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A FILM BULK ACOUSTIC RESONATOR PACKAGE AND
METHOD OF FABRICATING SAME

RELATED ART

Film bulk acoustic resonator (FBAR) devices, such as FBAR-based duplexers
used in mobile telephones and other mobile devices with radio frequency (RF)
transmitters, are currently fabricated on a silicon (Si) substrate. An FBAR device is
hermetically sealed inside a special miniature package composed of a base Si substrate
on which FBARs are fabricated, a lid Si substrate covering the base substrate and a
gasket between the substrates. The FBAR device package provides a very high
packaging efficiency (volume ratio of the naked FBAR device to the packaged FBAR
device). The FBAR device package is in turn mounted on a small but significant area
of the main printed circuit board of the mobile telephone.

Mobile telephones and other RF devices have a separately-packaged RF power
amplifier that typically employs high electron mobility transistors (HEMTS) built in
and on a gallium arsenide (GaAs) substrate. The RF power amplifier package is
mounted on another small but significant area of the printed circuit board of the
mobile telephone.

The GaAs substrate used in the RF power amplifier packages is typically much
more expensive than the Si substrate used in the FBAR packages. Thus, by fabricating
the FBAR device and power amplifier in separate packages, the FBAR device does not
consume valuable surface space on the gallium arsenide substrate of the power amplifier
package. Further, the techniques used to manufacture the components of one of the
packages are different and sometimes incompatible with the techniques used to

manufacture the components of the other package. For the above reasons, it is generally
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considered cost effective and desirable to mount the FBAR device and the power
amplifier in separate packages.

Mobile telephone and other portable devices employing RF transmitters have
been subject to constant, substantial pressures from the market to (a) reduce size, and
(b) increase the number of features. These market pressures have resulted in a
reduction in the printed circuit board area available on one hand and an increase in the
demand for printed circuit board area on the other.

What is needed therefore is a way to use the available printed circuit board
area in a mobile telephone or other RF portable device more efficiently so that

additional features can be provided using smaller printed circuit boards.

SUMMARY

Generally, embodiments of the present disclosure pertain to a microfabricated
device having a film bulk acoustic resonator (FBAR) and a circuit packaged between
a pair of bonded substrates. The FBAR device is located on one of the substrates, and
the circuit is Jocated on the other. The circuit is electrically connected to the FBAR
device. Mounting the FBAR device and the circuit on the respective substrates of the
package not only conserves valuable board space but also allows more freedom in the
selection of substrate materials and manufacturing processes for the FBAR device and
the circuit. In this regard, an optimum substrate material and/or manufacturing
technique may be used for the FBAR device even if such material or manufacturing
technique is incompatible with or undesirable for the circuit and vice versa.

A microfabricated device in accordance with an exemplary embodiment of the
present disclosure has a first substrate, a second substrate, a film bulk acoustic

resonator (FBAR) device, and a circuit. The second substrate is bonded to the first
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substrate to define a chamber. The FBAR device is located on a surface of the first
substrate and inside the chamber. The circuit is located on a surface of the second
substrate and inside the chamber. An electrical connection connects the circuit and
the FBAR device.

A method for manufacturing a microfabricated device in accordance with an
exemplary embodiment of the present disclosure comprises: providing first and
second substrates; forming a film bulk acoustic resonator (FBAR) device on a surface
of the first substrate; forming a circuit on a surface of the second substrate; and
bonding the first and second substrates together to define a chamber in which the
FBAR device and the circuit are located. The bonding electrically connects the FBAR

device to the circuit.

BRIEF DESCRIPTION OF THE DRAWINGS -

The disclosure can be better understood with reference to the following

drawings. The elements of the drawings are not necessarily to scale relative to each
other, emphasis instead being placed upon clearly illustrating the principles of the
disclosure. Furthermore, like reference numerals designate co_rrespondin g parts
throughout the several views.

FIG. 1 is a cross-sectional view of a device fabricated in accordance with an
exemplary embodiment of the present disclosure.

FIG. 2 is a block diagram illustrating a cellular telephone that is composed of
the device depicted in FIG. 1.

