In alternative embodiments, the
membrane layer 434 may be formed by depositing SiO2 on the substrate 430. In

embodiments, one or more piezoelectric elements 302 may be disposed on a membrane. In
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alternative embodiments, each piezoelectric element may be disposed on a separate
membrane.

[0048] In embodiments, the piezoelectric element 302 may include a
piezoelectric layer 410 and a first (or bottom) electrode (O) 402 that is electrically connected
to a signal conductor (O) 404. In embodiments, the signal conductor (O) 404 may be formed
by depositing TiO» and metal layers on the membrane layer 434. In embodiments, the
piezoelectric layer 410 may be formed by the sputtering technique or by the Sol Gel process.

[0049] In embodiments, a second electrode (X) 406 may be grown above the
piezoelectric layer 410 and electrically connected to a second conductor 408. A third
electrode (T) 412 may be also grown above the piezoelectric layer 410 and disposed adjacent
to the second conductor 412 but electrically isolated from the second conductor (X) 408. In
embodiments, the second electrode (X) 406 and third electrode (T) 412 (or, equivalently, two
top electrodes) may be formed by depositing one metal layer on the piezoelectric layer 410
and patterning the metal layer. In embodiments, the projection areas of the electrodes 402,
406 and 412 may have any suitable shape, such as square, rectangle, circle, and ellipse, so on.

[0050] In embodiments, the first electrode (O) 402 may be electrically
connected to the conductor (O) 404 using a metal, a via and interlayer dielectrics. In
embodiments, the first electrode (O) 402 may be in direct contact with the piezoelectric layer
410. The third conductor (T) 414 may be deposited or grown on the other side of the
piezoelectric layer 410 with respect to the first electrode (O) 402. More information on steps
for fabricating the piezoelectric element 302 may be found in a copending U.S. Patent
Application No. 15,826,614, entitled “LOW VOLTAGE, LOW POWER MEMS
TRANSDUCER WITH DIRECT INTERCONNECT CAPABILITY,” filed on November 29,
2017, which is herein incorporated by reference in its entirety.

[0051] While a unimorph piezoelectric element is shown in FIG. 4 purely for
the purpose of illustration, in embodiments, a multiplayer piezoelectric element composed of
a plurality of piezoelectric sublayers and electrodes can be utilized. In embodiments, the
piezoelectric layer 410 may include at least one of PZT, KNN, PZT-N, PMN-Pt, AIN, Sc-
AIN, ZnO, PVDF, and LiNiO3 materials.

[0052] It is noted that a piezoelectric element of the MEMS die 300 may include
other suitable number of top electrodes. For instance, the piezoelectric element may include
only one top electrode (e.g. X electrode). In another example, the piezoelectric element may

include more than two top electrodes. More information on the number of top electrodes and

10
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electrical connections to the top electrodes may be found in the copending U.S. Patent
Application No. 15/826,614.

[0053] It is noted that FIG. 4 is a schematic diagram and, as such, does not
illustrate the detailed structure of a piezoelectric element. For instance, an electrical pad may
be disposed between one end of the conductor (X) 408 and the electrode (X) 406. Also, the
MEMS die 300 may include piezoelectric elements that have different structures from the
piezoelectric element 302. For instance, each piezoelectric element in the MEMS die 300
may have only one top electrode. Thus, it should be apparent to those of ordinary skill in the
art that the piezoelectric element 302 is one of several types of piezoelectric elements that can
be included in the MEMS die 300.

[0054] FIG. 5A shows a top view of a flip-chip assembly 500 that includes
multiple MEMS dice (or a MEMS wafer) 504 mounted on a CMOS wafer 502 according to
embodiments of the present disclosure. FIG. 5B shows a cross sectional view of the flip-chip
assembly 500, taken along the direction 5-5, according to embodiments of the present
disclosure. As depicted, the MEMS dice 504 may be mounted on the CMOS wafer 502 by
metal bumps or pillars 506. In embodiments, the CMOS wafer 502 may include ASIC for
controlling the pMUTs in the MEMS dice 504. (Hereinafter, the terms CMOS and ASIC are
used interchangeably.) In embodiments, the pitch between bumps or pillars 506 may range 1 -
100 micrometer, enabling a high density interconnects applicable to the MEMS dice having a
large array of pMUTs. In embodiments, the MEMS dice 504 with large number of pMUTs
may be used for two-, three-, and four-dimensional imaging.