FIG. 3 is flow chart illustrating an exemplary methodology for fabricating the

device depicted in FIG. 1.
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FIG. 4 is a cross-sectional view of a lid substrate having a film bulk acoustic
resonator (FBAR), a compliant connection, and a compliant gasket formed on a
surface of the lid substrate.

FIG. 5 is a bottom view of the lid substrate depicted in FIG. 3.

FIG. 6 is a cross-sectional view of a base substrate to be bonded to the lid
substrate depicted in FIG. 4.

FIG. 7 is a top view of the base substrate depicted in FIG. 6.

FIG. 8 is a cross-sectional view of the device depicted by FIG. 1 stacked on
another device.

FIG. 9 is a cross-sectional view of a base substrate with a transistor formed on
a surface of the base substrate.

FIG. 10 is a diagram of an exemplary voltage controlled oscillator.

FIG. 11 is a circuit diagram of a tunable FBAR circuit within the voltage

controlled oscillator of FIG. 10.

DETAILED DESCRIPTION

The present invention is based on the inventors' realization that the miniature
FBAR package, efficient as it is, contains unused area, namely, the lid substrate, that
could be used to mount other components. Moreover, in a conventional FBAR
package, the material of the lid substrate is a semiconductor, so active devices can be
fabricated in and on the lid substrate and can be located inside the chamber that also
houses the FBAR device. The inventors have realized that, by locating the FBAR
device on the lid substrate, and using GaAs as the material of the base substrate, the
power amplifier can be fabricated on the base substrate while the FBAR device is

fabricated on the lid substrate. The output of the power amplifier can be electrically
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connected directly to the transmitter port of the FBAR duplexer. With this structure,
the FBAR device and the power amplifier occupy a common area of the main printed
circuit board, which makes the printed circuit board area formerly occupied by the RF
power amplifier package available for use by other circuits, or to provide a reduction
in size.

FIG. 1 depicts a microfabricated device 15 in accordance with an exemplary
embodiment of the present disclosure. As shown by FIG. 1, the device 15 has a first
substrate 21, referred to hereafter as “lid substrate,” bonded to a second substrate 24,
referred to hereafter as “base substrate.” In one embodiment, each of the substrates 21
and 24 is composed of silicon. However, as will be described below, the substrates 21
and 24 may be composed of other materials in other embodiments. The device 15
shown by FIG. 1 has at Jeast one electrically conductive post 27 that extends between
and provides an electrical connection between the two substrates 21 and 24.

Various configurations of the post 27 are possible. In the exemplary
embodiment depicted by FIG. 1, the electrically conductive post 27 is composed of a
compliant material, such as polyimide or other type of a compliant polymer, for
example. Polymers have typically been used in conventional microfabricated devices as
stress relief layers or a bonding material. However, polymers are generally poor
electrical conductors and have not previously been used to provide an electrical
connection between the substrates of microfabricated devices.

At least a portion of the post 27 is coated with a layer 33 of an electrically
conductive material. As will be described in more detail below, the post 27 is formed on
lid substrate 21 before the two substrates 21 and 24 are bonded together, and an
electrically conductive pad 36 for contacting the post 27 is formed on base substrate 24.

The conductive pad 36 helps form an electrical connection between the two substrates
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21 and 24 by providing a relatively wide, electrically conductive region to make
electrical contact with the post 27 when the device 15 is assembled. The conductive pad
36 may be located on the surface of the base substrate 24 or may be formed in the
substrate 24 by etching the substrate’s surface before depositing the pad 36. The post 27
is electrically coupled to circuitry or a micro-electro-mechanical system (MEMS) device
residing on or in either of the substrates 21 or 24, as will be described in more detail
below.