[0055] FIG. 6 shows a cross sectional view of a singulated flip-chip assembly
that includes a MEMS die 610 mounted on a CMOS die 618 according to embodiments of the
present disclosure. In embodiments, the MEMS die 610 may be similar to the MEMS die 504.
In embodiments, a MEMS wafer having multiple MEMS dice may be fabricated and diced
into single chips. Similarly, in embodiments, a CMOS wafer having multiple ASIC chips
may be fabricated and diced into single chips. Then, as depicted in FIG. 6, a MEMS die 610
may be mounted on a CMOS die 618 by multiple bumps or pillars 616.

[0056] In embodiments, a single MEMS die may be mounted on the CMOS
wafer. In embodiments, the flip-chip assembly may be created by die-on-die, die-on-wafer, or
wafer-on-wafer bonding. In embodiments, a wafer-to-wafer bonding process may result in
the yield multiplication effect, i.e., the integrated (assembled) die yield may be a product of
the MEMS wafer yield multiplied by CMOS wafer vield. In embodiments, a good known

11
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die-on-die bonding process or a good known die on good known wafer site bonding process
may eliminate the yield multiplication effect.

[0057] FIG. 7 shows a cross sectional view of a MEMS-CMOS assembly 700
according to embodiments of the present disclosure. As depicted, the MEMS-CMOS
assembly 700 may include: a MEMS die 702; a CMOS die 704 electrically coupled to the
MEMS die by bump or pillars 712; and a package 706 secured to the CMOS die by an
adhesive layer 710. In embodiments, the CMOS die 704 may be electrically coupled to the
package 706 by one or more wires 708. In embodiments, the tips of each wire 708 may be
coupled to the CMOS die 704 and package 706 by a wire bonding technique.

[0058] In embodiments, the MEMS die 702, which may be similar to the
MEMS die 300 in FIG. 3, may include an array of pMUTs 720, where each pMUT may be
similar to the pMUT 400 in FIG. 4. In embodiments, each pMUT 720 may include a
membrane 722 formed on a substrate 726 and a stack of layers 728 that include a bottom
electrode, a piezoelectric layer, and one or more top electrodes. In embodiments, the
membrane 722 may be formed by etching a cavity in the substrate 726, i.e., a monolithic
body may be etched to form a cavity so that the non-etched portion becomes the substrate and
the etched portion defines the membrane. In alternative embodiments, the membrane 722
may be formed of different material than the substrate 726. In embodiments, the MEMS die
702 may include one or more membranes 722.

[0059] In embodiments, portions of the MEMS die 702 may be directly attached
to the bumps 712 to provide electrical connection to CMOS die 704. In embodiments, at least
one metal layer may be deposited on the bottom surface of the MEMS die and patterned to
thereby form electrical connections (such as wires and/or traces), where some of the electrical
connections may be in direct contact with the bumps 712 for electrical communication with
the CMOS die 704. For instance, a conductor, which may be similar to the conductor (O)
404, may be an electrical wire (or trace) formed by depositing and patterning a metal layer on
the bottom surface of the MEMS die 702.

[0060] If the MEMS-CMOS assembly 700 inadvertently falls on a hard surface,
the impact may generate a shock in the order of 10,000 g, which may shear the bumps or
pillars 712. In embodiments, the space between the MEMS die 702 and the CMOS die 704
may be filled with underfill material 730 that may reduce the external stress impact and
protect the components, such as bumps 712, that are sensitive to impact stress. Also, the

underfill material (layer) 730 may mechanically secure the MEMS die 702 to the CMOS die
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704. In embodiments, the underfill material 730 may additionally have acoustic damping
properties to absorb the pressure wave that passes through the underfill material 730.

[0061] In embodiments, the pMUTs 720 may be electrically coupled to the
bumps or pillars 712 by suitable electrical conductors (such as 404, 408 and 414). In
embodiments, the electrical connections may include metal traces (and vias) formed on the
bottom surface of the membrane 722 and on the stack of layers 728.

[0062] In embodiments, the CMOS die 704 may include electrical circuits for
sensing and driving the pMUTs 720 so that the pMUTs may generate pressure waves during
the transmit mode/process and develop electrical charge during the receive mode/process.
During the transmit mode, the driving circuit in the CMOS die 704 may send electrical pulses
to the pMUTs 720 via the bumps 712 and, in response to the pulses, the pMUTs may vibrate
the membrane 722 in the vertical direction to generate pressure waves 730. During the
receive mode, the pressure waves reflected from the target organ may deform the membrane
722, which in tumn develop electrical charges in the pMUTs 720. The electrical charges may
be sent to the electrical circuits in the CMOS die 704 via the bumps 712 for further
processing.

[0063] During the transmit mode, a portion of the pressure waves generated by
the membrane 722 may propagate toward the CMOS die 704. Since these pressure waves
may be reflected from the CMOS die 704 and/or package 706 to interfere with the pressure
waves reflected from the target organ, these pressure waves may negatively affect the image
quality. In embodiments, the adhesive material 730 may be formed of acoustic damping
material that may absorb the undesirable pressure waves and dissipate into heat energy.

[0064] In embodiments, the package 706 may connect electrical signals to/from
the CMOS die 704 by one or more wires 708. In embodiments, the ASIC site of the CMOS
die 704 may be somewhat larger than MEMS die 704 to enable wire bonding between the
ASIC site and package 706.

[0065] As discussed above, the pressure waves propagating toward the package
706 may be undesirable since they may be reflected from the package 706 and interfere with
the pressure waves reflected from the target organ. In embodiments, the adhesive layer 710
may be formed of acoustic damping material so that the pressure waves passing through the
adhesive layer 710 may be absorbed and dissipated into heat energy.

[0066] FIG. 8 shows a cross sectional view of a MEMS-CMOS assembly 800
according to embodiments of the present disclosure. As depicted, the MEMS-CMOS
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assembly 800 may include: a MEMS die 802; a CMOS die 804 electrically coupled to the
MEMS die by bump or pillars 812; a package 806 secured to the CMOS die 804 by an
adhesive layer 810; and one or more wires 808 that may electrically couple the package 806
to the CMOS die 804. In embodiments, the MEMS die 802, CMOS die 804, and the package
806 may be similar structures and functions as their counterparts in the MEMS-CMOS
assembly 700.

[0067] As discussed in conjunction with FIG. 7, the membrane 822 may
generate pressure waves during the transmit mode, and a portion of the pressure wave may
propagate toward the CMOS die 804. To reduce (or remove) the intensity of this undesirable
pressure waves, the MEMS-CMOS assembly 800 may include a seal ring 832 that may be
disposed around the perimeter of the MEMS die 802, and the space 830 enclosed by the seal
ring may be kept in vacuum or in very low pressure, reducing/blocking propagation of the
pressure waves through the space. For instance, the space 830 may be filled with inert gas or
air at a preset pressure, preferably lower than the atmospheric pressure.

[0068] In embodiments, the cover layer 824 may be disposed around a side of
the MEMS die 802 that faces the human body. The cover layer 824 may function as an
impedance matching layer between the MEMS die 802 and the human body to enhance the
acoustic impedance matching at the interface and also as a protection mechanism provides
protection against external impact/shock, and prevents the MEMS die from directly touching
the human skin to thereby provide protection against wear and tear.

[0069] FIG. 9 shows a cross sectional view of a MEMS-CMOS assembly 900
according to embodiments of the present disclosure. As depicted, the MEMS-CMOS
assembly 900 is similar to the MEMS assembly 700, with the difference that the CMOS die
904 may be electrically coupled to the package 906 by through-vias (TVS) 914 and bumps or
pillars 916. In embodiments, the TVS 914 may be formed in the CMOS die 904 by suitable
wafer processing techniques, such as etching through holes and depositing/filling the holes
with electrically conducting material. In embodiments, the additional bumps or pillars 916
may be formed on the CMOS die 904 or package 906, providing electrical connection
between CMOS die 904 and package 906. In embodiments, the package 906 may
communicate electrical signals to the CMOS 904 through the TVS 914 and bumps or pillars
916. It is noted that the adhesive layer 910 may be formed of acoustic damping material so

that the pressure waves may be absorbed and dissipated into heat energy.
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[0070] It is noted that a cover layer, which is similar to the cover layer 824, may
be disposed around the MEMS die 902, as shown in FIG. 8. Also, it is noted that the MEMS
assembly 900 may include a seal ring, which is similar to the seal ring 832, so that the space
enclosed by the seal ring may be kept in vacuum to prevent the pressure waves from
propagating toward the CMOS die 904. Also, in embodiments, the space between the MEMS
die 902 and the CMOS 904 die may be filed with an underfill material that is similar to the
material 730.