A gasket 42 extends around the periphery of the device 15, and provides a
hermetic seal for a chamber 44 within the device 15. As used herein, a gasket that also
provides a hermetic seal for a chamber will be referred to as a “hermetic gasket.”
Various configurations of the gasket 42 are possible. For example, commonly-assigned
U.S. Patent Nos. 6,090,687 and 6,118,181, which are both incorporated herein by
reference, describe techniques that may be used to form a gasket that provides a
hermetic seal. In the exemplary embodiment shown by FIG. 1, the gasket 42 is
composed of a compliant material, such as polyimide or other type of a compliant
polymer. As described above, polymers have typically been used in conventional
microfabricated devices as stress relief layers or 2 bonding material. However, polymers
are non-hermetic and have not generally been used to form hermetic seals.

At least a portion of the gasket 42 is coated with a layer 47 of a sealing material,
such as gold, copper, glass, or silicon nitride. Coating the polymer with the sealing
material enables the gasket 42 to form a hermetic seal. The gasket 42 can be of any
desired shape (e.g., circle, square, rectangle, ezc.). If desired, a pad 49 similar in shape
to gasket 42 may be formed on the base substrate 24 to make contact with the gasket 42

when the device 15 is assembled.
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[0027] As briefly described above, the post 27 provides an electrical connection
between the substrates 21 and 24. As an example, in the device 15 shown by FIG. 1, the
post 27 provides an electrical connection between an FBAR device 50 formed on the
surface 48 of the lid substrate 21 and an associated circuit 52 formed on the surface 51
of the base substrate 24. The FBAR device 50 is composed of one or more acoustically
or electrically interconnected FBARs. In the example shown in FIG. 1, the FBAR
device 50 has a piezoelectric layer 53, such as aluminum nitride, situated between two
metal electrode layers 55. An electrically-conductive trace 56 formed on the lid
substrate 21 electrically couples the FBAR device 50 to the post 27. Further, an
electrically-conductive trace 59 formed on the base substrate 24 electrically couples the
associated circuit 52 to the conductive pad 36. Thus, the FBAR device 50 is electrically
connected to the circuit 52 by post 27, conductive pad 36, and traces 56 and 59.

[0028] In addition, the FBAR device 50 and the circuit 52 are electrically connected to
devices external to the hermetic chamber 44. In FIG. 1, a via 61 composed of
electrically conductive material provides an electrical connection between the FBAR
device 50 and devices (not shown) external to the microfabricated device 15. Similarly,
a via 62 composed of electrically conductive material provides an electrical connection
between the circuit 52 and devices (not shown) external to the device 15. To help
ensure a low resistance electrical contact between the external devices and vias 61 and
62, relatively wide, electrically conductive pads 64 and 65 are formed on the substrates
21 and 24, respectively. In other embodiments, connections other than the ones shown
may provide an electrical connection from the FBAR device 50 and the circuit 52 to
components external to the device 15.

[0029] The circuit 52 is composed of electrical components not individually shown in

FIG. 1 and processes signals transmitted to or received from the FBAR device 50. FIG.



WO 2006/016958 PCT/US2005/020793

[0030]

2 shows an example in which the FBAR device 50 is the duplexer of a cellular
telephone. FIG. 2 shows an exemplary cellular telephone 63 having an antenna 67, an
FBAR device 50 configured as a duplexer, a power amplifier 69, and a low-noise
amplifier (LNA) 70. The duplexer 50 has a pair of band-pass filters 71 and 72. The
band-pass filter 71 is electrically connected between the antenna 67 and the output of the
power amplifier 69, and the band-pass filter 72 is electrically connected in series with
decoupling circuit 73, such as a quarter wave delay line, to provide isolation between the
output of power amplifier 69 and the input of LNA 70. The power amplifier 69
amplifies a transmit signal that is to be transmitted by the cellular telephone 63. The
band-pass filter 71 has a pass-band centered on the frequency range of the transmit
signal and allows the transmit signal to pass to antenna 67. The band-pass filter 72 has a
pass-band centered on the frequency range of a receive signal from the antenna 67. The
stop band of the filter 71 overlaps the pass-band of the filter 72, and the stop band of the
filter 72 overlaps the pass-band of the filter 71. Thus, the duplexer 50 keeps the receive
signal amplified by low-noise amplifier 70 free of interference from the transmit signal.
In FBAR device 50, each of the band-pass filters 71 and 72 is composed of FBARs
interconnected as a ladder filter. The circuit 52 may provide either of the amplifiers 69
or 70.