[0071] FIG. 10 shows an exemplary schematic diagram of a MEMS-CMOS
assembly (or shortly assembly) 1000 according to embodiments of the present disclosure. In
embodiments, the MEMS die 1002 and CMOS die (or ASIC chip) 1004 may be similar to the
MEMS die 702 (802 and 902) and CMOS die 704 (804 and 904), respectively. In the
conventional systems, the electronics for driving piezoelectric transducers is typically located
far away from the piezoelectric transducers and are connected to the piezoelectric transducers
using a coax cable. In general, the coax cable increases parasitic loading, such as additional
capacitance, on the electronics, and the additional capacitance causes more heat and loss of
electrical power. In contrast, as depicted in FIG. 10, the transmit driver or drivers (or
equivalently circuits) 1012a — 1012n (or collectively 1012) may be connected directly to
piezoelectric elements (or equivalently pixels) 1006a — 1006n+i (or collectively 1006) using
a low impedance two dimensional (2D) interconnect mechanism (as indicated by an arrow
1020), such as Cu pillars or solder bumps 1032 (which may be similar to the bumps 712, 812,
or 912), or wafer bonding or similar approaches. In embodiments, upon integrating the
MEMS die 1002 to the CMOS die 1004, the circuits 1012 may be located less than 100 um
vertically (or so) away from the piezoelectric elements 1006. In embodiments, any
conventional device for impedance matching between driver circuits 1012 and piezoelectric
elements 1006 may not be required, further simplifying design and increasing power
efficiency of the assembly 1000. Impedance of the circuits 1012 may be designed to match
the requirement of the piezoelectric elements 1006.

[0072] It is noted that each piezoelectric element may be coupled to a
corresponding driving circuit by more than three bumps if the piezoelectric element has more
than two top electrodes. Furthermore, as discussed below, each piezoelectric element may be
coupled to a corresponding driving circuit by less than three bumps. Thus, it should be
apparent to those of ordinary skill in the art that FIG. 10 shows an exemplary connection

mechanism between a MEMS die and a CMOS die.
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[0073] In embodiments, each of the piezoelectric elements 1006 may have three
leads represented by X, T, and O. The leads from each of the piezoelectric elements may be
electrically connected to a corresponding one of the circuits 1012 located in the CMOS die
1004 by the bumps 1032. In embodiments, a line of piezoelectric elements, such as 1006n+1
— 1006n+i may be electrically coupled to one common circuit 1012n. In embodiments, the
transmit driver circuit 1012n may include one transmit driver that generates transmit signals
to the piezoelectric elements during the transmit mode. In alternative embodiment,
connecting traces on MEMS or ASIC may be fabricate using thick metal, e.g., 10 um, instead
typical metallization on the order of 1 um.

[0074] It should be apparent to those of ordinary skill in the art that the CMOS
die 1004 may have any suitable number of circuits that are similar to the circuit 1012n. In
embodiments, the control unit 1042 may have capability to configure the piezoelectric
elements, either horizontally or vertically in a two dimensional pixel array, configure their
length and put them into transmit or receive or poling mode or idle mode. In embodiments,
the control unit 1042 may perform the poling process after the MEMS die 1002 is combined
with the CMOS die 1004 by the bumps 1032. More information on the assembly 1000 may
be found in a copending U.S. Patent Application No. 15/826,606, entitled
“CONFIGURABLE ULTRASONIC IMAGER,” filed on November 29, 2017, which is
herein incorporated by reference in its entirety.