The circuit 52 and FBAR device 50 may perform other functions in other
embodiments. The use of the microfabricated device 15 in a cellular telephone 63 has
been described above merely for illustrative purposes, and the microfabricated device 15
may be implemented in other types of products. Further, the FBAR device 50 may
perform functions other than duplexing, and the circuit 52 may process signals received
from or transmitted to the FBAR device 50 in ways other than those specifically

described herein.
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An exemplary process for forming the device 15 will now be described.
Although the fabrication of a single device 15 will be described, the processes to be
described are typically applied to wafers from which thousands of devices identical to
device 15 are formed.

Vias 61 and 62 are respectively formed in substrates 21 and 24 by
photolithography and etching or some other suitable fabrication technique. As
previously described, via 61 is composed of electrically conductive material, such as
copper or gold. In the example described above, via 61 electrically connects FBAR
device 50 to an external device (e.g., to the antenna 67 of FIG. 2). Further, via 62 is
composed of electrically conductive material and electrically connects circuit 52 to an
external device. The vias 61 and 62 may be formed at any time during the fabrication
process. For example, the vias 61 and 62 may be formed, as shown by FIG. 3, before
other components are formed on substrates 21 and 24. In an alternative embodiment,
the vias 61 and 62 may be formed after the substrates 21 and 24 have been bonded, as
will be described below.

As depicted by block 81 of FIG. 3, the FBAR device 50 is formed on lid
substrate 21. The FBAR device 50 is formed on substrate 21 by depositing and
patterning a layer of metal, a layer of piezoelectric material, and a layer of metal to form
layers 55, 53, and 55, respectively. In one embodiment, the material of metal layers 55
is molybdenum (Mo), and the material of piezoelectric layer 53 is aluminum nitride.

As depicted by block 83 of FIG. 3 and FIGS. 4 and 5, the electrically conductive
post 27, the gasket 42, and the electrically conductive trace 56 are also formed on lid
substrate 21. The electrically conductive trace 56 is formed on the lid substrate 21 using
material deposition, photolithography, and etching or some other suitable fabrication

technique. The material of trace 56 is gold or some other electrically conductive
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material. The post 27 and gasket 42 are formed by depositing a layer of compliant
material, such as polyimide, on the surface 48 of substrate 21. Using photolithography
and etching, the layer of compliant material is patterned to define the post 27 and gasket
42, which are then coated with an electrically conductive material. To coat the post 27
and gasket 42, a seed layer (e.g., titanium) is first sputtered on the post 27 and gasket 42.
Then, electrically conductive material, such as gold, is electroplated on the seed layer.

FIG. 5 shows the post 27 as having a generally circular cross-sectional shape.
However, the post 27 may have other shapes in other embodiments. Commonly-
assigned U.S. Patent Application No. 10/723,095, entitled “Device having a Compliant
Element Pressed between Substrates,” filed on November 26, 2003, which is
incorporated herein by reference, describes exemplary techniques that may be used to
form the post 27 and gasket 42.

As shown by block 86 of FIG. 3, as well as FIGS. 6 and 7, the circuit 52 is
formed on the surface 51 of the base substrate 24 using any suitable fabricatjon
technique. As depicted by block 88 of FIG. 3, the electrically conductive trace 59 and
pads 36 and 49 are formed on the surface 51 of the base substrate 24 using material
deposition, photolithography, and etching or some other suitable fabrication technique.
The material of the electrically conductive trace and pads is gold or some other
electrically conductive material. As can be seen by comparing FIGS. 5 and 7, the shapes
of the pads 36 and 49 respectively correspond to the shapes of the post 27 and gasket 42.
However, it is possible for the pads 36 and 49 to have shapes different from those of the
post 27 and gasket 42.

As depicted by blocks 91 and 93 of FIG. 3, the base substrate 24 is pressed
against and bonded to the lid substrate 21. In particular, the substrates 21 and 24 are

aligned with the post 27 in contact with pad 36 and with the gasket 42 in contact with

10
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pad 49 and are pressed together. The compliant material of the post 27 enables the post
27 to deform without fracturing or otherwise failing as the substrates 21 and 24 are
pressed together. Further, the compliant material of the gasket 42 enables the gasket 42
to deform without fracturing or otherwise failing as the substrates 21 and 24 are pressed
together. The substrates 21 and 24 may be bonded while being pressed together.
Various known or future-developed bonding techniques may be used to bond substrates
21 and 24, such as thermal compression bonding or solder bonding.

In one embodiment, the electrically conductive material used to coat the post 27
and gasket 42 is gold (Au). In such an embodiment, before the substrates 21 and 24 are
bonded using solder bonding, a layer of tin (Sn) is deposited on the gold-coated post 27
and gasket 42. Then, to bond the substrates 21 and 24 using solder bondin\g, the
substrates 21 and 24 are pressed together until the post 27 and gasket 42 make intimate
contact with the base substrate 24, and the device 15 is heated until the gold and tin
material on the post 27 and gasket 42 begins to melt causing this material to diffuse and
adhere to the base substrate 24. Heating of the device 15 is then stopped and the
substrates 21 and 24 are allowed to cool. The melted gold and tin material hardens as
the device 15 cools, and the hardened material forms a bond between the base substrate
24 and the post 27, as well as gasket 42, of the lid substrate 21. The introduction of tin
to the gold-coated post 27 and gasket 42, as described above, helps to form a stronger
bond during the solder bonding.

The compliant materials of the post 27 and the gasket 42 help ensure that the
post 27 and gasket 42 intimately contact the base substrate 24. In this regard, the
compliant materials of the post 27 and the gasket 42 allow the post 27 and the gasket 42
to deform until the post 27 and the entire periphery of the gasket 42 come into contact

with the base substrate 24. As an example, due to imperfections in the fabrication of

11
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post 27 and gasket 42, it is possible for the gasket 42 to contact pad 49 before post 27
contacts pad 36. In such a situation, the gasket 42 deforms to allow the substrates 21
and 24 to be further pressed together until the post 27 makes intimate contact with pad
36. Similarly, the post 27 or portions of the gasket 42 may deform to allow the entire
periphery of the gasket 42 to make intimate contact with pad 49. Ensuring intimate
contact between the post 27 and the pad 36 and between the gasket 42 and the pad 49
during bonding helps to ensure that the post 27 provides a reliable, low-impedance
electrical conduction between the substrates 21 and 24 and that the gasket 42 provides a
reliable hermetic seal for the chamber 44.

After assembly of device 15, the base substrate 24 may be thinned, if desired, to
reduce its thickness and provide better heat dissipation for the circuit 52. Any suitable
fabrication technique for thinning the substrate 24, such as back-lapping or polishing, for
example, may be used to thin the substrate 24. In one embodiment, the lid 21 provides
sufficient structural support so that the substrate 24 can be thinned with less concern for
breakage or mechanical integrity.

As described above, the vias 61 and 62 provide an electrical connection to other
devices or substrates external to or stacked on the device 15. For example, FIG. 8 shows
a second microfabricated device 99 stacked on the device 15 shown in FIG. 1. In the
example shown in FIG. 8, the configuration of the device 99 is identical to the
configuration of the device 15. Typically, device 99 has a configuration different from
that of the device 15. The electrical connection between the via 61 of device 15 and via
62 of device 99 enables the circuit 52 of device 99 to communicate with the FBAR
device 50 of device 15.

It is unnecessary for either or both of the post 27 and the gasket 42 to be

formed on the same substrate 21 as the FBAR device 50. Either or both of the post 27

12
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and the gasket 42 may be formed on the base substrate 24. In this case, pads similar to
pads 36 and 49 are formed on lid substrate 21. The post 27 and/or gasket 42 is then
pressed against the pads located on lid substrate 21 during bonding. In a further
variation, the FBAR device 50 is formed on the base substrate 24, and the circuit 52 is
formed on the lid substrate 21. Forming the FBAR device 50 and the circuit 52 on
different substrates allows the FBAR device 50 and the circuit 52 to be formed using
respective fabrication techniques that are incompatible with one another. For
example, by forming the FBAR device 50 on the lid substrate 21, the FBAR device 50
may be fabricated by a process incompatible with that used to fabricate the
components on the base substrate 24. Thus, an optimum process for fabricating the
FBAR device 50 may be used even if such process is incompatible with components
{e.g., circuit 52) on the base substrate 24.