[0075] In embodiments, at least one metal layer may be deposited on a surface
of the MEMS die 1002 and patterned to thereby form electrical wires (or traces) 1034, where
some of the electrical wires may be in direct contact with the bumps 1032 for electrical
communication with the CMOS die 1004. The electrical wires 1034 may be also used to
communicate signals between the piezoelectric elements 1006. In embodiments, at least one
metal layer may be deposited on a surface of the CMOS die 1004 and patterned to thereby
form electrical wires (or traces) 1036, where some of the electrical wires may be in direct
contact with the bumps 1032 for electrical communication with the MEMS die 1002. The
electrical wires 1036 may be also used to communicate signals between the electrical
components in the CMOS die 1004. In embodiments, multiple metal layers and vias may be
deposited and patterned on the MEMS ide and/or CMOS die to form multiple layers of
electrical wires (traces).

[0076] As discussed in conjunction with FIGS. 7 — 9, in embodiments, the
MEMS die 1002 and CMOS die 1004 may be manufactured separately and combined to each

16



WO 2019/182771 PCT/US2019/021500

other by a 2D interconnect technology, such as metal interconnect technology using bumps
1032. In embodiments, the interconnect technology may eliminate the low yield
multiplication effect of wafer to wafer integration, lowering the yield of components. In
embodiments, the MEMS die in FIG. 10 may have similar structures and functions as the
MEMS die in FIGS. 7 — 9, and the CMOS die in FIG. 10 may have similar structures and
functions as the MEMS die in FIGS. 7 - 9.

[0077] FIG. 11A shows a schematic diagram of electrical connections of
pMUTs 1100 according to embodiments of the present disclosure. As depicted, each pMUT
1100 may be symbolically represented by a capacitor having top and bottom electrodes. In
embodiments, the top of each pMUT 1100 may be electrically coupled to a bump 1102 and
the bottom electrode of each pMUT may be electrically coupled to a bump 1104, where the
bumps 1102 and 1104 may be similar to the bumps 712, 812, 912, and 1082.

[0078] Since each electrode is directly coupled to one bump, the drive circuit
resistance is the smallest, but the number of interconnections (bumps) is the highest,
potentially impacting the bumping yield as the number of pMUTs in the MEMS die increases.
To optimize the number of bumps and the drive circuit resistance, some bumps or pillars may
be shared by multiple pMUTs. In embodiments, a thick metal layer may be deposited on at
least one of the MEMS die and CMOS die and two or more electrodes in the pMUTSs may be
electrically coupled to the thick metal layer. FIG. 11B shows a schematic diagram of
electrical connections of pMUTs according to embodiments of the present disclosure. As
depicted, the top electrode of each pMUT may be electrically coupled to a bump 1112, while
the bottom electrodes of the eight pMUTS in the array 1110 may be electrically coupled to a
bump 1114 via a common conductor 1111.

[0079] In embodiments, the conductor 1111 may be formed by depositing a
thick metal layer on the CMOS die (and/or on the MEMS die) and patterning the metal layer.
More specifically, a thick metal layer may be formed on the top surface of the CMOS die
1004 (and/or on the bottom surface of the MEMS die 1002) and patterned by a suitable wafer
processing technique to form electrical wires/traces 1036 (and/or 1034), where some of the
wires 1036 (and/or 1034) may be used as the conductor 1111. During operation, the current
flowing through the conductor 1111 may be in the order of one Ampere. As such, the
resistivity of the wire 1036 (and/or 1034) needs to be very low, and to reduce the resistivity
of the wire, the thickness of the metal layer may be adjusted. In embodiments, the thickness

of the metal layer may be about 10 um. Compared to the connection arrangement in FIG.
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11A, the conductor 1111 may reduce the number of bumps required for the electrical
connection of the bottom electrodes to a CMOS die.

[0080] Even though the electrical connections in FIG. 11B require smaller
number of bumps than the electrical connections in FIG. 11A, different pMUTs in the array
1110 may have different series resistances, resulting in different drive voltages at the pMUTs
during the transmit mode. As the pMUTs may be driven by pulses having high spike currents
during the transmit mode, the different drive voltages may reduce the operational efficiency
of the pMUT array 1110 and possibly degrade the image quality. To reduce the number of
bumps without compromising the series resistance significantly, the number of pMUTs
coupled to a common conductor may be adjusted. FIG. 11C shows a schematic diagram of
electrical connections of pMUTs according to embodiments of the present disclosure. In
embodiments, two bottom electrodes of two pMUTs in the MEMS die may be electrically
coupled to a common electrical conductor 1120, which in tum may be electrically coupled to
a bump 1122.