In one embodiment, the gasket 42 is coated with a material, such as gold or
copper, that not only seals the gasket 42 but is also electrically conductive. In such an
embodiment, the gasket 42 provides an electrical connection between the substrates
21 and 24. If desired, the gasket 42 in addition to or instead of the post 27 may
provide the electrical connection between the FBAR device 50 and the circuit 52. In
such aﬁ embodiment, formation of the post 27 may be unnecessary.

As described above, in one exemplary embodiment, the circuit 52 may
comprise a power amplifier for amplifying a signal. The amplified signal passes
through the FBAR device 50 to the antenna (not shown). As an example, the FBAR
device 50 may be configured as a duplexer described above, and the circuit 52 may be
a power amplifier to amplify a signal being transmitted by the telephone. When the
circuit 52 is a power amplifier, the circuit 52 is composed of several interconnected

transistors. FIG. 9 depicts exemplary ones of such transistors 125 formed in and on

13
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substrate 24. The transistors 125 of FIG. 9 comprise source contacts 131, gate
contacts 132, and a drain contact 133. The source contacts 131 are electrically
connected to one another via a conductive bridge 134. A doped region 135,
sometimes referred to as a channel, in the substrate 24 extends from the drain contact
133 to each of the source contacts 131. For each channel 135, a gate contact 132 is
used to control the flow of electrons or holes between the drain contact 133 and a
source contact 131. To reduce the capacitance of the bridge 134, an air gap 138
separates the bridge 134 from the substrate 24.

In various embodiments, such as embodiments in which the circuit 52 is a
power amplifier, the material of the substrate 24 (FIG. 1) on which the circuit 52 is
formed is gallium arsenide (GaAs). GaAs substrates have electrical properties that
make them suitable for use in power amplifiers. Unfortunately, GaAs substrates are
more expensive than many other substrates, such as silicon, and have much poorer
thermal conductivity.

Further, although the FBAR device 50 can be formed on a GaAs substrate, the
FBAR device 50 usually operates just as well fabricated on a less expensive substrate.
Thus, in one exemplary embodiment, the substrate 24 is composed of GaAs, and the
substrate 21 is composed of a material that is less expensive than GaAs. As an
example, the substrate 21 may be composed of alumina (Al,O3). Alumina has
adequate electrical and thermal properties for use as a substrate for the FBAR device
50, as well as other types of passive components. Further, alumina is significantly
less expensive than GaAs, yet alumina has a temperature coefficient of expansion
similar to that of GaAs. Thus, an alumina substrate 21 expands and contracts
similarly to a GaAs substrate 24 due to temperature changes during manufacturing and

operation. Accordingly, utilization of alumina for substrate 21 when the substrate 24

14
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is composed of GaAs is not likely to produce significant thermal stresses within the
device 15 during manufacturing and operation.

Forming the FBAR device 50 on the alumina substrate 21 instead of the GaAs
substrate 24 leaves more of the surface area of the higher-cost GaAs substrate 24 for
other components, such as circuit 52, that may benefit from the use of GaAs as a
substrate material. Thus, forming the FBAR device 50 on the substrate 21 helps to
reduce the cost and/or size of the device 15 by reducing the amount of GaAs material
needed to form the substrate 24. Further, since the FBAR device 50 operates just as
well on alumina as compared to GaAs, the foregoing cost and size benefit may be
achieved without adversely affecting the performance of the FBAR device 50.