[0081] In embodiments, by way of example, each pMUT in FIG. 11B may have
one bottom electrode and one top electrode. In such a configuration, the top electrode of each
pMUT may be coupled to a separate bump and the two bottom electrodes of the two adjacent
pMUTs may be coupled to one bump via the conductor 1120, i.e., only three bumps are
needed to couple two pMUTs to a CMOS die. Stated differently, the number of interconnects
(i.e., bumps) may be equal to 1.5 times the number of pMUTSs, but the series resistance may
be increased only by a factor of 2, compared to the configuration in FIG. 11A.

[0082] It is noted that other suitable number of pMUTs may be electrically
coupled to a common conductor. For instance, each pMUT may include one bottom electrode
and one top electrode, and the top electrode of each pMUT may be coupled to a separate
bump while the four bottom electrodes of four adjacent pMUTSs may be coupled to a common
conductor. In such a case, only five bumps are needed to electrically connect four pMUTs to
a CMOS die, i.e., the number of interconnects (i.e., bumps) may be equal to 1.25 times the
number of pMUTs.

[0083] It is noted that, as shown in FIG. 4, each pMUT may have two or more
top electrodes (such as 406 and 412). In such a case, to reduce the number of bumps, two or
more X electrodes of adjacent pMUTSs may be coupled to a first common electrode while two
or more T electrodes of adjacent pMUTSs may be coupled to a second common electrode.

[0084] While the invention is susceptible to various modifications and
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alternative forms, specific examples thereof have been shown in the drawings and are herein
described in detail. It should be understood, however, that the invention is not to be limited
to the particular forms disclosed, but to the contrary, the invention is to cover all

modifications, equivalents, and alternatives falling within the scope of the appended claims.

19



WO 2019/182771 PCT/US2019/021500

What is claimed is:
1. A transducer assembly, comprising;
a microelectromechanical systems (MEMS) die including a plurality of piezoelectric
elements;

a complementary metal-oxide-semiconductor (CMOS) die electrically coupled to
the MEMS die by a first plurality of bumps and including at least one
circuit for controlling the plurality of piezoelectric elements; and

a package secured to the CMOS die by an adhesive layer and electrically
connected to the CMOS die.

2. The transducer assembly of claim 1, wherein each of the plurality of piezoelectric
elements includes:
a substrate;
a membrane disposed on the substrate; and
a stack of layers disposed on at least one of the membrane and substrate and having a

bottom electrode, a piezoelectric layer and a top electrode.

3. The transducer assembly of claim 2, further comprising;
a plurality of electrical wires formed on the MEMS die,
wherein at least one electrical wire of the plurality of electrical wires is in direct

contact with the first plurality of bumps.

4. The transducer assembly of claim 2, further comprising:
a cover layer for covering the substrates of the plurality of piezoelectric elements and

formed of an impedance matching material.

5. The transducer assembly of claim 2, wherein the substrate includes a cavity and a
portion of the substrate thinned by the cavity corresponds to the membrane and
wherein the stack of layers vibrates the membrane to generate a pressure wave that

propagates from the membrane.

6. The transducer assembly of claim 1, wherein the adhesive layer is formed of acoustic

damping material for absorbing a pressure wave that passes through the adhesive layer.
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7. The transducer assembly of claim 1, further comprising;
a seal ring disposed around a perimeter of the MEMS die and between the MEMS
die and the CMOS die to thereby define an enclosed space,

wherein the enclosed space is in vacuum.

8. The transducer assembly of claim 1, further comprising:
a seal ring disposed around a perimeter of the MEMS die and between the MEMS
die and the CMOS die to thereby define an enclosed space,

wherein the enclosed space is filled with at least one of inert gas and air.

9. The transducer assembly of claim 1, further comprising:
an underfill layer disposed between the MEMS die and CMOS die and
mechanically securing the MEMS die to the CMOS die.

10. The transducer assembly of claim 9, wherein the underfill layer is formed of a material

that absorbs a pressure wave that passes through the material.

11. The transducer assembly of claim 1, further comprising:
a layer formed of underfill material and disposed between the MEMS die and the
CMOS die and securing the MEMS die to the CMOS die,
wherein the underfill material includes acoustic damping material for absorbing a

pressure wave that passes through the underfill material.