In addition, since the FBAR device 50, as well as other components of the
substrates 21 and 24, are contained within a hermetic package formed by gasket 42
and substrates 21 and 24, it is unnecessary to encapsulate the components located on
either of the substrates 21 or 24 with an encapsulating layer as is sometimes done with
conventional devices. Thus, the cost and yield loss resulting from an encapsulating
layer is eliminated from the manufacturing process of device 15. Also, excluding the
encapsulating layer prevents the encapsulating material from filling exposed air gaps
and/or cavities, such as the air gap 138 (FIG. 9), which reduces capacitance. Thus, in
an embodiment in which the circuit 52 includes the transistors of FIG. 9, eliminating
the encapsulating layer from the device improves the performance and reduces the
cost of the circuit 52.

Referring again to FIG. 1, the lid substrate 21 on which the FBAR device 50 is
formed provides mechanical support for base substrate 24 and increases the
mechanical integrity of the device 15. The additional support provided by the

substrate 21 reduces the mechanical burden placed on substrate 24 enabling this

15



WO 2006/016958 PCT/US2005/020793

[0050]

[0051)

substrate 24 to be thinned to a greater extent. The more the substrate 24 is thinned,
the better the substrate 24 is able to dissipate heat from the circuit 52. Indeed,

provided that substrate 21 is able to provide adequate mechanical support, it is

. possible for the thinning of the substrate 24 to be limited by the precision of the

thinning process rather than mechanical integrity concerns.

In this regard, to maintain the hermetic seal of the chamber 44, the substrate 24
is thinned to a minimum thickness sufficient to prevent breaches of the hermetic seal
due to imperfections in the thinning process. Current‘back~lapping techniques are
able to thin a substrate with precision of less than about 25 micrometers (um). Thus,
current back-lapping techniques can be used to reduce the thickness (measured in the
y-direction) of the base substrate 24 to less than approximately 25 pm. This assumes
that the substrate 21 provides sufficient mechanical support for the device 15 with
such a thin base substrate 24. In contrast, the minimum thickness of substrates
currently in common use is limited by mechanical integrity concerns and is usually at
least approximately 120 pm.

In one embodiment described above, the FBAR device 50 is configured as a
duplexer. However, in other embodiments, the FBAR device 50 is configured as
another type of device. For example, the FBAR device 50 may be configured as a
tunable FBAR circuit 152 that forms part of a voltage controlled oscillator 155, as
shown in FIG. 10. In such an embodiment, the tunable FBAR circuit 152 of FIG. 10
is located in the feedback path of an operational amplifier 151 and is composed of an
FBAR 163 connected in series with a voltage-variable capacitor 166. Further, a
voltage source 172 and an inductor 174 are connected in series across voltage-variable
capacitor 166. The voltage source 172 is external and is variable to control the

operating frequency of the tunable FBAR circuit 152. A bypass capacitor 175
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[0053]

connects the inductor 174 in parallel with the capacitor 166 at such operating
frequency. Referring to FIGS. 1 and 10, the operational amplifier 151 constitutes at
least part of the circuit 52 and, therefore, resides on substrate 24. Further, the tunable
FBAR circuit 152 constitutes at least part of the FBAR device 50 and, therefore,
resides on substrate 21.

The capacitance of the capacitor 166 is varied by varying the voltage of the
voltage source 172. Voltage-variable capacitor 166 is typically implemented as a
varactor. Further, the following copending and commonly-assigned patent
applications describe tunable capacitors implemented as micro-electromechanical
system (MEMS) devices that may be used as the voltage-variable capacitor 166: U.S.
Patent Application No. 10/104,349, now U.S. Patent No. 6,549,394, entitled
“Micromachined Parallel-Plate Variable Capacitor with Plate Suspension,” and filed
on March 22, 2002; U.S. Patent Application No. 109/458,131, entitled “Tunable
Capacitor,” and filed on June 9, 2003; and U.S. Patent Application No. 10/158,005,
entitled “Variable Capacitor having a Rigidity-Increasing Feature and Method for
Forming Same,” and filed on June 9, 2003. Each of the foregoing patent applications
is incorporated herein by reference. Note that the capacitors described by the above-
mentioned applications may be manufactured using processes similar to or compatible
with those used to manufacture the FBAR 163. Thus, using the capacitors described
by the above-mentioned patent applications may result in manufacturing efficiencies
that reduce the overall cost of the voltage controlled oscillator 152.

In operation, the electronic amplifier 151 outputs a signal 181 that oscillates at
the resonant frequency of the FBAR 163. Further, by varying the voltage provided by
the voltage source 172, the capacitance of the voltage-variable capacitor 163 is varied

to change the resonant frequency of the FBAR 163. Thus, as will be described in
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more detail below, the FBAR 163 can be tuned such that the signal 181 oscillates at a
desired frequency.

FIG. 11 depicts an equivalent circuit diagram for the tunable FBAR circuit 152
of FIG. 10. The FBAR 163 is represented by capacitors 182 and 184, an inductor 186,
and a resistor 188. The capacitor 182 has a capacitance, Cp, and is connected in
parallel with capacitor 184, inductor 186, and resistor 188 connected in series. The
capacitor 184 has a capacitance, Cy, the inductor 186 has an inductance, L, and the
resistor 184 has a resistance, R. C; is significantly smaller than Cop. For example, in
one embodiment, C; is approximately equal to (C¢/20), and is determined by the
material properties of the piezoelectric material and electrodes of the FBAR 163.

The FBAR 163 has a series resonance when the impedance of capacitor 184
substantially cancels the impedance of inductor 186. In this state, very little current
passes through the capacitor 182, and Cy can be neglected for series resonance
conditions. Thus, the capacitance, Csp, measured between points A and B of FIG. 12,

is represented by the following equation for the series resonance condition:

Cle
CI +Cv

CAB =

where C, is the capacitance of the voltage-variable capacitor 166. Further, the series

resonant frequency, f;, is represented by the following equation:

fi2 1Q2aNLiCas)
As shown by the above equations, the resonant frequency, f;, of the FBAR 163
can be varied by changing C,, which is controlled by the voltage provided by the
voltage source 172. Therefore, by controlling the voltage source 172, the resonant

frequency of the FBAR 163 and, therefore, the oscillation frequency of the signal 181
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output by the power amplifier 151 can be tuned such that the signal 181 oscillates at a

desired frequency.
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CLAIMS
We claim:
1. A microfabricated device (15), comprising:
a first substrate (21);

a second substrate (24) bonded to said first substrate to define a chamber (44);

a film bulk acoustic resonator (FBAR) device (50) located on a surface of said
first substrate inside said chamber;

a circuit (52) located on a surface of said second substrate inside said chamber;
and

an electrical connection (27, 56, 59) between said circuit and said FBAR

device.

2. The device of claim 1, further comprising a hermetic gasket 42)
between said first and second substrates, said gasket defining part of said chamber.

3. The device of claim 1, wherein said device constitutes part of a cellular
telephone (63), said cellular telephone comprising an antenna (67) electrically

connected to said FBAR device.

4. The device of claim 1, wherein said second substrate comprises

gallium arsenide.

5. The device of claim 4, wherein said first substrate comprises alumina.
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6. The device of claim 1, wherein said FBAR device comprises a tunable
FBAR circuit (152), said circuit comprising a voltage-variable capacitor (166)

electrically connected to an FBAR (163).

7. The device of claim 6, wherein said circuit located on said surface of
said second substrate comprises an operational amplifier (151), and wherein said
tunable FBAR circuit is positioned within a feedback path of said operational

amplifier.

8. A method for manufacturing a microfabricated device (15), the method
comprising:

providing first and second substrates (21, 24);

forming a film bulk acoustic resonator (FBAR) device (50) on a surface of
said first substrate;

forming a circuit (52) on a surface of said second substrate; and

bonding said first and second substrates together to define a chamber (44) in
which said FBAR device and said circuit are located;

said bonding establishing an electrical connection (27, 56, 59) between said

FBAR device and said circuit.

9. The method of claim 2, further comprising forming a hermetic gasket

(42) between said first and second substrates, said hermetic gasket defining part of

said chamber.
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10. The method of claim 8, wherein said second substrate comprises
gallium arsenide, and

wherein said first substrate comprises alumina.
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