12. The transducer assembly of claim 1, further comprising:
at least one wire having one end connected to the CMOS die and another end
connected to the package,
wherein the CMOS die electrically communicates with the package via the at least

one wire.

13. The transducer assembly of claim 1, further comprising:

a second plurality of bumps formed in the adhesive layer,
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wherein the CMOS die includes a plurality of through silicon vias (TSV) and the first
plurality of bumps are electrically coupled to the second plurality of bumps by
the plurality of through silicon vias.

14. The transducer assembly of claim 1, further comprising:
a conductor electrically coupled to two or more top electrodes of the plurality of
piezoelectric elements,
wherein the bottom electrode of each of the plurality of piezoelectric elements is
electrically coupled to one bump of the first plurality of bumps and wherein
the conductor is electrically coupled to another bump of the first plurality of

bumps.

15. The transducer assembly of claim 1, wherein the top electrode is electrically coupled
to one bump of the first plurality of bumps and the bottom electrode is electrically

coupled to another bump of the first plurality of bumps.

16. The transducer assembly of claim 1, further comprising:
a metal layer formed on at least one of the MEMS die and CMOS die and patterned to

form one or more electrical connections.

17. An imaging device, comprising;
a transducer assembly, including:

a microelectromechanical systems (MEMS) die including a plurality of
piezoelectric elements;

a complementary metal-oxide-semiconductor (CMOS) die electrically coupled
to the MEMS die by a first plurality of bumps and including at least
one circuit for controlling the plurality of piezoelectric elements; and

a package secured to the CMOS die by an adhesive layer and electrically
connected to the CMOS die;

a processor for processing signals from the transducer assembly; and

a display for displaying an image based on signals processed by the processor.
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18.

19.

20.

21.

22.

23.

24.

The imaging device of claim 17, wherein each of the plurality of piezoelectric elements
includes:

a substrate;

a membrane disposed on the substrate; and

a stack of layers disposed on at least one of the membrane and substrate and having a

bottom electrode, a piezoelectric layer and a top electrode.

The imaging device of claim 18, further comprising:
a cover layer for covering the substrates of the plurality of piezoelectric elements and
formed of impedance matching material that increases transmission of a

pressure wave generated by the plurality of piezoelectric elements.

The imaging device of claim 18, wherein the substrate includes a cavity and a portion

of the substrate thinned by the cavity corresponds to the membrane.

The imaging device of claim 17, wherein the adhesive layer is formed of acoustic
damping material for absorbing a pressure wave generated by the plurality of

piezoelectric elements.

The imaging device of claim 17, further comprising:
a seal ring disposed around a perimeter of the MEMS die and between the MEMS
die and the CMOS die to thereby define an enclosed space,

wherein the enclosed space is in vacuum.

The transducer assembly of claim 17, further comprising;
a seal ring disposed around a perimeter of the MEMS die and between the MEMS
die and the CMOS die to thereby define an enclosed space,

wherein the enclosed space is filled with at least one of inert gas and air.
The imaging device of claim 17, further comprising:

an underfill layer disposed between the MEMS die and CMOS die and mechanically
securing the MEMS die to the CMOS die.
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25. The imaging device of claim 24, wherein the underfill layer is formed of a material that

absorbs a pressure wave that passes through the material.

26. The imaging device of claim 17, further comprising:
a layer formed of underfill material and disposed between the MEMS die and the
CMOS die and securing the MEMS die to the CMOS die,
wherein the underfill material includes acoustic damping material for absorbing a

pressure wave that passes through the underfill material.

27. The imaging device of claim 17, further comprising:
at least one wire having one end connected to the CMOS die and another end
connected to the package,
wherein the CMOS die electrically communicates with the package via the at least

one wire.

28. The imaging device of claim 17, further comprising:
a second plurality of bumps formed in the adhesive layer,
wherein the CMOS die includes a plurality of through vias and the first plurality of
bumps are electrically coupled to the second plurality of bumps by the
plurality of through vias.

29. The imaging device of claim 17, further comprising:

a metal layer formed on at least one of the MEMS die and CMOS die and patterned to

form one or more electrical connections.
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